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Chapter 1

GENERAL INTRODUCTION

Breast cancer etiology
Breast cancer affected roughly two million women globally in 2019, resulting in an estimated
death toll of 689.000 and is thereby the most common cause of cancer-related death in women
(1). Although breast cancer can occur in men as well, 98.7 percent out of all breast cancer
cases in 2019 were observed in female. Furthermore, it is estimated to affect roughly one in
20 women globally, and as many as one in eight women in high-income countries by the age
of 85. This makes it by far the leading cancer-related cause of disease burden in women (2).
The development of breast cancer likely involves a combination of risk factors, making
it an extremely heterogeneous disorder biologically. In addition to female gender and
advancing age, other breast cancer risk factors include early menarche, late menopause, and
first birth at 30 years of age or later (3). Most breast cancers occur in the absence of any family
history of this type of cancer, meaning the underlying cause may be a combination of
demographic, behavioral and environmental factors. During life, these factors may cause to
somatic gene alterations that mostly occur by chance. If so, it is not possible for a person to
pass on these genomic alterations to their offspring. In contrast, inherited breast cancer can
occur as a result of genetic alteration in the germline. These variants can be inherited from
parent to offspring and give rise to familial predisposition (3). Many of these genetic variants
occur in tumor suppressor genes, such as the well-known DNA repair genes BRCA1, BRCA2,
and PALB2 or in genome caretaker genes such as TP53, ATM and CHEK?Z (4). Notably, these
genes are all involved in maintaining genomic stability by acting in the DNA damage response
(DDR).

DNA damage response and cancer

The inability to respond properly to DNA damage can result in a high frequency of unwanted
somatic gene alterations (i.e., genomic instability), which in turn can promote the development
of cancer (5). Proper regulation of the DDR is therefore crucial for cellular homeostasis and
indispensable for maintaining genomic stability (6-8). During the DDR, cells can activate cell
cycle checkpoints that in turn can result in cell cycle arrest, repression or activation of
transcription, DNA repair, or even programmed cell death. Depending on the type and extent
of DNA damage, the site of the lesion, and stage of the cell cycle, a choice is made between
several DNA repair pathways to repair the DNA damage. These pathways include nucleotide
excision repair (NER), base excision repair (BER), mismatch repair (MMR), single-strand
break repair (SSBR), canonical non-homologous enjoining (cNHEJ), alternative non-
homologous enjoining (aNHEJ), single-strand annealing (SSA) and homologous

recombination (HR) (8,9). Some of these pathways are more mutagenic than others, i.e., they
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General Introduction

have a higher probability of resulting in permanent DNA changes, and careful regulation of
these pathways is therefore crucial for genomic stability.

Deregulation in the repair of DNA damage can be caused by DNA variants in genes or
by aberrant activities of key proteins involved in the DDR (10). Failure to faithfully repair
damaged DNA can result in a high mutational frequency within the genome of a cellular lineage
(11,12). In hereditary breast cancers, it is established that pathogenic germline variants in DNA
damage repair genes such as the high-risk breast cancer susceptibility genes BRCA1, BRCA2
and PALB?2 (odds of developing breast cancer >5), or moderate-risk genes ATM and CHEK?2
(odds of developing breast cancer between 2-5), lead to a significant increase in the risk for
developing breast cancer (4,13) (Fig. 1). As such, it is important that these genes are
sequenced in individuals that may be at risk for developing breast cancer, so that pathogenic

variants in these genes can be identified early.
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Figure 1. Estimated absolute risk of breast cancer associated with truncating variants in BRCA1,
BRCA2, PALB2 and CHEK?2 (4). The absolute risk of breast cancer is shown up to 80 years of age. The
baseline estimated risk is shown in grey based on population incidences in the UK in 2016 (65). The
error bars indicate 95% confidence intervals.
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Homologous recombination

The three high-risk breast cancer susceptibility genes (i.e., BRCA1, BRCA2 and PALB?2) are
crucial for DNA double-strand break repair by HR (Fig. 2). During HR, BRCA1 counteracts the
accumulation of 53BP1, which otherwise interacts with the chromatin adjacent to the broken
DNA ends to promote NHEJ (14,15). This BRCA1 activity permits DNA end-resection at the
break-sites by exonucleases such as MRE11 to yield 3'-single-stranded (ss) DNA overhangs
that are required for HR-mediated double-strand break repair (16). The 3’-ssDNA overhangs
then become coated by replication protein A (RPA) (17), promoting the sequential
accumulation of BRCA1, PALB2 and BRCA2. PALB?2 is crucial in this event as it mediates the
formation of the PALB2-BRCA1/2-RAD51 complex and together with BRCA2 facilitates the
replacement of RPA with the RAD51 recombinase (18). The RAD51-ssDNA nucleoprotein
filaments then promote the homology search using the sister chromatid and the ensuing strand
exchange. As this repair pathway requires a non-damaged sister chromatid to act as a
template for repair, it is mostly active during S- and G2-phase of the cell cycle and drives error-
free repair of DNA double-strand breaks. As a consequence, HR is imperative for maintaining
genomic stability, highlighting the importance of BRCA1, BRCA2 and PALB2 as tumor
suppressor genes.

Cell cycle regulation
The moderate-risk genes ATM and CHEK2 are also involved in the DNA damage response.
Although their functions are linked to those of BRCA1, BRCA2 and PALB?2, they regulate the
DNA damage response differently. In contrast to acting as key players in HR, their functions
have predominantly been associated with the TP53 signaling pathway. The TP53 gene
(expressing p53) represents another important tumor suppressor gene. Although somatically
acquired pathogenic variants in TP53 can be found in substantial proportions of nearly all types
of cancer, germline pathogenic variants in the TP53 gene are rare and they are associated
with a significant risk for developing breast cancer (4). This is not surprising as impaired p53-
mediated signaling can have a major impact on the DDR. For instance, impaired p53-mediated
signaling can result in abnormal expression of numerous p53 target genes, several of which
are involved in the regulation of cell cycle arrest, a process that provides cells time to repair
the damaged DNA (19,20). Furthermore, defects in p53-mediated signaling may impair
apoptosis. As a consequence, cells may no longer be restrained from proliferating in the
presence of unrepaired DNA damage (21). It is therefore crucial for cells to have the activity
of p53 carefully regulated.

Both ATM and CHK2 are important for p53-dependent signaling, as they are involved
in the activation of p53 during the DDR. In fact, ATM is considered a key DNA damage

signaling component in mammalian cells as it encodes a kinase that acts early in response to
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Figure 2. Schematic representation of HR-mediated repair of a DNA double-strand break. Initially, the
broken DNA ends become resected by exonucleases such as MRE11 (part of the MRN complex) to
yield 3'-ssDNA overhangs that are coated by RPA. Sequential recruitment of BRCA1, followed by
PALB2-BRCA2 is crucial for the subsequent replacement of RPA with the RAD51 recombinase. The
RAD51 nucleoprotein filaments will promote the homology search using the non-damaged sister
chromatid as a template, eventually ensuing in error-free repair of the double-strand break.
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DNA damage. One of the best-established downstream targets of ATM is the CHK2 kinase.
CHK2, encoded by the CHEK2 gene, functions to reduce cyclin-dependent kinase (CDK)
activity by various mechanisms, including the phosphorylation and subsequent stabilization of
p53. This results in an arrest in cell-cycle progression due to activation of G1-S, intra-S and
possibly G2-M cell-cycle checkpoints, thereby providing time for DNA repair before cells start
DNA replication and/or mitosis. These findings suggest that CHK2 and p53 act in a common
pathway. Importantly, and in line with CHKZ2’s critical role in the DDR, pathogenic variants in
the CHEK2 gene, such as the truncating ¢.1100delC variant, have been found to associate
with a moderate risk for breast cancer (4). Consequently, it is imperative that the pathogenic

potential of other type of genetic variants in CHEK?2 are well understood.

Genetic variants and clinical management

Identifying individuals who are strongly predisposed to breast cancer due to an inherited
variant in a breast cancer susceptibility gene has tremendous clinical value. Such individuals
may benefit from cancer prevention strategies or early detection. Several clinical features may
indicate whether an individual may be at risk for breast cancer due to the presence of a genetic
variant in the germline. This includes a clear positive family history (i.e., multiple (early onset)
breast cancer cases), bilateral disease and distinct types of cancer (e.g., combination breast
and ovarian cancer). For such cases, genetic tests can be performed that are commonly aimed
at detecting variants in the BRCA1, BRCA2, PALB2 and CHEK2 tumor suppressor genes.
Such testing can reveal the presence of different types of DNA-variants in these genes,
including nonsense, frameshift, splice, missense or synonymous variants. Protein-truncating
variants (PTVs, i.e., nonsense or frameshift), or variants that affect splicing, are often classified
as (likely) pathogenic variants (22). These types of genetic variants are typically known to
associate with high risk for breast cancer as they are expected to impair protein function. In
conjunction with loss of the wildtype allele (i.e., loss of heterozygosity; LOH), which is very
often seen in tumors, this means that tumor cells can no longer express a functional protein at
all.

For carriers of (likely) pathogenic variants, specific recommendations for clinical
management have been specified (23). For instance, measures can be taken to increase the
frequency of screening for breast cancer and to consider procedures such as bilateral risk-
reducing mastectomy. However, although bilateral mastectomy reduces cancer risk by at least
90% in carriers of pathogenic variants in high-risk genes such as BRCA1 or BRCA2 (24,25),
such risk-reducing surgery is not recommended for women at moderate risk of breast cancer
(e.g., due to pathogenic variants in CHEK?2). Instead, in such carriers, annual mammography
is offered on the basis that biennial screening is clinically effective in reducing advanced breast

cancers and breast cancer mortality in the general population (26). Alternatively, for women
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already diagnosed with breast cancer, identifying a pathogenic germline variant in BRCA1,
BRCAZ2 or PALB2 may affect treatment options, such as surgical decisions to reduce the risk
of recurrence, or the use of poly (ADP-ribose) polymerase inhibitor (PARPI) therapies. The
latter option has been shown to be effective in a subset of HR-deficient tumors (27), as
especially HR-deficient cells are sensitive to the inhibition of PARP (Fig. 3). It may also
stimulate the testing of unaffected family members that are potentially at a similar increased
risk for developing breast cancer. Taken together, it is important that carriers of (likely)
pathogenic variants in the aforementioned breast cancer susceptibility genes are identified.

In contrast to PTVs or many splice variants that are clearly pathogenic, the clinical and
functional impact of missense variants is often unclear. These variants are referred to as
variants of uncertain significance (VUS) and for such genetic variants it is uncertain whether
or not they increase the risk for developing breast cancer. This is due to the rarity of many of
these missense VUS, which limits the evidence available to determine if a variant is pathogenic
or benign. Accordingly, VUS cannot guide clinical decision making, complicating post-test
patient counselling and clinical management (28,29). Until recently, assessment of
pathogenicity of VUS relied mostly on co-segregation of the variant with cancer in families and
the family history of cancer. Co-segregation is analyzed by statistical means, which usually
requires multiple families to reach sufficient significance. However, the majority of VUS in
breast cancer susceptibility genes occur so rarely in the general population, that they result in
too few families in which the same variant can be found segregating. Hence the co-segregation
as well as the associated cancer risks are difficult to assess at statistically significant levels.
Furthermore, pathogenic variants in genes such as CHEK?2 are associated with a moderate
risk of breast cancer. Moderate-risk alleles often cause cancer in combination with other
genetic variants (such as polygenic risk alleles) and demographic, behavioral and
environmental risk factors. Therefore, they can remain non-penetrant in many individuals.
Accordingly, the effect of a pathogenic variant in CHEK2 on cancer risk will often not give rise
to the same sequalae seen for pathogenic variants in a high-risk gene such as BRCAT,
BRCA2, and PALB2.

Fully realizing the clinical potential of genetic tests requires an accurate assessment of
pathogenicity, even for rare genetic missense variants. To this end, additional methods for
interpreting rare VUS, in both moderate- and high-risk genes, are of great value for clinical
management of carriers. Knowing which VUS are damaging, or not, will help clinicians
understand the test results (i.e., estimating whether a variant is pathogenic, or not) and can
help to decide on the right clinical management. One powerful approach to improve the clinical
classification of VUS is by using data from functional testing. Such functional evidence
describes the molecular consequence of a variant on protein function and can consist of the

results of either molecular or cellular experiments in vitro. When clinical data is scarce,
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functional data has considerable potential to aid in variant classification, particularly VUS re-
classification (30). The 2015 American College of Medical Genetics and Genomics (ACMG)
and the Association for Molecular Pathology (AMP) guidelines for clinical sequence variant
interpretation state that the results of a well-established functional assay can qualify as
evidence to be used for clinical classification of variants (31). Aspects of the functional assay,
such as calibration (by including clinically proven benign and pathogenic variants), or
reproducibility of the results and the ability of the assay to reflect the tumor suppressive
function of the protein, can all weigh in on the predictive power of the assay (32-34).

For BRCA1, BRCA2, and PALB2, assays using HR and/or resistance to DNA
damaging agents have emerged as the standard for the functional characterisation of VUS in
these genes (35-52). In contrast, in an effort to interpret various VUS in the moderate-risk gene
CHEK2, several studies assessed their functional consequences, either by determining the
effect on kinase activity or on cell growth (53-64). Collectively, these studies show the power
of these assays in functionally characterizing many VUS, efforts that are expected to have a

major impact on clinical variant interpretation.

Single strand DNA break
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Figure 3. Mechanism of action of PARP inhibitors (PARPI). Upon the formation of single-strand breaks
in the DNA, PARP1 becomes recruited and activated, resulting in the repair of these type of DNA lesions.
Treatment with PARPI will result in trapping of PARP1 at the DNA lesion. This is thought to block repair
of the DNA lesion and result in replication fork collapse during DNA replication, eventually ensuing in
the formation of DNA double-strand breaks. This will result in lethality only in HR-deficient cells, which
are unable to repair these breaks in an error free manner.
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AIM AND OUTLINE OF THIS THESIS

In this thesis, | focus on the functional characterization of genetic variants in the high-risk
breast cancer susceptibility gene PALB2 and the moderate-risk gene CHEK2. The aim is to
generate functional data for improved clinical interpretation of such variants. Quantitative
assessment of the functional consequences of VUS in either gene can identify functionally
damaging variants that associate with increased breast cancer risk, thereby aiding in the

clinical management of patients and carriers.

In Chapter 2 | first provide an overview of the functional analysis that have been performed by
us and other research labs for variants in the PALB2 gene. | then provide a similar overview
for the CHEK2 gene, for which different functional analysis have been used to functionally
characterize numerous CHEK?2 genetic variants (Chapter 3). In Chapter 4, | present my
results on the functional analysis of PALB2 variants. Following careful validation of our newly
developed functional assay, | could show that several missense VUS located in the Coiled-
Coil (CC) and WD40 domains of PALB2, can result in major effects on protein function. | then
present additional findings on the functional analysis of PALB2 variants, showing that | could
adapt our functional assay to allow for a high-throughput analysis of nearly all possible
missense variants in the CC domain of PALB2 (Chapter 5). In Chapter 6, | discuss results on
the functional analysis of CHEK?2 variants. Using a newly developed assay, | show that the
degree of functional impact of variants in CHEK2 correlates with breast cancer risk. In Chapter
7, | conclude my thesis with future perspectives on how the functional assays presented in this
thesis can be further optimized to meet the clinical demand for functional data. Finally, | also
discuss what would be required for these assays to be further implemented during clinical

variant interpretation and risk assessment.

19



Chapter 1

REFERENCES

10.

1.

12.

13.

14.

20

Global Burden of Disease Cancer C, Kocarnik JM, Compton K, Dean FE, Fu W, Gaw BL, et al.
Cancer Incidence, Mortality, Years of Life Lost, Years Lived With Disability, and Disability-
Adjusted Life Years for 29 Cancer Groups From 2010 to 2019: A Systematic Analysis for the
Global Burden of Disease Study 2019. JAMA Oncol 2021 doi 10.1001/jamaoncol.2021.6987.
Britt KL, Cuzick J, Phillips KA. Key steps for effective breast cancer prevention. Nat Rev Cancer
2020;20(8):417-36 doi 10.1038/s41568-020-0266-x.

Society AC. Accessed on Jan 3, 2022. Breast Cancer Facts & Figures 2019-2020.
<www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/breast-cancer-
facts-and-figures/breast-cancer-facts-and-figures-2019-2020.pdf>. Accessed on Jan 3, 2022.
Breast Cancer Association C, Dorling L, Carvalho S, Allen J, Gonzalez-Neira A, Luccarini C, et
al. Breast Cancer Risk Genes - Association Analysis in More than 113,000 Women. N Engl J
Med 2021;384(5):428-39 doi 10.1056/NEJMoa1913948.

Tubbs A, Nussenzweig A. Endogenous DNA Damage as a Source of Genomic Instability in
Cancer. Cell 2017;168(4):644-56 doi 10.1016/j.cell.2017.01.002.

Ciccia A, Elledge SJ. The DNA damage response: making it safe to play with knives. Mol Cell
2010;40(2):179-204 doi 10.1016/j.molcel.2010.09.019.

Jackson SP, Bartek J. The DNA-damage response in human biology and disease. Nature
2009;461(7267):1071-8 doi 10.1038/nature08467.

Harper JW, Elledge SJ. The DNA damage response: ten years after. Mol Cell 2007;28(5):739-
45 doi 10.1016/j.molcel.2007.11.015.

Giglia-Mari G, Zotter A, Vermeulen W. DNA damage response. Cold Spring Harb Perspect Biol
2011;3(1):a000745 doi 10.1101/cshperspect.a000745.

Ma J, Setton J, Lee NY, Riaz N, Powell SN. The therapeutic significance of mutational
signatures from DNA repair deficiency in cancer. Nat Commun 2018;9(1):3292 doi
10.1038/s41467-018-05228-y.

Nik-Zainal S, Davies H, Staaf J, Ramakrishna M, Glodzik D, Zou X, et al. Landscape of somatic
mutations in 560 breast cancer whole-genome sequences. Nature 2016;534(7605):47-54 doi
10.1038/nature17676.

Duijf PHG, Nanayakkara D, Nones K, Srihari S, Kalimutho M, Khanna KK. Mechanisms of
Genomic Instability in Breast Cancer. Trends Mol Med 2019;25(7):595-611 doi
10.1016/j.molmed.2019.04.004.

Couch FJ, Shimelis H, Hu C, Hart SN, Polley EC, Na J, et al. Associations Between Cancer
Predisposition Testing Panel Genes and Breast Cancer. JAMA Oncol 2017;3(9):1190-6 doi
10.1001/jamaoncol.2017.0424.

Chapman JR, Taylor MR, Boulton SJ. Playing the end game: DNA double-strand break repair
pathway choice. Mol Cell 2012;47(4):497-510 doi 10.1016/j.molcel.2012.07.029.



General Introduction

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Densham RM, Garvin AJ, Stone HR, Strachan J, Baldock RA, Daza-Martin M, et al. Human
BRCA1-BARD1 ubiquitin ligase activity counteracts chromatin barriers to DNA resection. Nat
Struct Mol Biol 2016;23(7):647-55 doi 10.1038/nsmb.3236.

Marini F, Rawal CC, Liberi G, Pellicioli A. Regulation of DNA Double Strand Breaks Processing:
Focus on Barriers. Front Mol Biosci 2019;6:55 doi 10.3389/fmolb.2019.00055.

Symington LS. Mechanism and regulation of DNA end resection in eukaryotes. Crit Rev
Biochem Mol Biol 2016;51(3):195-212 doi 10.3109/10409238.2016.1172552.

Jensen RB, Carreira A, Kowalczykowski SC. Purified human BRCA2 stimulates RAD51-
mediated recombination. Nature 2010;467(7316):678-83 doi 10.1038/nature09399.

Arizti P, Fang L, Park I, Yin Y, Solomon E, Ouchi T, et al. Tumor suppressor p53 is required to
modulate BRCA1 expression. Mol Cell Biol 2000;20(20):7450-9 doi 10.1128/MCB.20.20.7450-
7459.2000.

Kannan K, Amariglio N, Rechavi G, Givol D. Profile of gene expression regulated by induced
p53: connection to the TGF-beta family. FEBS Lett 2000;470(1):77-82 doi 10.1016/s0014-
5793(00)01291-6.

Reinhardt HC, Schumacher B. The p53 network: cellular and systemic DNA damage responses
in aging and cancer. Trends Genet 2012;28(3):128-36 doi 10.1016/j.tig.2011.12.002.
Lappalainen T, MacArthur DG. From variant to function in human disease genetics. Science
2021;373(6562):1464-8 doi 10.1126/science.abi8207.

Plon SE, Eccles DM, Easton D, Foulkes WD, Genuardi M, Greenblatt MS, et al. Sequence
variant classification and reporting: recommendations for improving the interpretation of cancer
susceptibility genetic test results. Hum Mutat 2008;29(11):1282-91 doi 10.1002/humu.20880.
Domchek SM, Friebel TM, Singer CF, Evans DG, Lynch HT, Isaacs C, et al. Association of risk-
reducing surgery in BRCA1 or BRCA2 mutation carriers with cancer risk and mortality. JAMA
2010;304(9):967-75 doi 10.1001/jama.2010.1237.

Ludwig KK, Neuner J, Butler A, Geurts JL, Kong AL. Risk reduction and survival benefit of
prophylactic surgery in BRCA mutation carriers, a systematic review. Am J Surg
2016;212(4):660-9 doi 10.1016/j.amjsurg.2016.06.010.

Fracheboud J, Otto SJ, van Dijck JA, Broeders MJ, Verbeek AL, de Koning HJ, et al. Decreased
rates of advanced breast cancer due to mammography screening in The Netherlands. Br J
Cancer 2004;91(5):861-7 doi 10.1038/sj.bjc.6602075.

Geenen JJJ, Linn SC, Beijnen JH, Schellens JHM. PARP Inhibitors in the Treatment of Triple-
Negative Breast Cancer. Clin Pharmacokinet 2018;57(4):427-37 doi 10.1007/s40262-017-
0587-4.

Starita LM, Ahituv N, Dunham MJ, Kitzman JO, Roth FP, Seelig G, et al. Variant Interpretation:
Functional Assays to the Rescue. Am J Hum Genet 2017;101(3):315-25 doi
10.1016/j.ajhg.2017.07.014.

Domchek SM, Bradbury A, Garber JE, Offit K, Robson ME. Multiplex genetic testing for cancer
susceptibility: out on the high wire without a net? J Clin Oncol 2013;31(10):1267-70 doi
10.1200/JC0.2012.46.9403.

21



Chapter 1

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

22

Brnich SE, Rivera-Munoz EA, Berg JS. Quantifying the potential of functional evidence to
reclassify variants of uncertain significance in the categorical and Bayesian interpretation
frameworks. Hum Mutat 2018;39(11):1531-41 doi 10.1002/humu.23609.

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and guidelines for
the interpretation of sequence variants: a joint consensus recommendation of the American
College of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet
Med 2015;17(5):405-24 doi 10.1038/gim.2015.30.

Brnich SE, Abou Tayoun AN, Couch FJ, Cutting GR, Greenblatt MS, Heinen CD, et al.
Recommendations for application of the functional evidence PS3/BS3 criterion using the
ACMG/AMP sequence variant interpretation framework. Genome Med 2019;12(1):3 doi
10.1186/s13073-019-0690-2.

Kanavy DM, McNulty SM, Jairath MK, Brnich SE, Bizon C, Powell BC, et al. Comparative
analysis of functional assay evidence use by ClinGen Variant Curation Expert Panels. Genome
Med 2019;11(1):77 doi 10.1186/s13073-019-0683-1.

Nykamp K, Anderson M, Powers M, Garcia J, Herrera B, Ho YY, et al. Sherloc: a comprehensive
refinement of the ACMG-AMP variant classification criteria. Genet Med 2017;19(10):1105-17
doi 10.1038/gim.2017.37.

Bouwman P, van der Gulden H, van der Heijden I, Drost R, Klijn CN, Prasetyanti P, et al. A
high-throughput functional complementation assay for classification of BRCA1 missense
variants. Cancer Discov 2013;3(10):1142-55 doi 10.1158/2159-8290.CD-13-0094.

Chang S, Biswas K, Martin BK, Stauffer S, Sharan SK. Expression of human BRCA1 variants
in mouse ES cells allows functional analysis of BRCA1 mutations. J Clin Invest
2009;119(10):3160-71 doi 10.1172/JCI39836.

Ransburgh DJ, Chiba N, Ishioka C, Toland AE, Parvin JD. Identification of breast tumor
mutations in BRCA1 that abolish its function in homologous DNA recombination. Cancer Res
2010;70(3):988-95 doi 10.1158/0008-5472.CAN-09-2850.

Towler WI, Zhang J, Ransburgh DJ, Toland AE, Ishioka C, Chiba N, et al. Analysis of BRCA1
variants in double-strand break repair by homologous recombination and single-strand
annealing. Hum Mutat 2013;34(3):439-45 doi 10.1002/humu.22251.

Mesman RLS, Calleja F, Hendriks G, Morolli B, Misovic B, Devilee P, et al. The functional impact
of variants of uncertain significance in BRCA2. Genet Med 2019;21(2):293-302 doi
10.1038/s41436-018-0052-2.

Shimelis H, Mesman RLS, Von Nicolai C, Ehlen A, Guidugli L, Martin C, et al. BRCA2
Hypomorphic Missense Variants Confer Moderate Risks of Breast Cancer. Cancer Res
2017;77(11):2789-99 doi 10.1158/0008-5472.CAN-16-2568.

Starita LM, Islam MM, Banerjee T, Adamovich Al, Gullingsrud J, Fields S, et al. A Multiplex
Homology-Directed DNA Repair Assay Reveals the Impact of More Than 1,000 BRCA1
Missense Substitution Variants on Protein Function. Am J Hum Genet 2018;103(4):498-508 doi
10.1016/j.ajhg.2018.07.016.



General Introduction

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Park JY, Singh TR, Nassar N, Zhang F, Freund M, Hanenberg H, et al. Breast cancer-
associated missense mutants of the PALB2 WD40 domain, which directly binds RAD51C,
RAD51 and BRCA2, disrupt DNA repair. Oncogene 2014;33(40):4803-12 doi
10.1038/onc.2013.421.

Foo TK, Tischkowitz M, Simhadri S, Boshari T, Zayed N, Burke KA, et al. Compromised BRCA1-
PALB?2 interaction is associated with breast cancer risk. Oncogene 2017;36(29):4161-70 doi
10.1038/0nc.2017.46.

Boonen R, Rodrigue A, Stoepker C, Wiegant WW, Vroling B, Sharma M, et al. Functional
analysis of genetic variants in the high-risk breast cancer susceptibility gene PALB2. Nat
Commun 2019;10(1):5296 doi 10.1038/s41467-019-13194-2.

Boonen R, Vreeswijk MPG, van Attikum H. Functional Characterization of PALB2 Variants of
Uncertain Significance: Toward Cancer Risk and Therapy Response Prediction. Front Mol
Biosci 2020;7:169 doi 10.3389/fmolb.2020.00169.

Ng PS, Boonen RA, Wijaya E, Chong CE, Sharma M, Knaup S, et al. Characterisation of
protein-truncating and missense variants in PALB2 in 15 768 women from Malaysia and
Singapore. J Med Genet 2021 doi 10.1136/jmedgenet-2020-107471.

Brnich SE, Arteaga EC, Wang Y, Tan X, Berg JS. A Validated Functional Analysis of Partner
and Localizer of BRCA2 Missense Variants for Use in Clinical Variant Interpretation. J Mol Diagn
2021;23(7):847-64 doi 10.1016/j.jmoldx.2021.04.010.

Wiltshire T, Ducy M, Foo TK, Hu C, Lee KY, Belur Nagaraj A, et al. Functional characterization
of 84 PALB2 variants of uncertain significance. Genet Med 2020;22(3):622-32 doi
10.1038/s41436-019-0682-z.

Ducy M, Sesma-Sanz L, Guitton-Sert L, Lashgari A, Gao Y, Brahiti N, et al. The Tumor
Suppressor PALB2: Inside Out. Trends Biochem Sci 2019;44(3):226-40 doi
10.1016/j.tibs.2018.10.008.

Nepomuceno TC, Carvalho MA, Rodrigue A, Simard J, Masson JY, Monteiro ANA. PALB2
Variants: Protein Domains and Cancer Susceptibility. Trends Cancer 2021;7(3):188-97 doi
10.1016/j.trecan.2020.10.002.

Rodrigue A, Margaillan G, Torres Gomes T, Coulombe Y, Montalban G, da Costa ESCS, et al.
A global functional analysis of missense mutations reveals two major hotspots in the PALB2
tumor suppressor. Nucleic Acids Res 2019;47(20):10662-77 doi 10.1093/nar/gkz780.

Southey MC, Rewse A, Nguyen-Dumont T. PALB2 Genetic Variants: Can Functional Assays
Assist Translation? Trends Cancer 2020;6(4):263-5 doi 10.1016/j.trecan.2020.01.017.

Bell DW, Kim SH, Godwin AK, Schiripo TA, Harris PL, Haserlat SM, et al. Genetic and functional
analysis of CHEK2 (CHK2) variants in multiethnic cohorts. Int J Cancer 2007;121(12):2661-7
doi 10.1002/ijc.23026.

Chrisanthar R, Knappskog S, Lokkevik E, Anker G, Ostenstad B, Lundgren S, et al. CHEK2
mutations affecting kinase activity together with mutations in TP53 indicate a functional pathway
associated with resistance to epirubicin in primary breast cancer. PLoS One 2008;3(8):e3062
doi 10.1371/journal.pone.0003062.

23



Chapter 1

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

24

Cuella-Martin R, Hayward SB, Fan X, Chen X, Huang JW, Taglialatela A, et al. Functional
interrogation of DNA damage response variants with base editing screens. Cell
2021;184(4):1081-97 €19 doi 10.1016/j.cell.2021.01.041.

Delimitsou A, Fostira F, Kalfakakou D, Apostolou P, Konstantopoulou I, Kroupis C, et al.
Functional characterization of CHEK2 variants in a Saccharomyces cerevisiae system. Hum
Mutat 2019;40(5):631-48 doi 10.1002/humu.23728.

Falck J, Mailand N, Syljuasen RG, Bartek J, Lukas J. The ATM-Chk2-Cdc25A checkpoint
pathway guards against radioresistant DNA synthesis. Nature 2001;410(6830):842-7 doi
10.1038/35071124.

Kleiblova P, Stolarova L, Krizova K, Lhota F, Hojny J, Zemankova P, et al. Identification of
deleterious germline CHEK2 mutations and their association with breast and ovarian cancer.
Int J Cancer 2019;145(7):1782-97 doi 10.1002/ijc.32385.

Lee SB, Kim SH, Bell DW, Wahrer DC, Schiripo TA, Jorczak MM, et al. Destabilization of CHK2
by a missense mutation associated with Li-Fraumeni Syndrome. Cancer Res
2001;61(22):8062-7.

Roeb W, Higgins J, King MC. Response to DNA damage of CHEK2 missense mutations in
familial breast cancer. Hum Mol Genet 2012;21(12):2738-44 doi 10.1093/hmg/dds101.

Shaag A, Walsh T, Renbaum P, Kirchhoff T, Nafa K, Shiovitz S, et al. Functional and genomic
approaches reveal an ancient CHEK2 allele associated with breast cancer in the Ashkenazi
Jewish population. Hum Mol Genet 2005;14(4):555-63 doi 10.1093/hmg/ddi052.

Tischkowitz MD, Yilmaz A, Chen LQ, Karyadi DM, Novak D, Kirchhoff T, et al. Identification and
characterization of novel SNPs in CHEK2 in Ashkenazi Jewish men with prostate cancer.
Cancer Lett 2008;270(1):173-80 doi 10.1016/j.canlet.2008.05.006.

Wang N, Ding H, Liu C, Li X, Wei L, Yu J, et al. A novel recurrent CHEK2 Y390C mutation
identified in high-risk Chinese breast cancer patients impairs its activity and is associated with
increased breast cancer risk. Oncogene 2015;34(40):5198-205 doi 10.1038/onc.2014.443.
Wu X, Webster SR, Chen J. Characterization of tumor-associated Chk2 mutations. J Biol Chem
2001;276(4):2971-4 doi 10.1074/jbc.M009727200.

UK CR. 2020 Breast cancer incidence (invasive) statistics.
<www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-

type/breast-cancer/incidence-invasive>.



General Introduction

25






CHAPTER 2

Functional characterization of PALB2
variants of uncertain significance: towards

cancer risk and therapy response prediction

Rick A.C.M. Boonen, Maaike P.G. Vreeswijk, Haico van Attikum

Published in Frontiers in Molecular Biosciences
(PMID: 33195396)




Chapter 2

ABSTRACT

In recent years it has become clear that pathogenic variants in PALB2 are associated with a
high risk for breast, ovarian and pancreatic cancer. However, the clinical relevance of variants
of uncertain significance (VUS) in PALB2, which are increasingly identified through clinical
genetic testing, is unclear. Here we review recent advances in the functional characterization
of VUS in PALB2. A combination of assays has been used to assess the impact of PALB2
VUS on its function in DNA repair by homologous recombination, cell cycle regulation and the
control of cellular levels of reactive oxygen species (ROS). We discuss the outcome of this
comprehensive analysis of PALB2 VUS, which showed that VUS in PALB2’s Coiled-Coil (CC)
domain can impair the interaction with BRCA1, whereas VUS in its WD40 domain affect PALB2
protein stability. Accordingly, the CC and WD40 domains of PALB2 represent hotspots for
variants that impair PALB2 protein function. We also provide a future perspective on the high-
throughput analysis of VUS in PALB2, as well as the functional characterization of variants
that affect PALB2 RNA splicing. Finally, we discuss how results from these functional assays
can be valuable for predicting cancer risk and responsiveness to cancer therapy, such as

treatment with PARP inhibitor- or platinum-based chemotherapy.
KEYWORDS

Breast Cancer; Variant of Uncertain Significance (VUS); PALB2; DNA Repair Homologous
Recombination (HR); PARP inhibitor
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PALB?2 is essential for DSB repair by homologous recombination
The integrity of our genome is relentlessly challenged by exogenous and endogenous insults
that can induce DNA damage. To respond to such genotoxic threats, cells have evolved a
number of DNA damage signalling and repair mechanisms, jointly known as the DNA damage
response (DDR). The DDR is able to handle a myriad of DNA damages of which DNA double
strand breaks (DSBs) are considered among the most deleterious to the cell. Human cells
possess at least five pathways for DSB repair: canonical nonhomologous end joining (c-
NHEJ), alternative nonhomologous end-joining (a-NHEJ), single-strand annealing (SSA),
break-induced replication (BIR), and homologous recombination (HR) (1,2). c-NHEJ is the
predominant DSB repair pathway in human cells and complete loss-of-function (LOF) is likely
to drive cell death due to an unreasonably high DSB burden (3). In case c-NHEJ fails or is
inappropriate, HR is probably the most frequently used alternative pathway for DSB repair.
However, while c-NHEJ is active throughout the whole cell cycle, HR is restricted to late S/G2
phase as it relies on the presence of an undamaged sister chromatid to act as a template for
error free repair (4). During HR, BRCA1 inhibits 53BP1 from interacting with the chromatin
near the broken DNA ends (2,5). This permits extensive end-resection of the break by endo-
and exonucleases such as MRE11, CtIP, DNA2, and EXO1, yielding 3'-single-stranded (ss)
DNA overhangs that counter Ku loading and further promote DSB repair by HR (6). Following
resection, the 3'-ssDNA tails become coated by the RPA heterotrimer (7). Subsequently,
BRCA1, PALB2 and BRCA2 sequentially accumulate on the processed ssDNA to promote
error-free repair of DSBs.

PALB2 is crucial herein as it mediates PALB2-BRCA1/2-RAD51 complex formation.
That is, PALB2’s N-terminal Coiled-Coil (CC) domain is required for interaction with BRCA1,
whereas its C-terminal WD40 domain mediates the interaction with BRCA2 (Fig. 1) (8-12).
BRCA2 possesses eight highly conserved BRC repeats and a carboxy-terminal region that
have been shown to bind RAD51 (13-15). This interaction allows BRCA2 to promote HR by
facilitating the replacement of RPA with the RAD51 recombinase and by stabilizing the ensuing
RAD51-ssDNA filaments through blockage of ATP hydrolysis (16). Additionally, through its
WD40 domain, PALB2 also interacts with the C-terminal PALB2-Interacting Domain (PID) of
the RNF168 ubiquitin E3 ligase. RNF168 contains a ubiquitin-interacting motif (UIM) that
allows binding of RNF168-bound PALB2 to ubiquitylated chromatin at DSBs, thereby
facilitating RAD51 filament formation and HR (17). Alternatively, more recent studies
suggested that RNF168 may facilitate PALB2-mediated RAD51 loading independently of
BRCA1, by showing that abrogation of RNF168 activity in BRCA1-compromised cells
dramatically elevated genome instability rates (18,19). Thus, it is apparent that RAD51 loading
during HR, regardless of its dependency on BRCA1, RNF168, or both, requires the action of
PALB2.
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Figure 1. Schematic representation of PALB2 variants, functional domains, interacting proteins and
exons. The nucleotide numbers refer to the last nucleotide of each exon in PALB2 cDNA
(NM_024675.3). The amino acid numbers are shown to specify the evolutionarily conserved functional
domains of PALB2; Coiled-coil (CC) (10-12,107), Chromatin-Association Motif (ChAM) (108), MORF-
Related Gene on chromosome 15 (MRG15) binding domain (109) and WD40 domain (9,107). PALB2-
interacting proteins are depicted underneath their respective PALB2 interacting domain/regions. All
PALB?2 genetic variants from five functional studies (39-43) are shown and categorized per (functional)
domain as benign (green framed sections), truncating (red framed sections), or VUS and synthetic
missense variants (MVs) (blue framed sections) based on ClinVar. All functionally damaging PALB2
VUS with an HR efficiency < 50% compared to wild type PALB2 in at least one functional assay are
highlighted in red. The two damaging synthetic MVs are highlighted in purple.

Genetic variants in PALB2 and their association with cancer

Recent analysis of a metastatic pan-cancer cohort of 3504 patients, employing a strategy that
relies on the presence of specific mutational footprints which are characteristic of a deficiency
in HR (20,21), revealed that mutational inactivation of the BRCA1, BRCAZ2 and PALB2 genes,
was the most common genetic cause of the observed HR signatures (22), indicative of their
important role in tumor suppression. Indeed, for BRCA1 and BRCA2, monoallelic LOF variants
present in the germline can result in a nearly tenfold increased lifetime risk of developing breast
cancer (23,24), whereas bi-allelic LOF variants cause Fanconi anemia (FA) (25,26). The
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PALBZ2 gene, which is located on chromosome 16p12.2, comprises 13 exons and encodes a
protein of 1186-amino acids (Fig. 1), was identified in 2006 as an important BRCA2-interacting
protein (9,27). As it has now been established that LOF variants in PALB2 convey a similarly
high risk for breast cancer as BRCA2 LOF variants (23,24,28), PALB2 has become widely
included in breast cancer clinical genetics practice. Consequently, a large number of people
have already undergone genetic testing of PALB2 to identify variants that may increase the
risk of breast cancer susceptibility. Meanwhile, truncating PALB2 variants have also been
shown to be associated with an increased risk of familial ovarian and pancreatic cancer (29-
33).

In contrast to truncating variants in PALB2, which are known to be deleterious to protein
function, the impact of most missense variants is often unclear. Generally, assessment of
pathogenicity of such variants of uncertain significance (VUS) would rely mostly on in silico
analysis, co-segregation of the variant with cancer, co-occurrence with pathogenic PALB2
variants, and family history of cancer. However, for the majority of VUS, this information is not
available and hence the associated cancer risk is unknown. To extend the utility of PALB2
genetic test results, additional methods for interpreting VUS are therefore urgently required.
Accordingly, recent independent studies have developed functional assays to determine the
functional impact of a large number of PALB2 VUS (Fig. 1). Here we review this
comprehensive analysis, which highlights the CC and WD40 domains of PALB2 as hotspots
for variants that impair its function in HR and cell cycle checkpoint regulation. Finally, we also
highlight the value of this functional analysis in predicting the associated cancer risk and
therapy response for VUS in PALB2.

A comprehensive functional analysis of VUS in PALB2

Assays using HR as a read-out have emerged as the standard for the functional
characterisation of VUS in BRCA1 and BRCA2 (34-38). More recently, VUS in PALB2 have
also been characterised in a similar manner (Fig. 1 and Fig. 2) (39-43). To identify variants
that impact HR, the well described DR-GFP reporter, as well as the more recently introduced
CRISPR-LMNA HR assay were used (44,45). These assays rely on HR-mediated repair of a
non-functional GFP gene and HR-mediated integration of a fluorescence marker at the LMNA
locus, respectively (Fig. 2). Furthermore, PALB2 function was assessed by exposing cells that
express a PALB2 variant to PARPI or cisplatin (Fig. 2). Catalytic inhibition of PARP1 “traps”
PARP1 molecules on endogenous ssDNA breaks, resulting in replication fork collapse and
DSB formation (46). Cisplatin on the other hand, induces ~90% intra-strand cross-links and
~5% inter-strand cross-links (ICLs), the latter of which are converted into DSBs and
predominantly repaired through the FA pathway (47). Both PARPI- and ICL-induced DSBs are
repaired by HR. Consequently, in the absence of HR (e.g. due to PALB2 LOF), PARP-trapping
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Figure 2. Overview of the functional assays used for the functional characterization of PALB2 genetic
variants. Either Palb2 KO mouse cells or PALB2 siRNA-depleted human cells were complemented by
expressing human PALB2 (siRNA-resistant) cDNA, without or with a variant. PALB2 deficiency is
indicated with a red cross, whereas a red arrow marks the position of a variant in the PALB2 cDNA.
Complementation was either by transient (B400 mouse cells or human cell lines) or stable expression
(mES cells) (top section). PALB2 complemented cells were subjected to multiple cell-based functional
assays (bottom section). The functional assays determine in a quantitative manner: 1) homology-
directed repair of an |-Scel-induced DSB in DR-GFP, which results in the restoration of a functional
GFP gene whose expression can be monitored by fluorescence-activated cell sorting (FACS), 2) HR-
mediated integration of mRuby into the LMNA A/C locus (LMNA) at a break site induced by
CRISPR/Cas9, 3) the formation of IR-induced RADS51 foci, which is PALB2 dependent and provides a
measurement for the HR efficiency, 4) sensitivity to PARPI or cisplatin treatment, which leads to cell
killing when HR is impaired, 5) G2/M checkpoint maintenance after extensive DNA damage, which is
dependent on PALB2-mediated HR. Deficiency in PALB2 results in progression into M-phase.
Consequently, the mitotic fraction represents a measure for the functional impact of PALB2 variants.
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or ICL induction leads to persistent accumulation of DSBs. Such extensive DNA damage often
results in cell cycle arrest and apoptosis, and thus, reduced proliferation and cell survival.
PALB2 LOF is therefore synthetic lethal with PARPi or cisplatin treatment (48-50).
Furthermore, PALB2 is also required for the repair of ionizing radiation-induced DSBs. This
phenotype was used as a readout for the functional characterization of several PALB2 variants,
revealing that the expression of two variants, p.L939W and p.L1143P, impaired PALB2
functionally (41). Lastly, since PALB2 interacts with BRCA1 and BRCA2 to load RAD51 at
sites of DSBs, co-immunoprecipitation, recruitment to micro irradiation-induced DNA damage,
and DNA-damage-induced RAD51 foci formation were among the additional functional
readouts to study the impact of PALB2 variants on HR (Fig. 2) (39-43). A complete overview
of all functional assays that were performed by the three recent studies is provided in Table 1.
With the above described functional assays, these studies analysed a total of 155 different
PALB2 variants (Table 2), comprising 129 VUS, 7 benign variants (as classified by ClinVar)
(51), 2 synthetic missense variants with known LOF (11,52) and 17 truncating variants (Fig.
1). Sixteen VUS were identified as strongly damaging in at least one assay (i.e., >50% reduced
activity compared to WT), all of which were located in the CC or WD40 domain of PALB2 (Fig.
1), highlighting the importance of these domains for PALB2’s role HR. In the following sections,
we review the different strategies and outcomes of these studies in more depth.

Functional characterization of VUS in PALB2 using HR as a read-out

The largest set of PALB2 variants, i.e., 84 patient-derived PALB2 missense variants, was
analysed by Wiltshire and colleagues (Table 2) (43). Several truncating variants (p.Q251X,
p.Y551X p.D715Efs, p.Y1108Sfs, p.G1121Vfs, p.G1166Vfs and p.Y1183X) and benign
missense variants as classified by ClinVar (p.1309V, p.Q559R, p.E672Q, p.P864S, p.V932M
and p.G998E) were analysed to validate their functional impact. The assays were mostly
performed in Palb2-deficient B400 mouse mammary tumour cells with a stably integrated DR-
GFP reporter to measure HR. PALB2 cDNA, with or without a variant, was transiently (over-)
expressed in these cells and subsequently the effect on HR was determined. While benign
variants had only a moderate or no impact on HR (<12% reduction in HR when compared to
WT PALB2), all truncating variants strongly impacted HR (>52% reduction in HR when
compared to WT PALBZ2). Moreover, four PALB2 missense variants (p.L24S, p.L35P, p.1944N
and p. L1070P) were identified that strongly disrupted HR (>65% reduction in HR compared
to WT PALB2). To corroborate their findings, a CRISPR-LMNA HR assay (45) was performed
in U20S cells with endogenous PALB2 depletion by siRNA treatment, followed by transient
expression of siRNA-resistant PALB2 cDNA with or without variant. Consistently, the same

four variants disrupted HR-mediated mRuby integration into the LMNA locus. In this assay, the
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variants exhibited a >90% reduction in HR compared to cells that were complemented with

WT PALB2 cDNA.

Table 1. Complete list of functional assays used in three independent studies.

Study

Functional assay

Nr. of variants tested (patient derived)

Boonen et al. 2019 (70 variants)

DR-GFP reporter

PARPI sensitivity (proliferation)
PALB2 expression blots

PARPI sensitivity (clonogenic)
Cisplatin sensitivity (proliferation)
RADS51 foci number after IR
RAD51 foci intensity after IR
CRISPR-LMNA HR

G2>M checkpoint
Micro-irradiation recruitment

Co-immunoprecipitation

Complete set
Complete set
Complete set
8

18

5

2

5

19

Rodrigue et al. 2019 (47 variants)

PARPI sensitivity proliferation assay
PALB2 expression blots

RAD51 foci number after IR

RAD51 foci intensity after IR
CRISPR-LMNA HR assay
Micro-irradiation recruitment assay

PALB2 cellular localization

Mammalian two-hybrid assay (BRCA1) (1-319)
Mammalian two-hybrid assay (BRCA2) (859-1186)

Complete set
Complete set
18

8

18

18

18

22

25

Wiltshire et al. 2019 (91 variants)

DR-GFP reporter

PARRPI sensitivity (proliferation)
PALB2 expression blots
Cisplatin sensitivity (proliferation)
RAD51 foci number after IR
CRISPR-LMNA HR assay
Micro-irradiation recruitment

PALB2 cellular localization

Mammalian two-hybrid assay (BRCA1) (1-319)
Mammalian two-hybrid assay (BRCA2) (859-1186)

Cyclohexamide chase / Stability

Co-immunoprecipitation

Complete set

o O w w A D DD OO O
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Rodrigue and colleagues first tested their set of 41 PALB2 VUS using PARPI sensitivity
assays (Table 2) (42). Their assay was set up in HeLa cells in which endogenous PALB2 was
depleted by siRNA treatment. Following transient expression of siRNA-resistant YFP-PALB2
cDNA, with or without a variant, cells were assayed for PARPI sensitivity. Although no
truncating variants were assayed, several benign PALB2 variants were included (i.e. p.P864S,
p.V932M and p.G998E). As expected, expression of the benign variants rendered cells PARPI
resistant, which was comparable to that observed after WT PALB2 expression (42). The
threshold for impaired PALB2 function was set based on the PARPi sensitivity observed for
cells expressing p.L35P (~50% survival), which was previously reported to be damaging (40).
The expression of two PALB2 variants, p.T10301 and p.W1140G, rendered cells nearly as
sensitive as those expressing p.L35P, with survival percentages of 58% and 64%,
respectively, while the expression of several other variants (p.P8L, p.K18R, p.R37H, p.H46Y,
p.L947F, p.L947S and p.L1119P) only resulted in a moderate, but still significant sensitivity to
PARPI (~76-86% cell survival). For a more direct assessment of HR competency, the CRISPR-
LMNA HR assay (45) was used to further characterize the effects of 18 selected PALB2
variants on HR. Consistently, p.T1030l and p.W1140G exhibited substantially reduced HR
(>65% reduction in HR when compared to WT PALB?2), followed by p.Y28C and p.R37H (60-
65% reduction in HR when compared to WT PALB?2), whereas other variants (p.P8L, p.L947F,
p.L947S and p.G1043A), showed more intermediate phenotypes (40-60% reduction in HR
when compared to WT PALB2).

In our recent study (39), a large number of PALB2 truncating variants was included
(p.Q60Rfs, p.S172Gfs, p.E230X, p.Y409X, p.L531Cfs, p.Y551X, p.E669Gfs, p.C882Wfrs,
p.Q988X, p.P1009Lfs, p.W1038X and p.Y1183X), as well as several variants that were
classified as benign by ClinVar (p.Q559R, p.E672Q, p.V858=, p.P864S, and p.G998E) (Table
2). Our functional analysis relied on the stable integration of PALB2 cDNA at a safe-harbor
locus in Palb2 knockout (KO) mouse embryonic stem (MES) cells and its subsequent
expression from a relatively weak promotor (39). Such a strategy avoids differences in PALB2
expression following siRNA-mediated knockdown and reduces possible artefacts that may
arise from transient overexpression of PALB2 cDNA. While benign variants had only a
moderate or no impact on HR (<20% reduction in HR when compared to WT PALB2), all
truncating variants strongly impacted HR (>89% reduction in HR when compare to WT
PALB?2). Moreover, 48 PALB2 VUS were analyzed, of which the expression of 15 VUS (i.e.
p.L24S, p.Y28C, p.L35P, p.R37H, p.W912G, p.G937R, p.I1944N, p.L947S, p.L961P, p.L972Q,
p.T1030l, p.11037T, p.G1043D, p.L1070P and p.L1172P), strongly abrogated PALB2 protein
function, with HR being decreased by 55-93% in DR-GFP assays. The same variants also
resulted in cellular sensitivity to PARPI (Table 2) (39).
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Table 2. Complete list of human PALB2 variants analyzed in five independent studies.

Park Foo
Study etal. etal. Boonen et al. 2019 Wiltshire et al. 2019 Rodrigue et al. 2019
2014 | 2017
Nr. of variants 4 5 70 91 47
Nr. of benign
ff:c"'gﬁa(ﬁ';’;\é:’) M 0 0 5 (80-95% in DR-GFP) 6 (88-128% in DR-GFP) 3 (102-104% in PARP)
from main assay
Nr. of damaging
f::é':'ﬁ;;‘:\:‘;}:’"a' 0 0 12 (6-11% in DR-GFP) 7 (12-48% in DR-GFP) 1 (48% for p.L35P in PARPI)
assay
Cell type u20s | B400 mES Hela | U20S | B400 | Hela | U20S Hela U208
) DR- | DR- | DR | pagpi | cispl. | G2>M | RADs1 | LMNA | PR | RADs1 | LMNA | PARPI | RAD51 | LMNA
Proteln change pA A IS A o | e | e | e G | e | e | e | o
p.PaL 87
p.P4s 98 73
p.P5S 62 9%
p.PBL 142 76 68 ~60
p.LOH 116
pKIBR ~75 | 100 | o4 84 87 82 103 | ~87
p.L21A
pL24S* 21 55 34 ~11 <5
p.v28C* ~35 | 33 2 9% 92 64 ~37
pK3ON ~105 92 o7
p.T3I o7 102
pL32V 87
pR34C 9
p.R34H 100
p.L35P* ~5 | 10 10 2% | 261 16 -4 <9 48 2 -5
pPR37C 94
pR3TH ~78 | 45 68 83 176 82 86 71 ~38
PR3TS %0
pE42K 105 | 95 9% 102
p.HABY 76 108 | ~82
p.QBORfs 9 1
p.PB5L 86
P76V 93
pv78I 132 92
pKBIR 3
p.E94K %
p.G115V 107
p.T1241 109
p.S133T 88
p.D134N 91 9 98 55
p.L169I % 103 80 ~77
p.S172Gfs 9 14
p.P207R 101
p.P210L 85 103 130 108
p.E230X 7 18
p.Q251X 16
p.T3001 72
p.I1309V 116
p.T3TP 109
p.S319Y 94 110 79 ~83
pL337S 87 116 106
p.S3821 146
p.T3071 98
p.T397S 104
p.Y408H 92 109 93 80 08
P.Y409C 80
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Table 2. Continued

Park Foo

Study etal. etal. Boonen et al. 2019 Wiltshire et al. 2019 Rodrigue et al. 2019
2014 2017

. DR- DR- DR- " ispl. > DR- :

proamcnrgs | GF5 | GF5 | GF5 | PAP | o | ot | mage | | G | mage | | eaner | g |

p.Y409X 8 17

p.T413K 100

p.S417Y 72 84 144

p.S474N 102

p.D498Y 94 74

p.K515R 75 121

p.L531Cfs 8 24

p.S534A 94

p.Y551X 8 " 20 245 20

p.Q559R 95 118 100

p.S578G 104

p.D616G 88

p.DB16H 108

p.L622P 7 65

p.E669Gfs 7 19

p.E672Q 80 104 88

p.T706! 87 78

p.P707L 83 88 101 94

p.D715Efs 12

p.N716K 106

p.T734S 138

p.K745E 98

p.L763F 92

p.v858= 84 74

p.P864S 86 87 128 102 90 ~90

p.S865P 100 78

p.G866V 112

p.D871G 84 115 87 17 90

p.C882Wfs 6 29

p.W912G* 7 8 5 8

p.vo19l 96

p.D927A 76 86

p.L931P 100

p.L931R 106 95 112 80 72

p.V932M 98 102 84 ~95

p.C933Y 76

p.L936S 100

p.G937E 88

p.G937R* 17 26 63 25

p.L939W ~85 60 91 102 218 96 97

p.E940G 63 81

p.1944N* 7 15 30 ~2 <9

p.L947F 74 77 75 ~55

p.L947S* 30 24 78 47 80 82 69 ~41

p.S951F 92

p.S955R 103

p.Q958P 124

p.L961P* 7 8 27 280 13 2

p.1966T 74 79

p.1966V 101

p.L972Q" 14 13

p.Q988X 7 15

p.G998E 95 97 80 129 120 104 94 ~82

p.P1009Lfs 6 25

p.A1017T 98
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Table 2. Continued

Park Foo

Study etal. etal. Boonen et al. 2019 Wiltshire et al. 2019 Rodrigue et al. 2019
2014 2017

. DR- DR- DR- " ispl. > DR- :

proamcnrgs | GF5 | GF5 | GF5 | PAP | o | ot | mage | | G | mage | | eaner | g |

p.E1018D 86 84 112 73 95

p.V1019A 128

p.G1021R 80

p.A1025R 18 24 369

p.A1025T 78 109

p.T10301* 15 15 60 58 44 ~24

p.11037T* 39 52

p.W1038X 7 12

p.L1040S 77 100

p.K1041T 98

p.G1043A 98 87 86 ~47

p.G1043D* 11 10 37 276 56 22

p.Q1044H 94

p.110518 91 109

p.S1058P 96 85 119 109

p.C1060S 104

p.Y1064C 101 87 129 100 88

p.L1070P* 23 57 34 ~4 <5

p.S1075G 99

p.E1083D 102

p.S1084L 94

p.P1088S 94

p.11093T 80 98 96 ~92

p.T1099R 102

p.S1102R 154 97

p.V1103L 100

p.V1103M 154

p.V1105A 89

p.L1107P 92

p.Y1108Sfs 12

p.P1111A 103 88

p.Q1114H 98 92

p.L1119P 94 104 98 84 89 ~68

p.G1121Vfs 12

p.V1123M 76 103

p.G1135E 98

p.W1140G* 98 64 66 ~35

p.L1143H 70 98

p.L1143P ~ 80 132 109

p.G1145R 104

p.G1147R 96

p.L1150R 150

p.W1159L 91 108

p.S1160P 92 103

p.W1164C 81 96 100

p.S1165L 98

p.G1166Vfs 12

p.T11671 98

p.H1170Y 94

p.L1172P* 13 17

p.G1174R 91 103

p.11180T 82 99 72 106

p.Y1183C 71 109

p.Y1183X 11 10 20 345 48
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All variants are indicated at the protein level (i.e., protein change). Nucleotide annotations for each
variant are available in the published manuscript, where nucleotide numbering reflects Human Genome
Variation Society (HGVS) nomenclature and cDNA number +1 corresponds to the A of the ATG
translation initiation codon in the reference sequence (PALB2 NM_024675.3). The initiation codon is
codon 1. Results from DR-GFP, PARPI sensitivity, cisplatin sensitivity, RAD51 foci and G2/M checkpoint
assays are shown. Only data taken from bargraphs and experiments in the context of full-length PALB2
protein was used for this table. Truncating, benign (ClinVar), synthetic missense variants and strongly
damaging VUS (with >50% reduced activity), are indicated in red, green, orange and with a red * in the
‘protein change’ column, respectively. NT stands for 'not tested'.

Effect of VUS in PALB2’s CC domain on the BRCA1-interaction and HR

Formation of the PALB2-BRCA1/2-RAD51 complex is crucial for delivering RAD51 monomers
to RPA-coated ssDNA overhangs and promoting strand invasion during HR (10-12,16).
Variants that affect PALB2’s interaction capability with BRCA1 or BRCA2 are therefore
predicted to impact HR. Here we first discuss the implication of variants in PALB2’s CC domain
(amino acids 9 to 44) (Fig. 1). Initially it was shown by two independent studies that exchange
of PALB2’s CC domain residues p.L21, p.Y28 or p.L35 by an alanine (11), or p.L21 or p.L24
by a proline (12), indeed impaired HR by abolishing the interaction between PALB2 and
BRCAA1. Consistently, the patient-derived p.L35P missense variant in PALB2 was more
recently shown to impair the interaction with BRCA1, thereby strongly reducing HR (40). This
variant was taken along by the three recent studies which all confirmed these findings
(39,42,43). A similar defect in HR was observed for p.L24S, which was also attributable to an
impairment in the interaction with BRCA1 (39,43). Interestingly, cycloheximide chase
experiments to monitor protein stability suggested that variants that fail to interact with BRCA1
(p.L24S and p.L35P) enhanced the stability and consequently the levels of PALB2 protein (43).
Consistent with this result, we and others also detected slightly higher protein levels for
variants that failed to interact with BRCA1 (i.e. p.L24S, p.Y28C and p.L35P) (39,40,43). As the
CC domain regulates PALB2 self-interaction in addition to the interaction with BRCA1, it is
possible that an inability of PALB2 to interact with BRCA1 creates a shift towards the formation
of PALB2 oligomers (53,54). Such complexes may shield PALB2 from ubiquitination-
dependent degradation (55), leading to higher protein levels.

The consistency between the different studies (39,42,43), was challenged by the
analysis of p.R37H, which has previously been shown to represent a variant whose expression
only moderately impacts protein function (40). p.R37H was shown to reduce HR only by ~20%
(40,43). Accordingly, the analysis by Foo et al. showed that p.R37H did not affect the
interaction with BRCA1 (40). In contrast, Rodrigue et al. identified p.R37H as a variant whose
expression led to a significant reduction in PALB2 function, both in PARPI sensitivity assays
as well as the CRISPR-LMNA HR assay, with 60% reduced activity in the latter assay (42).
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However, the mechanism for the reduced functionality was unclear as mammalian two-hybrid
assays and laser micro-irradiation experiments suggested that this variant interacted normally
with BRCA1 and was recruited to DNA damage sites, respectively. Although we reported a
similar impact on HR in DR-GFP assays for this variant (55% reduction in HR when compared
to WT PALB2) (39), we observed a partial loss of the PALB2-BRCA1 interaction in
immunoprecipitation experiments, as well as the recruitment of PALB2 to sites of DNA damage
induced by laser micro-irradiation (39). Thus, while all four studies consistently show the
impact of p.R37H on HR, the discrepancy in the mechanistic explanation warrants further

investigation of this particular variant.

Effect of VUS in PALB2’s WD40 domain on protein stability and HR
In addition to the CC domain, which mediates the interaction with BRCA1, the WD40 domain
of PALB2 (amino acids 853 to 1186) (Fig. 1), mediates interactions with other core HR proteins
such as BRCA2 and RAD51. In our study, many damaging variants were identified in this
functional domain (p.W912G, p.G337R, p.1944N, p.L947S, p.L961P, p.L972Q, p.T1030I,
p.11037T, p.G1043D, p.L1070P and p.L1172P) (39). Since all these variants exhibited strongly
reduced protein expression levels, the effect on the interaction of PALB2 with other HR factors
was not examined. Importantly, reverse transcription-quantitative (RT-q)PCR analysis
indicated that these variants did not affect expression at the mRNA level (39), suggesting that
the low abundance of PALB2 protein is likely the result of protein instability. In contrast,
Rodrigue et al. performed PALB2-BRCA2 immunoprecipitation assays for damaging variants
in the WD40 domain (p.L947F, p.L947S, p.T1030l, p.G1043A, p.L1119P and p.W1140G),
although they similarly detected lower expression levels for these variants (42). Not
surprisingly, all six variants appeared to impair the interaction with BRCA2. As these variants
are scattered throughout the WD40 domain, it seems likely that they represent unstable
variants rather than variants that impair specific binding sites for BRCAZ2. Likewise, Wiltshire
and colleagues showed that the p.I1944N and p.L1070P variants both decreased the interaction
with BRCA2, as well as with BRCA1 (43). As the interaction motif for BRCA1 lies in PALB2’s
N-terminal CC domain, and not the WD40 domain in which these variants are present, these
reduced interactions are more likely the result of reduced PALB2 protein stability. Although we
identified several damaging variants in the WD40 domain, only the synthetic missense variant
p.A1025R displayed normal expression levels, while having a major impact on HR (82%
reduction in HR when compared to WT PALB2) (39). These results are in line with the fact that
this variant impairs the PALB2-BRCA2 interaction, as shown previously by several studies
(42,43,52).

In addition to the observed protein instability, it has been suggested that mis-

localization of the PALB2 protein in the cytoplasm may provide an explanation for the reduced
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PALB?2 functionality observed for a number of variants in the WD40 domain (39,41,43). For
instance, for p.I944N, Wiltshire and colleagues showed that this variant prevented nuclear
localization of PALB2 and that it is retained in the cytoplasm. They observed a similar mis-
localization for p.L1070P, albeit to a lesser extent. Rodrigue and colleagues additionally
identified p.L947F, p.L947S, p.T1030I, p.G1043A, p.L1119P and p.W1140G as variants
causing mis-localisation of PALB2. All these variants impaired PALB2 recruitment to laser-
induced DSBs, an effect that was also observed for p.Y28C and p.L35P (42). However, p.Y28C
and p.L35P, which both reside in the CC domain, did not negatively impact PALB2’s nuclear
localisation. Thus, variants in the WD40 domain that result in PALB2 instability may be
signalled for degradation in the cytoplasm, providing an explanation for how such variants
could impact PALB2-dependent HR.

Limitations of current assays used for the functional analysis of VUS in PALB2

A reasonable number of overlapping VUS was analyzed by three recent studies (39,42,43).
This allows for a head-to-head comparison of the outcome of the different functional analysis,
as well as the important aspects of the different experimental approaches, such as the model
cell line, complementation by transient overexpression or stable expression, and the use of
KO or knockdown cell lines. These differences may explain certain discrepancies, which we
discuss below on the basis of several variants that were functionally characterized.
Overexpression of the PALB2 cDNA may underestimate the functional effect of some variants.
For instance, the FA-associated p.Y1183X PALB2 variant, is located three amino acids from
the end of the protein and can lead to the expression of a near full-length PALB2 protein.
Stable expression of this variant impaired the HR efficiency in mES cells to a similar extent as
all other truncating variants positioned throughout the gene (i.e., HR being reduced by 89-
94%) (39). However, it is feasible that cDNA-based overexpression of this variant can partially
rescue HR. This may have occurred in the study by Wiltshire and colleagues in which
p.Y1183X reduced the HR efficiency in Palb2-deficient B400 mouse mammary cells by 52%,
in comparison to a ~84% reduction observed for other truncating PALB2 variants scattered
throughout the gene (43). Accordingly, Rodrigue and colleagues noted that there are indeed
differences in expression between variants after transient overexpression. Moreover, they
showed that exogenous PALB?2 is greatly overexpressed in comparison to endogenous PALB2
(42). Thus, we may need to take caution when variants are functionally characterized by
transient overexpression, as damaging variants may still exhibit residual activity under these
conditions. In fact, when we compare other overlapping variants among the three recent
studies tested in DR-GFP assays (n = 26) (39,43) and PARPI sensitivity assays (n = 14)
(39,42), functional defects are almost always smaller when assessed by transient

overexpression compared to stable integration and expression (Fig. 3a-b). This is particularly
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striking in the case of variants such as p.Y28C, p.R37H, p.L947S and p.T1030I, which may
still exhibit residual activity. Consequently, this effect may lead to an underestimation of the
HR defects that these variants can cause and may explain the fairly low correlation (R? = ~0.58)
between results from assays with transient overexpression versus stable integration and
expression (Fig. 3c-d). However, this hypothesis is contradicted by the very good correlation
(R? = ~0.91) (Fig. 3e-f) between the effects of overlapping variants in DR-GFP and CRISPR-
LMNA HR assays (n = 9) (39,42), which relied on stable and transient expression of PALB2,
respectively. Although this result can be explained by a slightly more effective siRNA-based
knockdown of endogenous PALB2 in the U20S cells used for the CRISPR-LMNA HR assays,
it is also possible that stable versus transient expression, in a specific cellular background,
impacts the outcome of the functional assays. Further research is therefore be needed to
resolve these issues.

Similar to transient overexpression, PALB2 complementation after knockdown of the
gene (versus the use of KO cells), could in theory also result in an underestimation of the
effects of some variants. This is because the knockdown is often incomplete, resulting in
residual expression of wildtype PALB2 in the presence of exogenously expressed PALB2
carrying a variant. If the PALB2 variant affects PALB2 protein function, this effect may be
obscured by the presence of wildtype PALB2 protein. Also, the knockdown efficiency can differ
between experiments, resulting in variability in the measured functional effects. On the other
hand, with regard to the KO of genes in general, it is possible that cells can undergo adaptions
in order to survive. It is possible that such adaptions can influence the functional readout that
is used.

As all three recent studies employed a cDNA-based complementation approach
(39,42,43), another disadvantage, specifically when analyzing truncating variants, is the
absence of nonsense-mediated mMRNA decay. Hypothetically, the expression of a partially
functional truncated protein might mask the severe impact on protein function of such variants
observed in the presence of nonsense-mediated mRNA decay, which would otherwise
abrogate protein expression. A complementation method based on the use of a bacterial
artificial chromosome (BAC) that contains the complete gene-of-interest would allow for
inclusion of effects originating from nonsense-mediated mRNA decay. This is important, as
such processes by themselves may enhance the risk for cancer and constitute an alternative
mechanism for reduced protein function.

With regard to the differences in outcome between the three recent studies on PALB2
VUS (39,42,43), one may also question whether these may originate from the use of human
and mouse model cell lines. For instance, we showed that complementation of Palb2“° mES
cells with human PALB2 cDNA resulted in a partial rescue of the HR defect (i.e., ~68% HR
compared to Trp53<© still expressing mouse Palb2) (39). Although it cannot be excluded that

42



Functional characterization of PALB2 variants of uncertain significance

a Cc
DR-GFP
160 G ® Boonen et al., 2019 s 160
S 140 M O Wiltshire et al., 2019 E; 140 °
a 2 [}
o 120 £ 120 ° .
g £ o - o WT
& 100 x 100 ° ° o-"gd @ © Missense
) T --"e °
S 80 5 80 o © _.- ® Benign
3 g Pre ° ° ® Truncating
8 60 5 60 e .-
k) T e--
g 40 5 0]
[ 2 0o @ y =0,7384x + 36,364
b=
T 2 201 o R?=0,5738
ﬂ ﬂ g n=26
0 0
QYA T IO >XEJINOLIZOWSQLEOE X 0 20 40 60 80 100 120
E § g % 5 g % § ‘E 3 % g § E é g g g § § § g ‘CB g 8 g B t. al 2019; HR effici %
2 ceec-ccct¢t nen ; N
[N I R T - A ] 40k;44§_> oonen et. al efficiency (%)
b d
120 7 PARPi 120
~ o°
£ 100 __ 100 o0
o s ° -
3 s 80 ° -’ o ©
2 -
§ o o8 owr
° T g -7 I
@ 50 B2 60 ° © Missense
T m Boonen etal., 2019 s ° © Benign
r O Rodrigue et al., 2019 2
< 40 58 40
o [=}
< e y = 0,3696x + 62,409
& 20 20 R2=0,583
n=14
0 0
n:uuau.:_lw;wmnan.l— 0 20 40 60 80 100 120
& 5 - &5
E‘_“ﬁgaégggfgig Boonen et al. 2019,
X>-"EeRRIAF2EC .
a0 gFo=E PARPi resistance (%)
e f
120 1 DR-GFP vs. CRISPR-LMNA 120
100 .
2g s
Q< 80 Pl
' < - o WT
T2 - ° .
-= P © Missense
© -1 60 -
® Boonen et al., 2019; DR-GFP o - ® Benign
O Rodrigue et al., 2019; CRISPR-LMNA %% -7
52 40 %-"0
o -
©© o~ y =0,8232x + 7,075
209 .- R?=0,9123
° n=9
0
0 20 40 60 80 100 120

Boonen et al. 2019,
HR efficiency (%)

Figure 3. Comparison and correlation between DR-GFP- and PARPi-based HR assays from three
different studies. a Bar graph comparing results from DR-GFP-based functional assays for 26
overlapping PALB2 variants from studies by us and Wiltshire et al. (39,43). Mean percentages of GFP-
positive cells relative to wild type PALB2 (WT) are shown, with cells expressing WT PALB2 being set to
100%. b Bar graph comparing results from PARPi-based functional assays for 14 overlapping PALB2
variants from studies by us and Rodrigue et al. (39,42). Mean percentages of viability relative to WT
PALB2 are shown, with cells expressing WT PALB2 being set to 100%. ¢ Scatter plot showing the
correlation between the results from our study and Wiltshire et al. as shown in ‘a’ (39,43). The color of
the datapoints corresponds to the different variants/conditions: wild type (black), benign based on
ClinVar (green), truncating (red), VUS (blue). d Scatter plot showing the correlation between the results
from our study and Rodrigue et al. as shown in ‘b’ (39,42). The color of the datapoints corresponds to
the different variants/conditions: wild type (black), benign based on ClinVar (green), VUS (orange). e
Bar graph comparing results from DR-GFP- and CRISPR-LMNA-based HR assays for 9 overlapping
PALB2 variants from studies by us and Rodrigue et al. (39,42). Mean percentages of GFP- or mRuby-
positive cells relative to WT PALB2 are shown as in ‘a’. f Scatter plot showing the correlation between
the results from our study and Rodrigue et al. as shown in ‘e’ (39,42). The color of the datapoints is as
shown in ‘d".

43



Chapter 2

this is due to different expression levels of ectopic human PALB2 compared to endogenous
mouse Palb2, it is also possible that this is due to the limited homology between mouse and
human PALB2 (~59% identical and 70% similar in protein sequence). Consequently, the
functional effect of some variants may be missed and this could affect the reliability of testing
human variants in a mouse cell background. Nonetheless, it should be noted that so far
damaging missense variants in PALB2 have only been observed in the well conserved CC and
WD40 domains, which both exhibit ~82.5% identical and ~91.5% similar protein sequence.
This makes it unlikely that PALB2 variants that have been identified as damaging in these
domains in mouse cell-based assays, are not so in a human cell-based setup. Indeed, we have
observed similar effects on HR for a number of VUS (p.W912G, p.G937R, p.L947S, p.L961P

and G1043D) in human and mouse cell-based assays (39) .

Functional characterization of VUS in PALB2 using checkpoint control as a read-out
Besides a critical role in promoting HR, several studies have implicated BRCA1, BRCA2 and
PALB2 in DNA-damage-induced checkpoint control (56-58). Consistently, it was shown that
G2/M checkpoint maintenance after IR is compromised in Trp53<°/Palb2*® mES cells, an
effect that could be rescued by expressing WT human PALB2 (Fig. 2) (39). Interestingly,
PALB2 variants that show LOF in HR, were unable to maintain an efficient G2/M checkpoint
response (p.L35P, p.L961P, p.A1025R and p.G1043D). The fact that p.L35P and p.A1025R,
which are unable to interact with BRCA1 and BRCAZ2, respectively, were among these
variants, suggests that both interactions are key to PALB2’s role in regulating G2/M checkpoint
control. Although checkpoint regulation could be a distinct function of PALB2, another
possibility is that the observed defects in G2/M checkpoint maintenance could stem from
defective HR. Given that a defect in HR likely leads to elevated levels of unrepaired DNA
breaks, it may seem counterintuitive that G2/M checkpoint maintenance is reduced under
these conditions, unless compensatory pathways take over to complete DNA repair and allow
for continued progression through the cell cycle. In line with such a scenario, an inverse
correlation has been observed between HR activity and a-NHEJ mediated by POLQ (59). This
indicates that a-NHEJ may act as a compensatory pathway for PALB2-dependent HR. Indeed,
in HR-deficient ovarian cancer cell lines POLQ was selectively upregulated, whereas
restoration of HR brought back POLQ expression to normal levels (59). Based on these
findings we speculate that when HR is compromised due to PALB2 LOF, activation of a-NHEJ
potentially affects G2/M checkpoint maintenance in response to DNA breaks.
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Control of ROS and replication stress as potential readouts for the functional analysis

of VUS in PALB2

PALB2 has also been reported to play a role in controlling the reactive oxygen species (ROS)
levels in human cells (60), which may constitute another tumor suppressive function. PALB2
suppresses ROS levels in a manner dependent on its interaction with the ubiquitin ligase
KEAP1. KEAP1 functions as a cysteine-rich oxidative stress sensor, which under normal
conditions, binds to and targets the antioxidant transcription factor NRF2 for degradation (60).
As PALB2 bears a highly conserved ETGE-type KEAP 1-binding motif (amino acids 88 to 94),
that is identical to that of NRF2, PALB2 can competitively impede the inhibitory KEAP1-NRF2
interaction. Therefore, PALB2 is believed to promote NRF2 accumulation, enhance antioxidant
gene expression and reduce the burden of oxidative stress. However, the truncating p.Y551X
PALB2 variant, which has been described to be associated with FA and breast cancer (61),
still interacts with NRF2 as corroborated by Ma and colleagues (60), and consequently should
be functional in the regulation of ROS levels. Furthermore, this truncated variant has been
shown to be expressed in lymphoblasts of an individual with FA and is apparently not subjected
to nonsense RNA-mediated decay (61). We therefore infer that the effect of impaired regulation
of ROS levels by PALB2 may have no, or only a minor contribution to the development of FA
and breast cancer, questioning the value of a more extensive analysis of the effect of VUS in
PALB2 on this process.

Besides playing a key role in HR, BRCA1, BRCA2 and RAD51 have also been
implicated in replication fork protection and/or the recovery of stalled replication forks, which
are processes that are critical for genome stability maintenance and cancer prevention, as well
as cancer therapy responses (62-65). Intriguingly, it was recently shown that the interaction
between BRCA1 and BARD1 promotes the protection of replication forks and that genetic
variants in BRCA1 that impair this interaction associate with cancer, even though they retain
their function in HR (66). A mutational analysis of BRCAZ2 revealed that a conserved C-terminal
site involved in stabilizing RAD51 filaments, but not in loading RAD51 onto DNA, is essential
for replication fork protection, but dispensable for HR. Consistently, the p.S3291A variant in
this C-terminal region was shown to impair the protection of stalled replication forks, while
leaving HR intact (65). RAD51, on the other hand, acts during DNA replication to facilitate fork
reversal and protects nascent DNA strands from nuclease digestion, thereby promoting the
recovery of stalled replication forks (67-69). It is plausible that PALB2 exhibits functions at the
replication fork that are comparable to those of BRCA1, BRCA2 and/or RAD51. Indeed, it was
previously shown that PALB2 mediates replication fork recovery after replication stress in
human U20S cells (70). Corroborating these findings, replication abnormalities, including a
decreased/delayed origin firing and replication fork restart, have also been observed in blood

lymphocytes heterozygous for the truncating p.L531Cfs PALB2 variant (71). How PALB2
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mechanistically facilitates these processes is still largely unclear and requires additional
research. However, it is feasible that VUS in PALB2 could have the potential to specifically
impair such functions, as has been reported for BRCA1 and BRCAZ2 (65,66). Potentially, loss
of PALB2’s function in replication fork protection and/or recovery may associate with cancer.
If so, replication fork maintenance may become another important readout for functional
analysis of PALB2 VUS.

In silico approaches predicting the functional impact of VUS are mostly unreliable

Especially with the vast accumulation of identified VUS (72,73), a variety of in silico tools,
which are both publicly and commercially available, can aid in the interpretation of VUS in
clinical diagnostic settings (74). However, the currently available in silico tools, such as
PolyPhen-2, SIFT, MutationTaster-2, MutationAssessor, CADD and REVEL, often give rise to
conflicting results and over- or underestimate the functional impact of a given variant (75,76).
A systematic performance comparison between in silico prediction tools and functional assays,
showed that functional assays substantially outperform every computational method
examined, mostly with respect to heightened specificity (77). In this study, a panel of 26
different yeast-based complementation assays were used to measure the impact of 179
variants on 22 human disease genes. Remarkably, of the 64 non-disease-associated variants
tested, 36% was predicted to be deleterious by PolyPhen, as opposed to only 13% being
classified as deleterious by these functional assays (77). This high rate of false predictions is
in agreement with recent data from us and Rodrigue et al., showing that in silico prediction
tools all strongly overpredicted the percentage of deleterious variants in PALB2 (39,42),
Consistently, these studies observed a poor correlation between results from DR-GFP assays
and predictions by CADD (R? = 0.08) or REVEL (R? = 0.11) (39), and between results from
PARRPi sensitivity assays and M-CAP (R? = 0.33), VEST (R? = 0.07) or REVEL (R? = 0.27) (42).
Due to this lack of consistency and poor performance, computational predictions are not
considered strong evidence for or against pathogenicity (74). Instead, functional assays seem
to represent the best strategy for overcoming the VUS challenge, as they currently constitute
the strongest evidence for the functional impact of rare variants. Moreover, for genes such as
BRCA1 and BRCA2, for which functional assays are more established, a functional read-out
such as HR can be used to improve existing computational prediction tools. In a recent study
by Hart et al., the measured HR efficiency for 248 BRCA1 and 207 BRCAZ2 variants was used
to recalibrate 40 in silico algorithms (78). Optimized thresholds based on such functional data
significantly improved the accuracy of many of these algorithms. However, optimised
algorithms for one gene may perform poorly when applied to another gene. This is perhaps

not surprising as each functional domain may harbour different sensitivities to the effects of
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damaging variants, explaining why different gene-specific features are important for the

accuracy of in silico predictions.

Perspective on high-throughput functional analysis of PALB2 variants

The identification of VUS has increased drastically due to the global build-up in genetic testing
(79), leading to major challenges in the clinical management of carriers. To emphasize the
vast number of genetic variants that are identified, 4.6 million missense variants have recently
been reported in ~140000 exomes and genomes in the Genome Aggregation Database
(gnomAD) (72,73) and 99% of these variants are rare with a minor allele frequency of <0.005
(80). Variant interpretation at such a scale, can currently only be addressed with computational
prediction tools. However, as mentioned above, the existing tools often provide conflicting
results, where functional impact is mostly overpredicted (39,77). Thus, the accelerated rate of
VUS discovery makes a one-at-a-time, or even semi high-throughput, approach for functional
analysis infeasible. Furthermore, as these strategies are often time-consuming, the individual
in which a variant was found may not be able to take advantage of it in time.

An ambitious goal for the future is that the effect of every possible nucleotide
substitution, perhaps initially only in clinically actionable genes (81,82), is functionally
measured using high-throughput assays. For instance, for PALB2 specifically, as of June
2020, 1612 distinct VUS have been reported in ClinVar. This number already makes a one-at-
a-time functional analysis approach extremely challenging. High-throughput assays (i.e.
multiplexed assays), aimed to address every nucleotide change in an entire gene in single
experiments may provide a solution. Indeed, a saturation CRISPR/Cas9-based editing
approach in haploid human HAP1 cells allowed for the assessment of more than 95% of all
possible single-nucleotide variants (SNVs) in 13 exons of BRCA1 that encode for its RING and
BRCT domains (83). Importantly, this setup allowed for the functional analysis of variants in
their endogenous genomic context and using cell survival as a read-out, the effect of nearly
4000 single-nucleotide variants corroborated established assessments on protein function.
Furthermore, a multiplex homology-directed repair assay, which relied on stable integration of
a BRCA1 cDNA variant library, enabled the functional characterization of 1056 missense
variants in the first 192 residues of BRCA1 (38). We expect that such assays will be extended
to analyzing variants in genes such as PALBZ2 in the near future, ultimately leading to the
development of a variant map that shows the impact of all possible PALB2 variants on HR.

In addition to examining cell survival and HR for PALBZ2 in a high-throughput setup,
another more general readout might be to measure the steady-state protein abundance.
Recent results from functional assays have shown that variants in PALB2’s WD40 domain tend
to destabilize PALB2 (39), a mechanism of protein inactivation that is in agreement with studies

showing that ~75% of pathogenic variation is thought to disrupt thermodynamic stability and
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alter protein levels (84-86). Therefore, high-throughput assessment of PALB2 variant protein
abundance, by employing techniques such as VAMP-seq (84) or Stable-seq (87), may also
prove to be highly suitable for detecting PALB2 variants that affect protein function.
Nonetheless, although such high-throughput assays provide much potential for interpreting the
large number of VUS that are being identified, it should also be noted that developing variant
libraries, optimizing experimental setups, and analyzing the large amount of sequencing data,

can still be prohibitively time and resource intensive.

Towards the functional analysis of PALB2 VUS in RNA splicing

It is important to note that all functional studies on VUS in PALB2 discussed in this review (39-
43), were based on expression of PALB2 cDNAs and are therefore not suitable to assess the
functional impact of PALB2 variants that affect RNA splicing. In silico splice site prediction tools
can predict the effect of variants on potential splice sites relatively well (74), but they do not
provide conclusive evidence for altered splicing. One option to assess the effect of variants on
splicing, is to use a minigene construct that contains a genomic segment encompassing the
variant along with flanking intronic sequences (88). After transient transfection of the construct
into human cells, the transcripts from the minigene can easily be analyzed and compared to
transcripts derived from a wild-type construct. Although these assays can be carried out in
many cell types and are fairly simple and fast, disadvantages are that variants are not
measured in the context of a complete gene and that these assays do not permit downstream
functional analysis. This is of course important since some splice variants can result in the
expression of a transcript that may be (partially) functional. For instance, several exons in
PALB2 (exons 1, 2, 4, 6, 7, 9, 10 and 11-12 combined) can be skipped due to splice site
variants and still result in an in-frame transcript (89). Such transcripts may still express an
isoform of PALB2 with an entire exon deleted, yet retain partial protein function. An example
is the ¢.2586+1G>A (r.2515_2586del; p.T839_K862del) PALB2 variant, which leads to an in-
frame skip of exon 6. This variant appears to be a hypomorphic variant that still interacts with
BRCAZ2 and, when overexpressed, still enables RAD51 foci formation (90). Additional research
will be required to establish the functionality of other exon-skip variants in PALB2.

As of June 2020, 70 unique PALB2 splice variants have been reported in ClinVar
(involving canonical splice sites), the majority of which is classified as pathogenic or likely
pathogenic. Generally, mRNA transcript and protein expression analysis combined with
functional assays, may be needed to provide insight into the effect of variants in PALB2 that
are predicted to impact RNA splicing. Possibly, one could complement PALB2 KO cells
containing DR-GFP with a BAC containing the full length human PALB2 gene. Such a method
has previously been described for BRCA1 and BRCA2 (91-94) and would allow for the
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introduction and functional analysis of splice variants in coding and non-coding regions, further

improving their classification.

Towards estimating cancer risk associated with VUS in PALB2

Functional assays may aid in the classification of rare PALB2 VUS, yet a major challenge will
be to translate effects on PALB2 protein function into estimates for cancer risk. Recent studies
on BRCAZ2 have shown that pathogenic variants that confer high risk for breast and ovarian
cancer completely abrogate BRCA2-mediated HR, whereas variants that result in a reduction
of 50% in HR, i.e., hypomorphic variants, may only be associated with a moderate risk for
breast cancer (Odds ratio ~2.5) (36,37). With regard to PALB2, truncating variants have been
associated with an odds ratio of 7.46 (95% CI, 5.12-11.19) (28), whereas the frequently
occurring p.L939W missense variant has been associated with an odds ratio of 1.05 (95% ClI,
0.83 to 1.32) (95), which is in agreement with recent data from Wiltshire et al. and Rodrigue et
al., showing that this variant does not impact the HR efficiency (~4% reduction in HR when
compared to WT) (42,43). In contrast, results from us and Park et al., showed that this variant
did impair HR to some degree (40% and 15% reduction in HR when compared to WT,
respectively) (39,41). This may suggest that such a decrease in HR, may not considerably
increase the risk for breast cancer. Future functional characterization of additional PALB2
VUS, in combination with data from large case-control association studies, should allow for
more conclusive correlations of odds ratios with HR efficiencies for PALB2, either for specific
variants that occur frequently, or for variants as a group (i.e., damaging variants). Under the
assumption that variants with similar levels of HR functionality confer the same level of cancer
risk, so called burden-type of association analyses can be performed in large case-control
studies, in which either genetic or clinical information of multiple variants, or joint frequencies
of individual variants with similar HR levels will be pooled. Nonetheless, the fact that roles other
than in HR (i.e., in replication fork stability/recovery) for all three major breast cancer
susceptibility genes (BRCA71, BRCA2 and PALB2) have been described (64-66,70),
complicates the interpretation of VUS in these genes and their association with cancer risk. It
should be noted, however, that only a few variants in BRCA1 and BRCAZ2, have recently been
implicated in the protection of replication forks, while having no impact on HR (65,66). To our
knowledge, no such variants have yet been reported for PALB2. Although these BRCA1 and
BRCA2 variants appear to associate with cancer, their exact risk needs to be further
established.

The use of functional assays for predicting therapy response
Although healthy cells can often repair DNA damage by making use of their full repertoire of

DNA repair mechanism, cells exhibiting deficiency in HR due to the presence of PALB2 LOF
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variants,become more reliable on alternative DNA repair mechanisms to survive and
proliferate. Therefore, conventional treatment strategies (especially for HR-deficient tumours),
have been developed to force DNA damage-induced cell death through synthetic lethal
interactions. It is now well established that cancers that exhibit pathogenic variants in BRCA1
or BRCA2 respond well to treatment with PARPi (96,97), a therapeutic strategy that has
emerged for BRCA7- and BRCAZ2-mutated breast and ovarian tumours (48,98,99).
Consequently, it is of great importance to identify deleterious PALB2 VUS that lead to HR
deficiency and for which corresponding tumours may similarly respond to PARPiI-based
therapy.

With regard to the studies that functionally analysed VUS in PALB2 (39-43), it is clear
that within each study, the HR efficiency correlated extremely well with PARPi sensitivity,
exhibiting a strong positive correlation in mES cells (R? = 0.804) (39) and human cell lines (R?
= 0.68) (42). Similar results were obtained for sensitivity assays with cisplatin (R? = 0.8313)
(39,43), a commonly-used chemotherapeutic for many cancers, including breast and ovarian
cancer. Similar to that in many BRCA71- and BRCAZ2-associated tumours (100,101), many
PALB2-associated breast cancers (i.e. 67%) show loss of the PALB2 wild type allele via
acquired pathogenic somatic variants, or via loss-of-heterozygosity (LOH) (102,103). Such
PALB2-null cancers all exhibited HR deficiency, with some tumours even showing HR
deficiency while the wild type allele was retained (102,103), suggesting that also alternative
mechanisms for PALB2 LOF can be in play. With results from such studies in mind, findings
from functional assays that show which VUS are damaging or functional, may prove to be
valuable for predicting platinum- and/or PARPiI-based therapy response in cancer patients that
carry PALB2 variants that abrogate HR.

Concluding remarks
Due to the accelerating pace by which genetic variants in PALB2 are discovered, there is a
strong need to determine which variants actually associate with disease causation. The
combined effort to functionally characterize 155 PALB2 genetic variants, for which clinical
significance is unknown, represents a milestone in the reclassification of these variants.
Classification of VUS to a category with a defined clinical significance is of great importance
to carriers of a pathogenic variant. This will allow them to make an informed decision on how
to manage their cancer risk, including increased surveillance or risk reducing surgery to reduce
cancer incidence and/or offering testing of relatives at risk. Counselees carrying non-
pathogenic variants may be discharged from intensive follow-up and avoid unnecessary risk-
reducing surgery (104).

In this review, we have provided head-to-head comparisons of the different assays that

were used for the functional characterization of variants in PALB2. These analyses are an
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important starting point for the identification of variants that impact its major tumor suppressive
function, which most likely is to be attributed to its role in HR, and whose defects correlate with
significantly increased cancer risk. Although these assays were able to consistently determine
effects of several variants on PALB2’s function during HR, some differences in PALB2 function
were also observed (Fig. 3), which may be attributed to the type of cDNA-based
complementation approach being used. With regard to functional assays being used as clinical
diagnostic tools, it is essential to combine results from functional assays that have been
obtained by employing different experimental strategies (74,105,106). Moreover, most
functional assays use HR as a read-out. However, if PALB2’s role in checkpoint control, the
regulation of cellular ROS levels and/or the maintenance of replication fork integrity may
contribute to its tumor suppressive function as well, expanding the different read-outs of
functional assays to cover these aspects of PALB2 function will be a must. Generally, these
assays should also include the possibility of a combined mRNA and protein expression
analysis in order to provide insight into the effect of variants in coding and non-coding regions
of PALB2 that are predicted to affect RNA splicing, further improving their classification.

Until more conclusive correlations between the level of impairment of protein function
and associated cancer risk have been established, results from functional assays should be
implemented with care when making a clinical assertion with regard to associated cancer risk
and targeted therapies. In light of the increasing number of PALB2 variants that will
undoubtedly be identified in the future, this information will ultimately be crucial for clinical
geneticists in selecting the appropriate strategy for clinical management of carriers of (rare)
variants in PALB2.
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ABSTRACT

Protein-truncating variants in the breast cancer susceptibility gene CHEKZ are associated with
a moderate increased risk of breast cancer. In contrast, for missense variants of uncertain
significance (VUS) in CHEK?Z the associated breast cancer risk is often unclear. To facilitate
their classification, functional assays that determine the impact of missense VUS on CHK2
protein function have been performed. Here we discuss these functional analyses that
consistently reveal an association between impaired protein function and increased breast
cancer risk. Overall, these findings suggest that damaging CHEK2 missense VUS associate
with a similar risk of breast cancer as protein-truncating variants. This indicates the urgency
for expanding the functional characterization of CHEK2 missense VUS to further understand

the associated cancer risk.

KEYWORDS
Breast Cancer; CHEKZ2; Variant of Uncertain Significance (VUS); Functional Assay; Variant

Classification; Cancer Risk
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CHEK2 and Cancer Predisposition
The CHK2 (see Glossary) protein kinase was initially identified as the mammalian homolog of
the Saccharomyces (S.) cerevisiae Rad53 and Schizosaccharomyces pombe Cds1 protein
kinases (1). Its characterization revealed an important role in cell cycle control and apoptosis
following exposure of cells to DNA damaging agents (1,2). This involves the phosphorylation
and activation of CHK2 by ataxia-telangiectasia mutated (ATM) kinase, and the subsequent
modification of downstream substrates such as p53, CDC25A, CDC25C, KAP1 and BRCA(1,
Collectively, this may prevent genome instability and cancer development by instructing cells
to stop proliferating and repair the DNA damage, or promote apoptosis as a response to
inefficient or improper repair (Fig. 1). It is perhaps not surprising that shortly after its
identification, frameshift variants such as the well-known ¢.1100del; p.T367Mfs variant, were
identified in the CHEK2 gene and were linked to a cancer susceptibility disorder called Li-
Fraumeni syndrome (LFS) (3). LFS is a rare hereditary autosomal-dominant disorder that is
characterized by a wide range of malignancies that appear at an unusually early age (4).
Similar to CHK2, the well-described tumor suppressor protein p53 also halts cell division in
response to DNA damage and inherited mutations in the corresponding gene (TP53), account
for most cases of LFS (5). Interestingly, a link between CHK2 and p53 became evident when
it was shown that CHK2 phosphorylates p53 on S20, resulting in dissociation of preformed
p53-Mdm2 complexes and consequently in p53 stabilization (2). These observations
suggested that CHK2 is a tumor suppressor protein that acts within the p53 signaling pathway.
In recent years, several studies have confirmed CHK2’s tumor suppressive function by
showing that truncating variants in the CHEK2 gene (e.g., c.1100del; p.T367Mfs) are
associated with a moderate-risk for breast cancer (two- to three-fold increased risk) (6-11). For
heterozygous female carriers of CHEKZ truncating variants, this translates to a lifetime risk of
~25% to develop breast cancer before the age of 80 years (6). Furthermore, Cybulski et al.
characterized CHEK2 as a multi-organ cancer susceptibility gene (12), which was confirmed
by numerous other studies (reviewed in (13)). These findings have resulted in a significant
increase in genetic testing for CHEK2, and consequently the identification of many rare
missense variants for which clinical relevance is unclear. It is now evident that besides the
high-risk breast cancer susceptibility genes BRCA1, BRCA2 and PALB2, CHEK2, together
with ATM, appear to be the most commonly mutated genes in the germline of breast cancer
patients (6). In fact, 1148 distinct missense VUS in CHEK2 have currently (as of February
2022) been reported in ClinVar (14). In aggregate, many of these rare missense variants, also
termed missense variants of uncertain significance (VUS), also associate with breast cancer
(odds ratio [OR], 1.42; 95% CI, 1.28-1.58; p=2.5x10"") (6). This association appears to be
independent of their position within the gene and thus their impact on any of the functional

domains of CHK2; N-terminal SQ/TQ cluster domain (residues 19-69), a fork head-associated

65



Chapter 3

(FHA) domain (residues 92-205), a serine/threonine kinase domain (residues 212-501), and a
nuclear localization signal (NLS) (515-522) (Fig. 2). Knowing which missense variants impact
protein function, and to what extent, can help distinguish which variants associate with
increased breast cancer risk. To this end, the outcomes of quantitative and well-validated
functional assays for CHEK2, in line with ACMG guidelines (15), can help to guide clinical
classification of genetic variants in this gene, thereby improving the counseling of carriers.
Indeed, several recent studies described the functional characterization of CHEK2 variants.
Here we review these studies by providing an overview of the different approaches and
outcomes, discussing the potential pitfalls of functional assays, and associating the functional

outcomes with breast cancer risk.

DNA damage

p A

®

2
v v v v

Cell cycle arrest/  Checkpoint activation/  Heterochromatin DNA repair
Apoptosis Cell cycle arrest relaxation

Figure 1. Schematic model displaying the regulation and function of CHK2 kinase. In response to DNA
damage, ATM phosphorylates (indicated by the sphere ‘P’) both CHK2 and p53. ATM-dependent CHK2
phosphorylation promotes the activation of CHK2, and the subsequent CHK2-dependent
phosphorylation of numerous downstream substrates such as p53, CDC25A/C, KAP1 and BRCA1. In
this way, the CHK2 kinase regulates several cellular processes such as cell cycle regulation/checkpoint
activation, apoptosis, heterochromatin relaxation and DNA repair.
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Functional Analysis of CHEK2 VUS

Numerous studies have set out to test the functional consequences of rare variants in the
CHEK2 gene to aid in their clinical interpretation (Table 1) (16-28). Ideally, a functional assay
for a cancer predisposition gene measures a function that has been linked to the cancer
phenotype. However, although it is known that CHK2 phosphorylates a wide spectrum of
substrates involved in cell cycle regulation, DNA repair and apoptosis (29-34), precisely which
modifications are relevant for cancer development is largely unclear. Nonetheless, CHK2'’s
ability to phosphorylate any of these substrates may reflect its activity towards all other
substrates and thus inform on its functionality in general. In the remainder of this section we
discuss the different functional assays and readouts that have been used for the functional
classification of missense VUS in CHEK2 (Table 1).

Shortly after the identification of the CHK2 protein (1), the effect of the first reported
missense variants that were identified in patients, were tested in functional assays
(3,21,23,28). This work identified the first damaging missense variants in CHEK2 (e.g.,
p.R145W), by showing a profound impact on CHK2 protein stability and/or kinase activity, as
measured by in vitro kinase assays using CDC25A (21) or CDC25C peptides (23,28) as
substrates. Three later studies similarly employed in vitro assays using CDC25C (18), BRCA1
(16) and KAP1 peptides (22) as substrates. These studies mostly relied on the
immunoprecipitation of activated and tagged CHK2 from cells (i.e., after the induction of DNA
damage) (16,18,21,23,28), or the purification of recombinant CHK2 (22). Overall, these studies
resulted in the functional characterization of 39 distinct variants in the CHEK2 gene (Fig. 2,
Table 1, Supplementary table) (16,18,21-23,28).

A second system that was used for the functional analysis of CHEK2 variants relied on
the use of budding yeast S. cerevisiae strains that are null for RAD53 (and SML1 to rescue
viability), which is the homolog of human CHEK2 (1) and functional analog of CHEK1 (35).
Expressing human wild type CHEK2 cDNA in RAD53-null yeast strains rescued their slow
growth phenotype, likely by restoring its functions in cell cycle checkpoints (36). Accordingly,
this system efficiently distinguished the damaging effect of the truncating c.1100del;
p.T367Mfs variant from wild type CHEK2, whose expression resulted in reduced growth when
compared to the wild type control (25,26). This system was later adapted by treating the cells
with the DNA damaging agent Methyl methanesulfonate (MMS) (20,24), which results in cell
cycle arrest due to the induction of stalled replication forks. Using this approach, two
independent studies reported on the functional characterization of 132 distinct CHEK2 variants
(Fig. 2, Table 1, Supplementary table). Specifically, 35 missense VUS, which were identified
in patients, two control deletion variants (p.E107_K197del and p.D265 H282del) and a
catalytic-dead variant (p.D347A) that impairs kinase activity (20,24), were classified as

damaging.
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Figure 2. Circos plot of the CHK2 protein displaying the functional classification of 179 variants,
including truncating (9), deletion (3), synonymous (7) and missense variants (160). CHK2 variants are
indicated in the outer ring and are depicted clockwise, starting from the N-terminus of the CHK2 protein
for which the domain structure is shown in the middle (SCD = SQ/TQ cluster domain; NLS = nuclear
localization signal; FHA = forkhead-associated domain). Variants are color-coded based on type: green
(synonymous variants), red (truncating variants), orange (deletion variants), and blue (missense
variants). Each track, except track 1, shows the functional classification of variants from the indicated
study (see also Table 1): “functional” (green sphere), “intermediate” (orange sphere), or “damaging”
(red sphere). Track 1 shows the average voting score, which was calculated based on all functional
classifications available for a given variant. To this end, every classification indicated in track 2-15 was
given the same weight, meaning “functional” = 100%, “intermediate” = 50%, “damaging” = 0%. Using
this weight, the average voting score was calculated, resulting in a classification as “functional” (green;
81 variants) 2 66.7%, “intermediate” (orange; 28 variants) 33.4 - 66.6%, or “damaging” (red; 70 variants)
< 33.3%. The data shown in this figure are also available in the Supplementary table (online manuscript
only).

Table 1. List of functional studies for variants in the CHEK2 gene.
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Study

Model system

Functional assay

Nr. of variants

Growth after DNA damage induction

n/a Cuella-Martin et al., 2021 (19)  MCF7 and MCF10A cells using cisplatin, olaparib, doxorubicin or ~ ~159
camptothecin
. . Growth after DNA damage induction
2 Delimitsou et al., 2019 (20) RADS53-null yeast strains using methyl methanesulfonate 122
3 Boonen et al., 2022 (17) Chek2 KO mES cells Kap1 S473 phosphorylation 63
n/a Boonen et al., 2022 (17) Chek2 KO mES cells Protein stability 30
nfa  Boonen etal, 2022 (17) Chek2 KO mES cells Growth after DNA damage induction 8
using phleomycin
4 Kleiblova et al., 2019 (22) CHEK2 KO RPE1 cells KAP1 S473 phosphorylation 28
. . Phosphorylation of KAP1 peptide (aa
5 Kleiblova et al., 2019 (22) In vitro 467-478) 28
6 Kleiblova et al., 2019 (22) In vitro Omnia kinase assay 28
7 Roeb et al., 2012 (24) RAD53-null yeast strains ~ CroWwth after DNA damage induction 26
using methyl methanesulfonate
. Phosphorylation of BRCA1 peptide (aa
8 Bell et al., 2007 (16) In vitro 758-1064) 9
n/a Bell et al., 2007 (16) In vitro Protein stability
. Phosphorylation of CDC25C peptide
9 Lee et al., 2001 (23) In vitro (aa 200-256) 6
n/a Lee et al., 2001 (23) In vitro Protein stability
10 Chrisanthar et al., 2008 (18) In vitro Phosphorylation of CDC25C peptide 4
n/a Chrisanthar et al., 2008 (18) In vitro Autophosphorylation
. Phosphorylation of CDC25C peptide
11 Wu et al., 2001 (28) In vitro (aa 200-256) 4
n/a Wu et al., 2001 (28) In vitro CHK2 T68 phosphorylation
12 Tischkowitz et al., 2008 (26) RADA53-null yeast strains Growth 4
13 Shaag et al., 2005 (25) RAD53-null yeast strains Growth 4
14 Falck et al., 2001 (21) In vitro Phosphorylation of CDC25A peptide 3
15 Wangetal, 2015 (27) Ep-Myc p19Arf —/- B cells ~ Crowth after DNA damage induction 4
using cisplatin, olaparib or doxorubicin
n/a Wang et al., 2015 (27) Ep-Myc p19Arf -/- B cells  p53 S20 and CDC25A phosphorylation 1
n/a Wang et al., 2015 (27) Ep-Myc p19Arf =/- B cells  p53 protein levels 1

Tracks correspond to rings in the Circos plot (Fig. 2). Track numbers only apply to a functional readout
that resulted in a functional classification by the authors (i.e., functional, intermediate and damaging).
Number of variants indicates the number of unique variants that were assessed in a model system with
a specific functional readout. Abbreviations: n/a, not applicable; aa, amino acid.

A third system used for functional analysis relies on the use of mammalian cell lines
that were depleted of endogenous CHK2 protein, prior to complementation with human CHEK2
cDNA carrying specific variants (17,22,27). Depletion of endogenous CHK2 was achieved
through siRNA/shRNA-mediated silencing of CHEK?2 expression (i.e., knockdown) (27), or by
clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9-based loss of
CHEK?2 expression (i.e., knockout) (17,22). CHEKZ2 knockout is compatible with life, since
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CHEK2 is a non-essential gene, whose absence promotes mammalian cell growth (17,19).
Following loss of endogenous CHK2, the functional effects of CHEK2 variants were measured
using different readouts; i.e., CHK2 kinase activity on substrates such as CDC25A (27) or
KAP1 (17,22), CHK2 protein stability (17), cell growth after DNA damage induction (17,27), or
p53 protein levels (27) (Table 1). Overall, these three studies functionally characterized 81
distinct CHEK?2 variants (Fig. 2, Table 1, Supplementary table), resulting in the identification of
numerous missense variants with a damaging impact (17,22,27).

Overall, the aforementioned studies resulted in the functional characterization of 179
distinct CHEK2 variants, including 7 synonymous, 9 truncating, 3 deletion and 160 missense
VUS. Importantly, an average voting score (Fig. 2, Supplementary table), revealed that 81
variants (i.e., 7 synonymous variants and 74 missense VUS) were functional, 28 variants (i.e.,
1 deletion variant, 1 truncating variant and 26 missense VUS) were intermediate in function,
and 70 variants (2 deletion variants, 8 truncating variants and 60 missense VUS) were
damaging. Mechanistic follow-up studies further showed that some of the damaging CHEK?2
missense variants impaired autophosphorylation and thus activation of CHK2, while most of
the other variants impaired function by causing protein instability (17), a mechanism also
reported for pathogenic variants in other genes (37,38). Generally, most damaging missense
variants were located in the FHA domain (residues 92-205) and Kinase domain (residues 212-
501) of CHK2, which is perhaps not surprising as they together make up most of the protein
(Fig. 2, Supplementary table). However, to gain a comprehensive view on the damaging impact
of variants throughout CHK2, a more extensive functional assessment of variants located in
the SCD domain (residues 19-69) and outside functional domains is needed.

Challenges in the Functional Characterization of CHEK2 VUS

The systems that have been used thus far for the functional analysis of genetic variants each
have their strengths and weaknesses, which can result in discrepancies in the outcomes and
consequently the functional classification of CHEKZ2 variants. Here we review these differences
and highlight some future challenges.

The initial functional analysis of CHEKZ2 variants relied mostly on in vitro kinase assays
involving the expression of CHEK?2 variants in cells that still express endogenous wild type
CHEK2 (16,18,21,23,28). A limitation of such an approach is that upon activation by DNA
damage, CHK2 variant proteins can form dimers with endogenous wild type CHK2 protein.
This may obscure assay results as the association of CHK2 variant proteins with wild type
CHK2 may impact CHK2 function. This may also apply to systems in which depletion of
endogenous CHK2 relied on knockdown (27) rather than knockout, since residual wild type
CHK2 protein may still be present. In contrast, purification of recombinant CHK2 variant

proteins from Escherichia coli for use in in vitro kinase assays, likely influences functional
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impact due to lack of posttranslational modifications that are otherwise induced in response to
DNA damage in human cells (22). Moreover, in vitro assays are unable to detect potential
defects in CHK2 protein stability or intracellular localization, and often measure CHK2 kinase
activity using artificial substrates (16,18,22,23,28), which may differ from that of full-length
substrates.

Most CHEK?Z variants have thus far been characterized using a yeast-based system
(20,24,26). Although the overall structure of the CHK2 protein is similar in all eukaryotes,
human CHK2 shows only 28% amino-acid identity with the S. cerevisiae Rad53 protein (39).
Such differences in sequence similarity may affect functional analysis of human CHEK2
variants in a yeast-cell context. Furthermore, yeast cells grow at 30°C rather than at 37°C,
which may reduce the effect of some variants on the thermodynamic stability of CHK2.
Accordingly, several unstable CHK2 variants exhibiting intermediate functional effects in
mammalian cells (i.e., p.D203G, p.E239K and p.D438Y) (17), were classified as functional in
a yeast-based system (20). Thus, growth temperature of a model system may therefore be an
important aspect to take into account with regards to the functional characterization of human
CHEK?2 variants.

Given the potential limitations of a yeast-based system, a mammalian cell-based
system may be favored for the functional analysis of CHEKZ2 variants. Indeed, two studies
employed such a system based on stable and physiological CHK2 expression levels, rather
than transient overexpression of CHK2, in CHEK2-deficient cells (17,22). Both studies used
DNA damage-induced phosphorylation of KAP1 S473 as a functional readout for CHK2 kinase
activity. Functional outcomes were generally accordant and only minor inconsistencies were
observed for three (i.e., p.E64K, p.1157T and p.D438Y) out of ten variants studied. A potential
limitation of this approach, however, may be that some CHEK2 missense variants disrupt
CHK2 activity against one substrate but not another. Consequently, this approach may not
accurately measure the overall impact of a variant on CHK2 activity following DNA damage
induction. However, correlating the results from phospho-Kap1 S473 assays to a more general
functional readout (i.e., cell growth after DNA damage induction) for eight variants, showed
that there is a strong and significant correlation (17). Thus, although CHK2’s role in regulating
cell growth after DNA damage induction likely stems from its ability to phosphorylate multiple
downstream targets, these data suggest that the phosphorylation of Kap1 S473 may be a
suitable readout to assess the overall function of CHK2.

When using Kap1 S473, or any other phospho-target of CHK2 as a functional readout,
another aspect that also complicates the functional assessment of CHEKZ2 variants is the
observed kinetic defect reported for some variants, e.g., p.E64K and p.R521W (17).
Examination of CHK2 kinase activity at different timepoints after IR showed that, in contrast to

wild type CHK2, these two variants are unable to maintain phosphorylation of Kap1 S473 over
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the course of the experiment (i.e., 6 hours compared to 2 hours after IR). This suggests that
the chosen timepoint at which to asses CHK2 kinase activity after DNA damage induction, may
influence functional classification. Accordingly, this may have resulted in some of the reported
discrepancies for p.E64K and p.R521W (17,20,22).

In contrast to cDNA-based complementation systems, variants can also be introduced
at endogenous loci using CRISPR -dependent technologies, For BRCA1, a CRISPR/Cas9-
dependent saturation genome editing technique was used that enabled the functional
characterization of nearly 4000 variants in the RING and BRCT domains of BRCA1, using cell
survival as a functional readout (40). Moreover, for 86 DNA damage response genes, including
CHEK2, a CRISPR-dependent cytosine base editing screen has been used to interrogate the
functional effects of thousands of variants by examining cell growth after DNA damage
induction (19). This strategy has major advantages in that it assesses the effects of variants in
the context of the endogenous gene and thus at physiological expression levels. Moreover,
the effects of variants located in non-coding regions can also be analyzed. Thus, potential
effects on mRNA splicing from variants located in both coding and non-coding regions can be
functionally assessed. Although such technological advances are anticipated to become
important in the future characterizion of variants at scale, they may require optimization before
they can be considered a clinical diagnostics tool. For instance, the base editor employed by
Cuella-Martin and colleagues has an editing window of 6 nucleotides and often results in the
introduction of multiple variants therein (19). This makes it sometimes difficult, if not
impossible, to obtain and interpret results for individual variants. Moreover, the repertoire of
variants that can be generated is, among others, dependent on protospacer adjacent motifs
(PAM) in the DNA that is targeted by the CRISPR system, thus limiting the number of variants
that can be characterized. Finally, when a general readout such as cell growth is examined,
off-target effects of sgRNAs may have a major impact on the outcome of the functional assay.
Nonetheless, these en masse studies will undoubtedly accelerate the path to clinical
interpretation of genetic variants in a high-throughput manner.

Clinical Interpretation of CHEK2 Variants: Functional Assays to the Rescue?

Genetic testing to identify individuals at increased risk of developing breast cancer has
accelerated rapidly over the past decade and now also includes moderate-risk genes such as
CHEK2. The clinical classification of VUS in CHEK2, as either pathogenic or benign, is
hampered by their rare nature and the moderate breast cancer risk that is associated with
pathogenic CHEK?2 variants. This precludes the use of genetic approaches, such as co-
segregation analysis, that have been successfully applied in the classification of VUS in high-
risk genes such as BRCA1 and BRCAZ2 (41,42). The use of validated functional assays is

therefore a very attractive option to consider for improving the clinical classification of VUS in
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CHEK2. Before these assays can be used for variant classification, it is essential to establish
the quantitative relationship between CHK2 protein functionality and cancer risk.

To date, reliable cancer risk estimates have only been established for a few CHEK2
variant alleles which are relatively frequent in the population (Table 2) (6,17,43,44) (6,43-45).
Interestingly, the risk estimates for these variants (i.e., p.E64K, p.R117G, p.1157T, p.R180C,
p.H371Y, p.T476M) show an inverse correlation with their functional impact, meaning that
variants exhibiting less activity associate with higher cancer risk (Table 2). In contrast to these
CHEK2 variants, the prevalence of other missense variants is too low to determine their
association with breast cancer risk empirically. Assuming that variants with a similar impact on
CHK2 protein function associate with the same level of cancer risk, a burden-type association
analysis based on reported protein functionality is warranted (Table 3) (17,20,22). This
analysis first reveals that the in vitro kinase assays generally show poor correlation between
functional effects and breast cancer risk, suggesting they may not adequately distinguish
functional effects of CHEK2 variants. Secondly, it shows that the yeast-based system is good
at classifying damaging variants (with an OR around 2), but poor at discriminating functional
variants from intermediate variants (both groups with ORs around 1.3). Finally, it confirms that
the outcome of mammalian cell-based systems (17,22) show an inverse correlation between
CHK2 protein function and breast cancer risk as was also reported for the unique variant alleles
(Table 2, Table 3). Although the number of variants for which functional data are available is
still modest, both the variant specific and the burden analysis derived ORs illustrate that there
is a group of CHEK2 missense variants that associate with a similar cancer risk as has been
reported for truncating CHEKZ variants and that those can be identified by functional analysis.
Moreover, the available data thus far also show that CHEK?2 variants that do not associate with
clinically relevant cancer risks up to ORs of 1.3 (e.g., p.1157T and p.R180C) do not show a
functional impact (see outstanding questions).

Currently, standard guidelines for reporting CHEK2 missense VUS are lacking, mainly
due to the absence of convincing evidence of disease association. However, based on recently
obtained insights (Table 3) (17,20), the existence of CHEK2 missense variants that associate
with a comparable risk of breast cancer as CHEKZ truncating variants, including the ¢.1100del;
p.T367Mfs variant (Table 2), is highly likely. It is therefore crucial that functional assays are
used to discriminate between missense variants that affect protein function and are associated
with breast cancer risk from those that do not. In this way, functional analysis will provide an
essential contribution to reliable variant classification and improved clinical management for
carriers and their families.

In addition to functional assays, computational tools may be useful in the clinical
interpretation of CHEK2 missense variants (at scale). For instance, the in silico prediction tool

Helix (46,47) has been shown to perform well in predicting functionality of CHEK2 missense
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variants (17). These in silico predictions should, however, be handled with caution as they

have been shown to overestimate the number of damaging variants (38,48,49). Therefore,

computational tools might specifically aid in predicting functionality of missense variants that

require further analysis of their impact, either because functional outcomes were inconsistent

across different studies, or because functional analysis have yet to be performed.

Table 2. Breast cancer risk associated with genetic variants in CHEK?2.

Nucleotide Amino acid Average_votlng 0dds ratio 95% CI p-value Reference
change change score (Fig.2)
. Dorling et al., 2021 (6),
c.190G>A p.E64K Intermediate 1,78 1,14-2,77 0,0112 Boonen et al., 2022 (17)
Dorling et al., 2021 (6),
2,22 1,34 - 3,68 0,002
C.349AG p.R117G Damaging Boonen etal., 2022 (17)
2,26 1.29-3.95 0,003 Southey et al., 2016 (44)
1,37 (iCOGS) 1,21-1,55 <0,0001
c.470T>C p.1157T Functional 1.26 (OncoArray) 1,11-1,42 0,0002 Michailidou et al., 2017 (43)
0.96 (GWAS) 0.72-1.28 0,77
c.538C>T p.R180C Functional 1,33 1,05-1,67 0,016 Southey et al., 2016 (44)
c.1100delC p.T367Mfs Damaging 2,66 2,27 -3,11 <0,0001 Dorling et al., 2021 (6)
. Dorling et al., 2021 (6),
c.1111C>T p.H371Y Functional 1,01 0,64 - 1,59 0,9618 Boonen et al., 2022 (17)
c.1427C>T p.T476M Damaging 1,60 1,10-2,35 0,0145 Dorling et al., 2021 (6)

Abbreviations: GWAS, genome-wide association study; iCOGS, International Collaborative Oncological

Gene—Environment Study.
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Table 3. Burden-type cancer risk association analysis for human CHEK2 variants.

Study Variant group based on function Nr.cases Nr.controls OR 95% Cl p-value
Functional variants 117 108 1,13 0,87-1,46 0,378
Intermediate variants 110 70 1,63  1,21-2,20 0,0014

Boonen et al.,. 2021

(17); Chek2 KO mES Intermediate variants (excl. p.E64K) 57 39 1,52 1,01-2,28 0,0448

cells
Damaging variants 118 55 2,23 1,62-3,07 <0,0001
Damaging variants (excl. p.R117G) 71 33 2,23 1,48-3,38 <0,0001
Functional variants 397 304 1,36 1,17-1,58 0,0001
Functional variants (excl. p.E64K): 344 273 1,31 1,12-1,53 0,0009

Delimitsou et al., 2019  Intermediate variants 138 109 1,31 1,02-1,69 0,0329

(20); RAD53-null

yeast strains Intermediate variants (excl. p.T476M) 70 65 1,12 0,80-1,57 0,5165
Damaging variants 116 58 2,08 152-2,85 <0,0001
Damaging variants (excl. p.R117G) 69 36 1,99 133-298 0,0008
Functional variants 173 133 1,35 1,08-1,69  0,0092
Functional variants (excl. p.T476M) 105 89 1,23 0,92-1,63 0,1592

Kleiblova et al., 2019

(22); CHEK2 KO Intermediate variants 31 20 1,61 092-282 0,0971

RPE1 cells
Damaging variants 91 54 1,75 1,25-245 0,0011
Damaging variants (excl. p.E64K) 38 23 1,72 1,02-2,88 0,0411
Functional variants 153 107 1,48 1,16-1,90 0,0017
Functional variants (excl. p.E64K): 100 76 1,37 1,01-1,84 0,0404

Kleiblova et al., 2019 i X

(22); pKap1 in vitro Intermediate variants 38 34 1,16 0,73-1,84  0,5282
Damaging variants 104 66 1,64 1,20-2,23 0,0018
Damaging variants (excl. p.T476M) 36 22 1,7 1,00 - 2,89 0,0501
Functional variants 131 90 1,51 1,16 - 1,98 0,0017

i Functional variants (excl. p.E64K): 78 59 1,37 0,98-1,93 0,0404

Kleiblova et al., 2019

(22); in vitro Omnia Intermediate variants (only p.R406H) 14 12 1,21 056-262 0,6258

assay Damaging variants 150 105 1,48 1,16-1,90 0,002
Damaging variants (excl. p.T476M) 82 61 1,4 1,00-1,94  0,0487

Abbreviations: KO, knockout; mES cells, mouse embryonic stem cells.

Concluding Remarks and Future Perspectives

Due to the accelerating pace by which germline CHEKZ2 variants are discovered, there is a
strong need to determine which variants are associated with increased cancer risk. To this
end, functional assays have been developed and used to characterize a substantial set of
CHEK?2 missense variants, resulting in the identification of rare CHEKZ2 variants that exhibit
damaging effects on protein function (Fig. 2). These analyses have allowed for a burden-type
association analysis, allowing us to correlate the level of functional impact of rare CHEK2
missense variants to breast cancer risk (Table 3) (17). Importantly, extension of the current

cDNA-based methods to genome editing-based methods will provide insight into the effect of
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coding and non-coding variants on RNA splicing and downstream functional consequences,
further improving the clinical classification of variants in CHEK2. Future assays aimed to
address the functional effect of every possible nucleotide change in CHEK2 in a high-
throughput manner, such as those performed for BRCA1 (50), should ultimately result in
publicly available resources displaying the quantitative functional output from validated and
calibrated functional assays for all CHEK?2 variants. Finally, a ClinGen variant curation expert
panel (VCEP) will establish CHEK2-specific specifications of the ACMG-based clinical variant
interpretation guidelines and provide recommendations for the implementation of results from
functional analysis in the classification of missense variants in CHEK2. Ultimately, the addition
of functional data from validated assays will improve their clinical interpretation and aid in the

counseling of carriers and their families.
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HIGHLIGHTS

Functional assays have been developed that can determine the impact of missense variants

of uncertain significance (VUS) on CHK2 protein function.

Functional analyses of CHEK2 missense VUS reveal an association between impaired protein

function and increased breast cancer risk.

Damaging CHEK2 missense VUS may associate with a similar risk of breast cancer as protein-

truncating variants.

A comprehensive functional characterization of CHEK2 missense VUS is needed to determine

the associated cancer risk.

Functional analysis of missense VUS in CHEK2 will improve the clinical management of

carriers and their family members.

77



Chapter 3

OUTSTANDING QUESTIONS

What is an ideal system for functional analysis of genetic variants in CHEK2? The ideal system
may study the functional impact of variants in human cells and in the context of the
endogenous gene. With the availability of multiplex assays and CRISPR/Cas9-mediated base-
editing, the introduction of all possible variants in CHEK2 is within reach but is certainly not a
standard approach yet. Whether non-cancerous or (breast) cancer cells should be used is
debatable, as differences in cell type, tissue and genetic context may affect the functional
impact of CHEK2 variants. Finally, how loss of CHK2’s function relates to cancer development
is presently unclear. Consequently, a functional readout that captures CHK2 defects that are

causally linked to cancer remains to be established.

Can functional analysis keep up with the overwhelming number of CHEK2 variants that have
been, and are being, identified by genetic tests? Using a one-by-one approach for functional
analysis of CHEK2 variants is too time-consuming to address the vast number of identified
variants (1148 distinct missense VUS in CHEK2 have currently (as of February 2022 been
reported in ClinVar). High-throughput approaches, such as those performed for BRCA7 and
PTEN (37,50), may provide answers to this challenge. As protein instability causes most
CHEK2 missense VUS to be damaging (45), using an experimental strategy such as variant
abundance by massively parallel sequencing (VAMP-seq) (37) may provide a good means to
identify unstable, and thus damaging CHEK2 missense variants en masse. Alternatively, the
combining FACS-based phospho-Kap1 S473 measurements with VAMP-seq (45), may be a
means to identify damaging variants that rather impact CHK2’s kinase function.

What about functional analysis of CHEK2 splice variants? Generating variants at the
endogenous CHEK2 locus, high-throughput or not, may allow studying their impact on RNA
splicing, CHK2 expression and CHK2 functionality. Alternatively, Chek2° mES cells could be
complemented with a bacterial artificial chromosome (BAC) containing the human CHEK2
gene, as has also been performed for BRCA2 (51). In such a scenario, it is imperative that
RNA analysis is performed to show that splicing of human CHEK2 RNA in mES cells is
comparable to that in human cells.

Can CHEK?2 functional assays be used for breast cancer risk prediction? A major challenge is
to establish the quantitative relationship between CHK2 protein functionality and breast cancer
risk. Association analysis (Table 2, Table 3) (45) showed that the degree of CHK2 dysfunction
correlates with increased breast cancer risk and that functional analysis can identify missense

variants associated with cancer risks similar to those associated with CHEK2 truncating
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variants (OR 2 2). However, the exact risk calculations differ slightly per study. This may be
related to the fact that these variants are rare, requiring burden-type analyses to estimate
cancer risk for groups of variants. Therefore, data from larger or additional case-control
association studies than those currently available (e.g., from the Breast Cancer Association
Consortium (6)), as well as functional analysis of additional CHEK?2 variants will be pivotal to
better understand the extent to which functional defects in CHK2 associate with cancer risk.
These analyses might even enable the development of a ‘continuous risk’ model whereby a
variant-specific risk (also with OR < 2) is calculated and can serve as a risk prediction factor

on the basis of its impact on functionality.

How to establish the functional threshold for pathogenicity? Guidelines published by the
American College of Medical Genetics and Genomics (ACMG) and the Association for
Molecular Pathology (AMP) suggest the use of ‘well established’ functional studies that provide
strong support for or against pathogenicity of a variant (52). However, since the number of
pathogenic CHEK2 missense variants is insufficient, a threshold for pathogenicity cannot be
set on basis of such variants. Under the assumption that missense variants with similar levels
of functionality associate with the same level of cancer risk, a burden-type association analysis
can be performed using large case-control studies (6,53). This analysis will reveal if a group
of missense variants (defined by similar levels of functionality) is associated with a risk similar
to that of pathogenic variants (i.e., OR>2). While this threshold may be used to identify
pathogenic missense variants, its reliability has to be confirmed in the future with (missense)
variants that will be classified as pathogenic independent of functional analysis.

Can functional assays guide therapy choice for patients with CHK2-deficient tumors? Currently
it is unclear precisely how CHK2 loss of function leads to increased cancer risk and if this
deficiency leads to a targetable vulnerability in cancer cells. Consequently, the potential of
CHEK?2 functional assays in guiding therapy choice or predicting therapy response for patients
with CHK2 related cancer, remains to be elucidated.
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GLOSSARY

Checkpoint kinase 2 (CHEK2): a tumor suppressor gene that encodes the serine/threonine

kinase CHK2, which is involved in DNA repair, cell cycle arrest or apoptosis.

Saccharomyces (S.) cerevisiae: A unicellular eukaryotic organism that constitutes a valuable

model for fundamental research.

Rad53: a serine/threonine kinase from S. cerevisiae required for DNA damage and replication

checkpoints, promoting cell cycle arrest and DNA repair

¢.1100delC/p.T367Mfs: HGVS descriptions of a genetic variant at the nucleotide and protein
level. ‘c’ refers to cDNA sequence, while ‘p’ refers to protein sequence. The numbers reflect
nucleotide or codon positions of the wild-type reference sequence. ‘del’ Refers to deletion of
the nucleotide ‘C’ (cytosine). ‘T’ Refers to the original wild type amino acid Threonine. ‘M’
denotes the change of a Threonine to a Methionine at amino acid position 367 in this example.
‘fs’ Indicates that the nucleotide change results in a frameshift in codon usage at amino acid
position 367.

TP53: A tumor suppressor gene that encodes the transcription factor Tumor Protein P53 (p53),
which is involved in cell cycle regulation and apoptosis.

Odds ratio (OR): A measure of association between a variable (e.g., a genetic variant) and an
outcome (e.g. breast cancer). An OR indicates the odds that breast cancer will occur when
carrying a specific variant, compared to the odds of breast cancer occurring in the absence of
that specific variant.

Variant of Uncertain Significance (VUS): Genetic variant that cannot be used for clinical
decision making or cancer risk assessment due to insufficient clinical and/or functional data

needed to assess pathogenicity.
BReast CAncer 1/2 (BRCA1/2): The two most commonly affected high-risk breast cancer

susceptibility genes, which are involved in the repair of DNA double-strand breaks and the

protection of (stalled) DNA replication forks.
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Partner and localizer of BRCA2 (PALB2): A high-risk gene breast cancer susceptibility gene,
which is involved in the repair of DNA double-strand breaks by linking the actions of BRCA1
and BRCA2 therein.

Ataxia telangiectasia-mutated (ATM): A moderate-risk breast cancer susceptibility gene that
encodes the serine/threonine kinase ATM, which is recruited and activated by DNA double-
strand breaks to regulate cell cycle progression and DNA repair. Autosomal recessive
mutations in ATM lead to Ataxia telangiectasia, which is a rare disorder characterized by for

instance neurodegeneration, immunodeficiency, radiosensitivity and cancer.

ClinVar: A freely accessible public archive that aggregates information about genomic variation

and its relationship to human health (https://www.ncbi.nlm.nih.gov/clinvary).

ACMG guidelines: Recommendations of the American College of Medical Genetics and

Genomics (ACMG) for the clinical interpretation of sequence variants.

Clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9: Molecular
biological tool used for genomic editing with the Cas9 nuclease.

Functional assay: Molecular and cellular experiments that can produce data describing the

functional impact of a variant on a gene product.

Cell Division Cycle 25 (CDC25)A/C: Two crucial cell cycle regulators and homologs that act
as a phosphatase by removing the inhibitory phosphorylation of cyclin-dependent kinases
(CDKs), thereby positively regulating the activity of CDKs in promoting cell cycle progression.

Methyl-methanesulfonate (MMS): An alkylating agent that induces replication fork stalling by
modifying both guanine (to 7-methylguanine) and adenine (to 3-methlyladenine) bases in the

DNA.

Knockdown: Experimental condition that reduces the expression of one or more genes in a

cell or organism.

Knockout: Experimental condition by which the genomic DNA of a cell or organism is perturbed

to permanently prevent the expression of one or more genes in a cell or organism.

Forkhead-associated (FHA) domain: A protein modular domain that binds phospho-peptides.
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Kinase domain: A structurally conserved protein domain harboring the catalytic activity of

protein kinases.

SQ/TQ cluster domain (SCD): A protein domain that is defined by the presence of multiple
SQ/TQ motifs within a variable stretch of amino acids. SCDs are recognized targets for kinases
involved in the DDR.

Escherichia (E.) coli: A gram-negative, rod-shaped bacterium of the genus Escherichia that is
commonly found in the lower intestine of warm-blooded organisms. It constitutes an important
species in the fields of biotechnology and microbiology, where it can serve as the host

organism for work with recombinant DNA.
DNA damage response (DDR): An extensive surveillance network that maintains genome

integrity and stability, and is thus critical for cellular homeostasis and disease prevention.
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ABSTRACT

Heterozygous carriers of germ-line loss-of-function variants in the DNA repair gene PALB2 are
at a highly increased lifetime risk for developing breast cancer. While truncating variants in
PALB2 are known to increase cancer risk, the interpretation of missense variants of uncertain
significance (VUS) is in its infancy. Here we describe the development of a relatively fast and
easy cDNA-based system for the semi high-throughput functional analysis of 48 VUS in human
PALB2. By assessing the ability of PALB2 VUS to rescue the DNA repair and checkpoint
defects in Palb2 knockout mouse embryonic stem (mES) cells, we identify various VUS in
PALB2 that impair its function. Three VUS in the coiled-coil domain of PALB2 abrogate the
interaction with BRCA1, whereas several VUS in the WD40 domain dramatically reduce
protein stability. Thus, our functional assays identify damaging VUS in PALB2 that may

increase cancer risk.
KEYWORDS

Breast Cancer; Variant of Uncertain Significance (VUS); PALB2; DNA Repair Homologous
Recombination (HR); PARP inhibitor.
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INTRODUCTION
Germline loss-of-function (LOF) variants in the breast cancer susceptibility genes BRCA7 and
BRCAZ2 are known to result in an approximately tenfold increased lifetime risk of developing
breast cancer (1). Similar to these genes, mono-allelic LOF variants in the gene encoding
partner and localizer of BRCA2 (PALB?2) also increase the risk of breast cancer (2), whereas
bi-allelic LOF variants cause Fanconi anemia (FA) (3). It is now well established that women
who carry pathogenic variants in PALB2 are at a similar risk for breast cancer as those who
carry pathogenic variants in BRCA2 (1,4). Therefore, PALB2 takes a valid place on breast
cancer predisposition gene panel tests and is becoming widely included in breast cancer
clinical genetics practice. This has already led to the identification of numerous variants in
PALB2, which may associate with breast cancer (as of September 2019, 1301 PALB2 VUS
have already been reported in ClinVar). However, current risk estimates for PALB2 variants
have so far only been based on truncating variants that are predicted to fully inactivate the
protein (5). For most missense variants the impact on protein function is unclear and therefore
the associated cancer risk is unknown. Assessment of pathogenicity of such variants of
uncertain significance (VUS), therefore relies mostly on co-segregation with disease, co-
occurrence with known pathogenic variants, and family history of cancer. To extend the utility
of PALB2 genetic test results, additional methods for interpreting VUS are urgently required.

A key facet of interpreting VUS in PALB2 is understanding their impact on PALB2
protein function. PALB2 exists as oligomers that can form a complex with BRCA1 and BRCA2
and the recombinase RAD51 (6,7). This involves PALB2’s N-terminal coiled-coiled domain for
interaction with BRCA1 (7) and its C-terminal WD40 domain for interaction with BRCA2 (8).
The PALB2-BRCA1/2-RAD51 complex plays an essential role in homologous recombination
(HR), which is a critical pathway for the repair of highly-deleterious DNA double-strand breaks
(DSBs). Following their detection, the ends of a DSB are resected to generate stretches of 3’
single-stranded DNA (ssDNA), which are bound by the ssDNA-binding protein RPA. PALB2
becomes recruited to these resected DSB ends in a manner dependent on BRCA1 to facilitate
the assembly of BRCA2 and RAD51 onto broken DNA ends. RAD51 in turn catalyzes strand
invasion and DNA transfer, usually from a sister chromatid available in S/G2 phase (6,7,9),
ultimately leading to error-free repair of DSBs.

Germline nonsense and frameshift variants in BRCA1, BRCA2 and PALB2 give rise to
a characteristic genome instability signature that is associated with HR deficiency (10).
Targeting this HR deficiency has proven to be effective in PARP inhibitor (PARPI)-based
cancer treatment, during which the ensuing DSBs can be repaired by HR in healthy cells, but
not in HR-deficient cancer cells (11,12). While PARP inhibitor-based therapy holds great

promise for the treatment of HR-deficient cancers, a major obstacle is that clinical testing of
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these tumors often reveals numerous VUS in BRCA1, BRCA2 and PALB2, for which the effect
on HR and the response to PARP inhibitor-based therapy is often unclear.

For BRCA1 and BRCAZ2, functional assays that mostly use HR as a read-out have been
established to assess the effect of VUS on protein function (13-17). These assays have
successfully determined the functional consequences and potential therapy response of a
variety of VUS. However, with regard to PALB2, the functional analysis of variants is still in its
infancy even though there is a clear clinical demand. Here, we fill this gap by describing the
development of a robust functional assay for the analysis of VUS in PALB2. The assay allows
a semi high-throughput analysis of VUS in human PALB2 cDNA in Palb2 knockout mouse
embryonic stem (MES) cells using HR, PARPI sensitivity and G2/M checkpoint maintenance
as read-outs. We identify at least 14 PALB2 VUS that strongly abrogate PALB2 function.
Moreover, PALB2 VUS located in the WD40 domain have a high tendency to impair PALB2
protein function by affecting its stability, whereas PALB2 variants located in the coiled-coil
domain tend to impair its interaction with BRCA1. Thus, we report on the development of a
relatively rapid and easy functional assay that can determine the functional consequences of

VUS in PALB?2, thereby facilitating cancer risk assessment and predicting therapy response.

RESULTS

A cell-based functional assay for PALB2 variants

For the analysis of PALB2 variants we envisioned a cell-based assay that allows for reliable
semi high-throughput testing of variants in human PALB2. This cell-based approach should
combine efficient integration and equal expression of human PALB2 cDNA carrying these
variants in a cellular background devoid of endogenous Palb2 and with the ability to assess
their effect on HR. To this end, we introduced the well-established DR-GFP reporter into IB10
mES cells, which are highly proficient in HR (Fig.1a, Supplementary Fig. 1a-c) (18). The HR
efficiency was nearly identical in all 3 correctly targeted clones (~10%) (Supplementary Fig.
1d) and clone 5 was selected for further experiments.

Next, we introduced the recombination-mediated cassette exchange (RMCE) system
into cells from clone 5 (13). One component of this system, which consists of an acceptor
cassette with F3 and Frt sites (Fig. 1a, Supplementary Fig. 2), was correctly integrated at the
RosaZ26 locus in 1 out of 6 targeted clones (Supplementary Fig. 2a,b). The other component
is an exchange cassette that carries a promoterless neomycin selection marker and an EF1a
promotor fused to human PALB2 cDNA flanked by F3 and Frt sites. This exchange cassette
can be used for FIpO-mediated, site-specific integration of human PALB2 cDNA at the RMCE

acceptor cassette (Fig. 1a) (19). This would allow for stable expression of human PALB2,
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which we envisioned in a cellular background devoid of endogenous Palb2.
Since knockout (KO) of PALB2 is embryonic lethal (20-22), it has been notoriously
difficult to generate PALB2C cells. However, since p53 deficiency could partially rescue in

2“0 mice, we decided to generate Palb2“° mES cells in a p53-

utero development of Palb
deficient background. In addition to facilitating the KO of Palb2, deficiency in both p53 and
Palb2 may also mimic tumor settings, as somatic TP53 mutations are common in breast cancer
associated with BRCA1/2 (23,24) and PALB2 (25). We first employed CRISPR/Cas9-based
genome editing to knockout mouse Trp53 in cells harboring DR-GFP and the RMCE acceptor
cassette (Fig. 1a,b, Supplementary Fig. 3a,b). Subsequent analysis of 4 Trp53%° clones
revealed that HR remained unaffected in these cells (Fig. 1b), allowing functional analysis in
this genomic background using HR as a read-out. Trp53%© clone-3 had the highest percentage
of cells (~50%) with a normal chromosome number (i.e. 40 chromosomes) (Fig. 1c) and was
therefore selected for further experiments.

Finally, we applied CRISPR/Cas9-mediated genome-editing to knockout mouse Palb2
(Fig. 1d, Supplementary Fig. 3c,d). As expected, the efficiency of HR in the DR-GFP reporter
assay was strongly reduced (by ~95%) in Trp53%°/Palb2° cells when compared to that in
Trp53%© cells alone (Fig. 1d). To test whether human wild-type PALB2 can complement this
defect, we stably expressed wild-type human PALB2 cDNA using RMCE (Fig. 1a). Importantly,
due to site-specific integration, the promoterless neomycin gene will be driven by the
endogenous Rosa26 promoter, which enhances targeting efficiency and allows for selection
of integrants on medium containing neomycin. Indeed, we observed PALB2 expression in all
individual neomycin resistant clones that were tested for PALB2 expression (Supplementary
Fig. 4a). However, since some differences in PALB2 expression were observed between
single clones, we pooled the neomycin-resistant clones (~500 clones) prior to examining the
HR efficiency (Supplementary Fig. 4b), ruling out any effects on HR caused by differences in
PALB?2 expression. We found that HR was efficiently rescued (by ~68%) following expression
of human PALB2 in the Trp53X°/Palb2X° cells compared to the Trp53%° cells (Fig. 1d). Thus,
we have developed a highly efficient cDNA-based complementation system for the functional
analysis of variants in human PALB2.
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Figure 1. Development of a cDNA-based complementation system for the functional analysis of human
PALB2. a Schematic of the cDNA-based complementation system for functional analysis of human
PALB2. The DR-GFP reporter for HR and Recombination-Mediated Cassette Exchange system
(RMCE) for site-specific integration and expression of a human PALB2 cDNA were incorporated at the
mouse Pim1 and RosaZ26 loci, respectively. Endogenous mouse Trp53 was targeted with CRISPR/Cas
with a gRNA for exon 1, whereas endogenous Palb2 was targeted with a gRNA against exon 4 (left).
Transient expression of the I-Scel endonuclease in Trp53%%/Palb2K° cells expressing human PALB2
cDNA (with or without a variant) allows for assessment of the HR efficiency using the DR-GFP reporter
(right). b DR-GFP assay in Trp53X° mES cell clones co-transfected with I-Scel and mCherry expression
vectors and GFP expression was monitored by FACS. Data represent mean percentages (+ SEM) of
GFP-positive cells among the mCherry-positive cells relative to that for the wild type (WT), which was
set to 100%, from 2 independent experiments (left). Western blot analysis of Trp53 expression in
Trp53%° 4 mES cell clones. Histone 3 (H3) was a loading control (right). ¢ Karyotyping of Trp534° mES
clones from b. The bar graph shows the percentages of cells with 40 chromosomes (n = 50 cells per
condition). d DR-GFP assay in Trp53%C and Trp53%%/Palb2X® mES cells expressing wild-type PALB2 or
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not. Cells were co-transfected with I-Scel and mCherry expression vectors and GFP expression was
monitored by FACS. Data represent mean percentages (+ SEM) of GFP-positive cells among the
mCherry-positive cells relative to that for Trp53° cells, which was set to 100%, from 4 independent
experiments (left). Western blot analysis of Palb2 expression in Trp53X° and Trp53X%/Palb2X® (clone 3)
mES cells (right). An unspecific band was a loading control (right). Source data are provided as a Source
Data file.

Validation of a cell-based functional assay for PALB2 variants
To evaluate our system, we selected 12 truncating PALB2 variants (Fig. 2a, red) that are
known to be deleterious and associate with cancer and/or Fanconi anemia (3,4,26-28). In
addition, we selected 8 missense variants from the dbSNP database (Fig. 2a, green), which
we expect to be benign/neutral because of their frequency in the general population (between
0.1-15% based on the 1000 Genomes Project). Site-directed mutagenesis was used to
introduce these variants, as well as a synonymous variant (c.2574T>C, p.V858=), into the
RMCE vector that carries human PALB2 cDNA. Sequence-verified constructs were introduced
by RMCE into the Trp53%°/Palb2° mES cells, which were then subjected to DR-GFP assays.
As expected, HR was dramatically reduced in cells carrying the empty vector (Ev) when
compared to cells expressing human PALB2 cDNA (i.e. reduction in HR of ~90-95%) (Fig. 2b).
Similarly, cells expressing human PALB2 with a truncating variant displayed strong defects in
HR. In contrast, cells that expressed either the benign/neutral variants or the synonymous
variant showed HR levels comparable to that of cells expressing wild-type PALB2 (Fig. 2b).
To corroborate these findings, we also examined whether cells expressing
benign/neutral or truncating PALB2 variants display sensitivity to PARPI. As expected, we
found that Trp53%°/Palb2*° cells complemented with the Ev were hypersensitive to PARPI
when compared to those expressing wild-type human PALB2 cDNA (Fig. 3a, Supplementary
Figs. 5, 6 and 7). Moreover, the expression of truncating PALB2 variants led to a dramatically
increased sensitivity to PARPI (at least by ~70%), while that of the benign/neutral variants did
not (Fig. 3a, Supplementary Fig. 5). Thus, by measuring HR efficiencies using DR-GFP and
PARPi sensitivity, our cell-based system reproducibly classifies benign/neutral and
pathogenic/truncating variants based on their effect on PALB2 function in HR.

Functional analysis of PALB2 VUS

In contrast to truncating variants in PALB2, the contribution of missense variants with respect
to cancer risk is largely unclear. We therefore analyzed the effect of 48 PALB2 VUS and one
synthetic missense variant (p.A1025R) (Fig. 2a, blue) (29). Many of these VUS have been
identified during a multigene panel analysis for a large case-control association study
performed by the BRIDGES consortium. In addition, several VUS were gathered from ClinVar
(p.1944N, p.L24S and p.L1070P) and literature (p.K18R, p.Y28C, p.L35P, p.R37H) (30,31).
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Interestingly, we observed strong HR defects in DR-GFP assays for p.L35P-, p.W912G-,
p.1944N-, p.L961P-, p.G1043D-PALB2, exhibiting a ~90-95% reduction in HR, comparable to
the truncating PALB2 variants and the empty vector conditions (Fig. 2b). In addition, we also
observed strong effects on HR for several other VUS (p.L24S, p.Y28C, p.G937R, p.L947S,
p.L972Q, p.T1030I, p.11037T, p.L1070P, p.L1172P), as well as the synthetic missense variant
p.A1025R in PALB2, reducing HR by ~60-90% when compared to wild-type PALB2 (Fig. 2b).
A FACS-based cell cycle analysis for 33 selected PALB2 variants showed no effect on cell
cycle distribution (Supplementary Fig. 8), excluding the possibility that effects on HR were due

to differences in cell-cycle progression.

St R
o R 0@0 %@@ﬁrp o ?;\Q;: r & o . & {\\m
M YO0 LR L W
‘b(‘f\:?‘? 4@& & é&«@v é& ﬁ&\i}@@(}é@%ﬁ\a{:ﬁ%@ N e"&?\"«i&&
2 L o @, & o & V022 i avg X
& TR e S e oo © =y S P o IO Q +qv\ %mxma%'ﬁ‘\
I | L1l \I\\II\I\\I\\II\\I
| WD40 domain PALB2
1 1
9 44 394 611 764 853 1186
BRCA1 BRCA2
RAD51 and RNF168
b
120
s WT
= Likely benign SNV
100 = Truncating variant
= VUS

= Synthetic missense variant
Empty vector

Rel. HR efficiency (%)
[o2] ©
o o

N
o

20

P1009Lfs jumst
C882Ws jumm

Figure 2. Human PALB2 variants and their effect on HR. a Schematic representation of the PALB2
protein with variant positions indicated and categorized as either neutral (green), truncating (red), VUS
(blue) and synthetic missense variant (purple). The amino acid numbers are shown to specify the
evolutionarily conserved functional domains of PALB2. PALB2 regions involved in the interactions with
BRCA1, BRCA2, RNF168 and RAD51 are indicated. b DR-GFP assay in Trp53X%/Palb2X° mES cells
expressing human PALB2 variants (or an empty vector control, Ev). Cells were co-transfected with I-
Scel and mCherry expression vectors and GFP expression was monitored by FACS. Data represent
mean percentages (+ SEM) of GFP-positive cells among the mCherry-positive cells relative to wild type
(WT), which was set to 100%, from 2 independent experiments, except for p.L939W and p.G998E for
which data from 3 independent experiments are presented. Variants/conditions are categorized by color

96



Functional analysis of genetic variants in PALB2

as either wild type (WT, black), likely benign SNV (green), truncating variant (red), VUS (blue), synthetic
missense variant (purple) or empty vector (Ev, grey). Ev1-5 refer to Ev controls from 5 different
replicates. Source data are provided as a Source Data file.

Next, we examined the effect of the 48 selected VUS and p.A1025R on PARPI
sensitivity using a cellular proliferation assay. We observed that 11 VUS (p.Y28C, p.L35P,
p.W912G, p.G937R, p.1944N, p.L947S, p.L961P, p.L972Q, p.T1030l, p.G1043D and
p.L1172P), as well as p.A1025R, displayed sensitivity to PARPi treatment comparable to that
observed for PALB2 truncating variants (Fig. 3a, Supplementary Fig. 6,7). Importantly, when
comparing the HR efficiency measured by DR-GFP and PARPI sensitivity assays, a strong
positive correlation was observed for all variants tested (R?=0.804) (Fig. 3b). These results
indicate that our complementary cell-based assays can determine the functional
consequences of VUS in human PALB2. Most notably, taking the data from both assays into
account, we identified at least 5 VUS (p.L35P, p.W912G, p.L961P, p.1944N and p.G1043D)
that affect PALB2 function to a similar extent as the truncating variants. The effect of these
VUS on PARPI sensitivity was further evaluated using a clonogenic survival assay. This
revealed that 4 PALB2 VUS (p.W912G, p.L961P, p.I944N and p.G1043D) also render cells
hypersensitive to prolonged treatment with lower concentrations of PARPi (Fig. 3c).
Consequently, such VUS may confer an increased cancer risk and serve as a target for PARPi-
based therapy.

While PARPI treatment holds great promise for the treatment of HR-deficient tumors,
an alternative strategy may be to treat with interstrand crosslink (ICL)-inducing
chemotherapeutic drugs, since ICLs require HR for their repair (32). We therefore analyzed
several PALBZ2 variants in their response to the ICL-inducing agent cisplatin. As expected, two
truncating variants p.Y551X and p.Y 1183X displayed strong sensitivity to cisplatin comparable
to the empty vector condition (Fig. 3d). Consistent with the effects observed in the HR and
PARPi assays, three PALB2 VUS (p.L35P, p.L961P and p.G1043D) were also sensitive to
cisplatin. When comparing the HR efficiency measured by DR-GFP to cisplatin sensitivity, a
strong correlation (R?=0.8313) was observed (Fig. 3e). Thus, VUS in PALB2 that impair HR
may serve as targets for both PARPi- and ICL-based chemotherapy.
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Figure 3. Functional analysis of PALB2 VUS using PARP inhibitor and cisplatin sensitivity assays. a

Proliferation-based PARP inhibitor (PARPI) sensitivity assay using Trp53*°/Palb2X® mES cells
expressing human PALB2 variants (or an empty vector control, Ev). Cells were exposed to 0.5 yM

PARPi for two days. Cell viability was measured 1 day later using FACS. Data represent the mean
percentage of viability relative to wild type (+ SEM), which was set to 100%, from 2 independent
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experiments, except for p.P4S, p.P210L, p.L939W and p.V1123M, for which data from three
independent experiments is presented, and p.L24S, p.L1070P for which data from four independent
experiments is presented. Variants/conditions are categorized by color. b Scatter plot showing the
correlation between HR efficiencies and PARPI sensitivity measured in Fig. 2a and b, respectively.
Variants/conditions are categorized by color as in a. The trendline indicates the positive correlation
between the outcome of DR-GFP and PARPI sensitivity assays. ¢ Clonogenic PARP inhibitor survival
assay using Trp53%%/Palb2X° mES cells expressing human PALB2 variants (or an empty vector control,
Ev). Cells were exposed to the indicated concentrations of PARPI for 7-9 days after which surviving
colonies were counted. Data represent the mean percentage of survival (+ SEM) relative to cells
expressing wild-type PALB2, which were set to 100%, from 3 independent experiments upon in case of
treatment with 1 nM PARPi, and 4 experiments in case of treatment with 5 nM PARPI.
Variants/conditions are categorized by color as in a. d As in a, except that cells were exposed to 2 uM
cisplatin. Data represent the mean percentage of viability relative to wild type (+ SEM), which was set
to 100%, from 2 independent experiments. e Scatter plot showing the correlation between HR
efficiencies and cisplatin sensitivity measured in Fig. 2b and d. The trendline indicates the positive
correlation between the outcome of DR-GFP and cisplatin sensitivity assays. Variants/conditions are
categorized by color as in a. Source data are provided as a Source Data file.

Correlation of functional analysis and in silico prediction

We next compared the outcome of our functional assays with the predictions of several in silico
algorithms for all missense variants. For the prediction tools that give categorical results for
missense variants, including PolyPhen (33), SIFT (34), and AlignGVGD (35), we observed little
to no correlation with the outcome of DR-GFP and PARPI sensitivity assays (Supplementary
Data 1). For instance, if we assume an HR efficiency of 40% or lower as damaging in the DR-
GFP assay, then 24.1% of the missense variants (likely benign and VUS) are classified as
damaging in our functional assay. However, we observed a gross overrepresentation of
damaging variants when using PolyPhen (86.2%), SIFT (77.6%) and AlignGVGD (36.2%,
counting C55 and C65). With respect to the latter, extreme caution should be taken as
AlignGVGD classified at least two variants, which we found to be similarly damaging as
truncating variants, as likely benign (p.W912G (C0) and p.1944N (C15); Supplementary Data
1). For in silico prediction tools that assign a continuous prediction score, such as (CADD (36)
and REVEL (37)), we similarly observed a poor correlation with the outcome of DR-GFP and
PARPi sensitivity assays (Supplementary Fig. 9). For instance, based on cut-offs of 0.0-0.5 for
benign variants and 0.5-1.0 for damaging variants, REVEL would only categorize three of the
PALB2 VUS (p.D871G, p.W912G and p.L931R) as damaging. However, both p.D871G and
p.L931R appear to be fully functional in our assays. Thus, while REVEL severely
underestimates the effects of VUS on protein function, it may also lead to false-positive
predictions. Based on these observations, we conclude that predictive algorithms, as opposed

to our functional analysis, are poor in predicting the effect of VUS on PALB2 protein function.
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Figure 4. Effect of PALB2 variants on protein expression and/or stability. a Western blot analysis of the
expression of human PALB2 variants in Trp53°/Palb2X® mES cells using an antibody directed against
the N-terminus of PALB2. Wild-type (WT) human PALB2 and empty vector (Ev) served as controls on
each blot. Tubulin was used as a loading control. Marked PALB2 variants (red *) showed low levels of
protein expression. b RT-gPCR analysis of human PALB2 variants from A with low expression levels
(red *). Primers specific for human PALB2 cDNA and the Pim1 control locus were used. Data represent
the mean percentage (+ SEM) of PALB2 mRNA relative to wild type, which was set to 100%, from 2
independent RNA isolation experiments. Variants/conditions are categorized by color as either wild type
(WT, black), truncating variant (red), VUS (blue) or empty vector (Ev, grey). Ev-1, -2, -3 refer to Ev
controls from 3 different replicates. ¢ Partial structures of the PALB2 WD40 domain showing the effect
of 4 PALB2 variants exhibiting low protein expression as shown in a. Partial structures without and with
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variant are shown side by side for each variant, indicating loss of stabilizing interactions (but not any
possible conformational changes). Source data are provided as a Source Data file.

VUS in the PALB2 WD40 domain affect protein stability

Having identified PALB2 variants that affect HR, we sought to address their mechanism of
action. To this end, we first examined their effect on PALB2 expression by western blot
analysis. For all benign variants, PALB2 expression was comparable to that of wild-type
PALB2 (Fig. 4a). Similarly, most truncating and missense variants were unaffected in their
expression levels, although the truncating variants resulted in the expression of the expected
smaller proteins. However, for some truncating variants (p.Q899X, p.P1009Lfs, p.W1038X and
p.Y1183X) and VUS located in the C-terminal WD40 domain (p.W912G, p.G937R, p.1944N,
p.L947S, p.L961P, p.L972Q, p.T1030I, p.11037T, p.G1043D, p.L1070P, p.L1172P), low levels
of expression were observed (Fig. 4a, red asterisk). Reverse transcription-quantitative (RT-
g)PCR analysis indicated that these variants did not affect expression at the mRNA level (Fig.
4b). This suggests that the low abundance of PALB2 protein is likely the result of protein
misfolding and/or instability.

Crystal structure studies of the PALB2 C-terminal WD40 domain suggested that loss
of the last 3 amino acids of PALB2 caused by the FA-associated p.Y1183X variant disrupts
the hydrogen bonding in the seventh blade of the WD40 domain (3,29). Consistently, we also
observed strongly reduced expression of PALB2 carrying this variant (p.Y1183X) (Fig. 4a).
Thus, p.Y1183X may lead to in an incompletely folded PALB2 protein that is likely to be
degraded rapidly. As such, it is not surprising that other truncating variants in the WD40 domain
result in expression of a truncated protein that is unstable and degraded quickly. However,
truncating PALB2 variants that lack the entire WD40 domain (p.E230X, p.Y409X, p.L531Cfs,
p.Y551X, p.E669Gfs) appeared to express well (Figs. 2a and 4a). Nevertheless, they have
likely lost all of their ability to interact with BRCA2 and RAD51, thereby impairing HR
completely. Consistently, we observed almost no difference in the extent to which the different
truncated forms of PALB2 affect HR.

Our results suggest that the WD40 domain of PALB2 is extremely sensitive to variants
that affect protein folding and/or stability. Using the crystal structure of the WD40 domain
(2W18) (29), in silico modeling of all PALB2 VUS that display low expression levels indeed
showed that all these amino acid substitutions are extremely unfavorable for correct folding of
this domain. Starting with p.1944N, we see that this isoleucine is a well-conserved hydrophobic
residue that is located in an antiparallel -sheet and whose side-chain is part of a tightly packed
hydrophobic environment (Fig. 4c). Replacement of this isoleucine with an asparagine will lead

to the loss of stabilizing hydrophobic interactions due to the energetically unfavorable presence
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of a hydrophilic residue in a very hydrophobic environment. These opposed effects may
destabilize the local environment and/or lead to folding problems. Comparable effects are
predicted for p.L947S, p.L972Q and p.11037T (Supplementary Fig. 10). L961 is another
example of a residue that is located in a B-sheet and is involved in several hydrophobic
interactions (Fig. 4c). When it changes into a proline (p.L961P), all of these local interactions
are lost. Furthermore, proline is unfavored, because it results in the loss of a backbone
hydrogen bond, thereby destabilizing the B-sheet. Comparable effects are predicted for
p.W912G, p.L1070P and p.L1172P (Supplementary Fig. 10). However, for p.W912G the
change into a very small glycine is also thought to result in excess flexibility at a position where
this is not desired.

The side-chain of the hydrophilic residue p.T1030 is involved in an extensive network
of hydrogen bonds and electrostatic interactions that extends across all 4 strands of the B-
sheet (Fig. 4c). This variant will impair the formation of hydrogen bonds as isoleucine is not
capable of these bonds through its sidechain. Consistent with our findings (Fig. 4a), an earlier
study also reported protein instability for p.T1030I (31). Finally, p.G937 and p.G1043 are
examples of glycine residues that provide structural flexibility at the beginning of a loop
structure (Fig. 4c, Supplementary Fig. 10). Changing these residues into a larger and charged
arginine (p.G937R) or aspartate (p.G1043D), will lead to deformation of the loop structure and
probable loss of surrounding hydrogen bonds in the case of p.G1043D. Altogether, this in silico
modeling may provide explanations for how these PALB2 VUS affect protein
stability/expression levels. Nonetheless, some VUS for which similar destabilizing effects are
predicted (p.D871G, p.L931R, p.E1018D and p.W1164C) are fully functional in our HR-based
assays, underpinning the importance of functional analysis of VUS.

VUS in the PALB2 CC-domain disrupt the interaction with BRCA1

In addition to the damaging VUS in PALB2’'s WD40 domain, we also found 4 PALB2 VUS
(p-L24S, p.Y28C, p.L35P, p.R37H) exhibiting strong effects on HR and PARPI sensitivity (Figs.
2a and 3a, Supplementary Fig. 6). These variants were all located in PALB2’s N-terminal
coiled-coil domain, which is required for interaction with BRCA1 (6,9). Indeed, the previously
reported p.Y28C and p.L35P variants affected HR by impairing the interaction with BRCA1
(30). However, exactly how p.L24S and p.R37H impact HR is unclear, also because p.R37H
has previously been reported not to affect the PALB2-BRCA1 interaction (30). To examine this
further, we transiently expressed YFP-tagged PALB2 carrying p.L24S, p.L35P or p.R37H in
U20S cells and performed pull-downs using GFP Trap beads. p.L24S, similar to p.L35P, failed
to co-precipitate any endogenous BRCA1, whereas p.R37H partially affected the co-
precipitation of BRCA1 (Fig. 5a). Additionally, we examined whether these VUS have
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Figure 5. Effect of PALB2 VUS on the BRCA1 interaction and recruitment to DNA damage sites. a
YPF/GFP pulldowns of the indicated proteins following transient expression in U20S cells. GFP-NLS
and YFP-PALB2-L35P served as negative controls. Western blot analysis was performed using
antibodies against GFP and BRCA1. b As in a, except for p.R37H. ¢ Live cell imaging of the recruitment
of the indicated YFP-PALB2 proteins to DNA damage tracks generated by laser micro-irradiation in
U20S cells. mCherry-Nbs1, which was co-expressed with the indicated YPF-PALB2 proteins, served
as a DNA damage marker. Representative images are shown. White triangles indicate irradiated
regions. Scale bars: 5 ym. d Quantification of the recruitment of the indicated YPP-PALB2 proteins and
mCherry-Nbs1 to DNA damage tracks in cells from. Data represent the mean values (+ SEM) from 3
independent experiments. c. Source data are provided as a Source Data file.
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an impact on the BRCA1-dependent localization of PALB2 to sites of DNA damage. To this
end, YFP-tagged PALB2 carrying p.L24S, p.L35P or p.R37H were transiently expressed in
U20S cells and examined for their localization at DNA damage-containing tracks generated
by laser micro-irradiation. We found that all three VUS impaired the recruitment of PALB2 to
sites of DNA damage (Fig. 5¢,d). The effect of these VUS on PALB2’s interaction with BRCA1
and localization at sites of DNA damage are highly consistent with the observed HR defect
(Figs. 2b and 3a, Supplementary Fig. 6). Taken together, we identified p.L24S and R37H as
VUS that impair PALB2’s function in HR by abrogating its interaction with BRCA1, and

consequently its BRCA1-dependent recruitment to DNA damage sites.

PALB2 VUS affect G2/M-phase progression after DNA damage

While PALB2 is essential for HR, two independent genetic screens identified PALB2 as a
critical regulator of the DNA damage-induced G2/M checkpoint response (38,39). Another
study demonstrated that PALB2 plays a role in maintaining a proper G2/M checkpoint
response in human cancer cells exposed to ionizing radiation (IR) (40). We therefore
addressed if VUS in PALB2 would affect the DNA damage-induced checkpoint by measuring
the mitotic fraction of Trp53*° and Trp53C/Palb2“® mES cells following exposure to IR. One
hour after exposure to 3 or 10 Gy of IR, both Trp53X° and Trp53%C/Palb2X® mES cells showed
an almost complete loss of mitotic cells, indicating efficient activation of the G2/M checkpoint
in both cell types (Fig. 6a). While at 6 hours after 3 Gy of IR the mitotic fraction of both Trp53<°
and Trp53°/Palb2° mES cells dramatically increased, we only observed this increase in
Trp53%C/Palb2X° mES after exposure to 10 Gy (Fig. 6a). Thus, PALB2 is also required for the
maintenance of the IR-induced G2/M checkpoint in mES cells.

This prompted us to assess the effect of 19 different PALB2 variants on G2/M
checkpoint maintenance. We expressed these variants, which were selected based on their
differential impact on HR (Fig. 2a), in Trp53%°/Palb2"® mES cells and determined the mitotic
fraction 6 hours after exposure to 10 Gy of IR. Importantly, expression of wild-type human
PALB2 rescued the G2/M checkpoint maintenance defect observed in Trp53¢°/Palb2"® mES
cells, whereas expressing the empty vector or either of two truncating variants (p.Y551X and
p.Y1183X) resulted in a checkpoint defect (Fig. 6b). Two benign variants (p.D134N and
p.G998E) and 9 different VUS (p.K18R, p.E42K, p.Y408H, p.P707L, p.D871G, p.L931R,
p.1018D, p.Y1046C and p.S1058P) that did not impair HR, also did not impact the
maintenance of the IR-induced G2/M checkpoint. In contrast, strong defects in G2/M
checkpoint maintenance were observed for 3 VUS (p.L35P, p.L961P and p.G1043D) and the
synthetic missense variant p.A1025R that also abrogated HR (Fig. 2b), whereas p.R37H and
p.L939W exhibited a moderate effect (Fig. 6b), consistent with their mild impact on HR (Fig.
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2b). Accordingly, we found a strong correlation between the impact of PALB2 variants on HR
and G2/M checkpoint maintenance (R?=0.8577) (Fig. 6¢). Interestingly, p.L35P and p.A1025R
have been shown to abrogate the interaction of PALB2 with BRCA1 (Fig. 5a) (30) and BRCA2
(29), respectively. This indicates that both the interaction with BRCA1 and BRCAZ2 is crucial
for PALB2’s function in controlling G2/M-phase progression following DNA damage, which is

in accordance with observations in human cancer cells (40).
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Figure 6. Effect of PALB2 variants on the DNA damage-induced G2/M checkpoint. a
Trp53K9/Palb2X® mES cells were irradiated with 3 or 10 Gy of IR and collected at the indicated time
points after radiation exposure to assess the mitotic index by phospho-histone H3 (Ser10) staining and
flowcytometry analysis. Data represent the mean percentage of mitotic cells (+ SEM) relative to the
unirradiated cells, which was set to 100%, from 2 independent experiments. b Trp53X°/Palb2K® mES
cells expressing the indicated PALB2 variants were irradiated with 10 Gy of IR and collected 6 hours
after radiation exposure to assess the mitotic index by phospho-histone H3 (Ser10) staining and
flowcytometry analysis. For each variant, the mean percentage of mitotic cells (+ SEM) from 2
independent experiments is shown relative to unirradiated cells, except for p.L939W and p.G998E for
which data from three independent experiments is presented. ¢ Scatter plot showing the correlation
between the HR efficiencies and the mitotic index after IR as measured in Fig. 2b and b, respectively.
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Variants/conditions are categorized by color as in b. The trendline indicates the negative correlation
between the HR efficiency and mitotic index after IR, revealing a strong positive correlation between the
impact of PALB2 variants on HR and G2/M checkpoint maintenance. Source data are provided as a
Source Data file.

Functional analysis of PALB2 VUS in human cell-based assays

To validate results from our mES cell-based assays, we selected 5 LOF VUS located in the
WD40 domain of PALB2 (p.W912G, p.G937R, p.L947S, p.L961P and p.G1043D) and tested
their effect on HR in human cell-based assays. To this end, we first employed the CRISPR-
LMNA HR assay, which monitors the integration of mRuby, into the Lamin A/C locus (LMNA)
by CRISPR/Cas9-mediated HR (Supplementary Fig. 11a,b) (41). Following siRNA-mediated
knockdown of PALB2 in U20S cells, plasmids encoding the mRuby2-LMNA donor, Cas9 and
a LMNA gRNA, and siRNA-resistant YFP-PALB2 with or without VUS, were co-transfected
into these cells (Supplementary Fig. 11c). Four PALB2 VUS (p.W912G, p.G937R, p.L961P
and p.G1043D) showed a dramatic impact on the HR-mediated integration of mRuby (Fig. 7a).
One VUS (p.L947S), had a moderate effect, although this is likely explained by the slightly
higher transient expression of this variant (Supplementary Fig. 11c). We then assessed
whether these VUS would affect PARPI sensitivity. To this end, siRNA-resistant YFP-PALB2
constructs carrying these VUS were expressed in PALB2-depleted HelLa cells (Supplementary
Fig. 11d). Four PALB2 VUS (p.W912G, p.G937R, p.L961P and p.G1043D), showed a
dramatic increase in PAPRI sensitivity, while 1 VUS (p.L947S) had a more moderate effect,
consistent with findings from the CRISPR-LMNA HR assay (Fig. 7b). Altogether, these results

corroborate our findings from the DR-GFP and PARPI sensitivity assays in mES cells (Figs.
2a and 3a, Supplementary Fig. 6).

Finally, PALB2 drives HR by promoting the accumulation of RAD51 at DSB sites. To
further assess the impact of the 5 selected VUS on PALB2, we examined whether they affected
the accumulation of RAD51 at IR-induced DSBs by measuring the formation RAD51 foci. HeLa
cells were treated with siRNAs against endogenous PALB2 and complemented by transient
expression of siRNA-resistant YFP-PALB2, with or without VUS. Following exposure to IR, the
average number of RAD51 foci was scored in cyclin-A- and YFP-PALB2-expressing S-phase
cells (Fig. 7c,d). While 3 VUS (p.W912G, p.L961P and p.G1043D) had a dramatic impact on
the percentage of cells showing RAD51 foci, 2 VUS (p.G937R and p.L947S) displayed a more
minor effect. However, for these 2 VUS, we found that the intensity of RAD51 foci was
dramatically reduced (Fig. 7e). As all 5 variants displayed problems in protein stability in mES
cells, we believe that the defects observed in RAD51 foci formation and/or intensity mostly
stem from impaired RAD51 recruitment due to reduced PALB2 protein levels. Overall, our
findings in human cell-based assays solidify those obtained in the mES cell-based assays,
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indicating that our system in mES cells is robust and suited for semi-high throughput functional
analysis of VUS in human PALB2.
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Figure 7. Functional analysis of damaging PALB2 variants in human cells. a CRISPR-LMNA HDR
assay in siRNA-treated U20S PALB2 knockdown cells expressing siRNA-resistant human PALB2
cDNA with the indicated variants (or an empty vector control, Ev). Data represent the mean percentage
(x SD) of mRuby2-positive cells among the YFP-positive cells from 3 independent experiments (n >300
YFP-positive cells per condition) relative to wild type (WT), which was set to 100%. b PARP inhibitor
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(PARPI) sensitivity assay using siRNA-treated HeLa PALB2 knockdown cells expressing siRNA-
resistant human PALB2 cDNA with the indicated variants (or an empty vector control, Ev). Survival
curves were determined after 72 hours of PARPI treatment. Data represent the mean percentage of
viability relative to untreated cells (+ SD), which was set to 100%, of 3 independent experiments, each
performed in triplicate. ¢ Representative images of RAD51 foci 4 hours after 2 Gy of ionizing radiation
in siRNA-treated HeLa PALB2 knockdown cells expressing siRNA-resistant human PALB2 cDNA with
the indicated variants (or an empty vector control, Ev). Scale bar: 5 um. d Quantification of the results
from c. Scatter dot plot shows the number of RAD51 foci in cyclin A-positive cells expressing the
indicated variant, with the horizontal lines designating the mean values (+ SD) of 3 independent
experiments (n>200 cells per condition). e Quantification of the results from c. Scatter dot plot shows
the intensity of RAD51 foci in cyclin A-positive cells expressing the indicated variant, with the
horizontal lines designating the mean values (+ SD) of 3 independent experiments (n>500 cells per
condition). Source data are provided as a Source Data file.

DISCUSION

To address the impact of PALB2 VUS on protein function, we developed a mES cell-based
system that allows a rapid and robust functional classification of genetic variants in human
PALB2. Out of the 49 PALB2 missense variants tested in this study (Supplementary Data 1),
we identified 15 variants (p.L24S, p.Y28C, p.L35P, p.W912G, p.G937R, p.1944N, p.L947S,
p.L961P, p.L972Q, p.A1025R, p.T1030l, p.I1037T, p.G1043D, p.L1070P, p.L1172P) as
damaging, reducing HR by >60%. For three variants that have been described previously
(p.Y28C, p.L35P and p.T1030I), our results are highly consistent with published data, showing
that these variants which confer increased risk for breast cancer, strongly impact HR (30,31).
Furthermore, we observed a strong positive correlation between the DR-GFP and PARPi or
cisplatin sensitivity assays, suggesting that carriers of the identified damaging VUS may
benefit from PARPI- or cisplatin-based treatment. Lastly, our data from the human cell-based
assays further verify the results from the mES-based cell assays, indicating that our system in
mES cells is well-suited for the rapid, semi-high throughput functional analysis of VUS in
human PALB2.

In addition to p.Y28C and p.L35P, which have both been reported to impair the
interaction with BRCA1 (30), p.R37H also resides in the N-terminal coiled-coil domain and
impairs the HR activity by more than 55% in our DR-GFP assay (Fig. 2b). In contrast to an
earlier report showing that p.R37H did not affect the interaction with BRCA1 (30), we found
that this variant impaired the PALB2-BRCA1 interaction and the BRCA1-dependent
recruitment of PALB2 to sites of DNA damage, which is highly consistent with its moderate
impact on HR. Our results on the identified p.L24S variant, are in line with a previous study in
which the CC6 PALB2 variant, for which the amino acids LKK at position 24-26 are changed
to AAA, impairs the interaction with BRCA1 and consequently abrogates HR (42). Thus, our
HR and protein-protein association studies for both p.L24S and p.L35P further underline the
importance of the BRCA1-PALB2 interaction for efficient HR and likely tumor suppression.
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The C-terminal WD40 domain of PALB2 is an important regulatory platform that
mediates interactions with several important HR pathway components, such as BRCA2 and
RADS51. Crystal structure studies of the WD40 domain showed that it forms a seven-bladed $3-
propeller-like structure of which correct folding is crucial for PALB2 function (29). As such, it is
likely that variants in this region are prone to interfere with the structure and/or biochemical
properties of this domain. For example, although it has been reported that p.W1038X exposes
a nuclear export signal leading to cytoplasmic localization (43), we see in our assays that the
expression levels of this variant are dramatically reduced compared to wild-type PALB2 (Fig.
4a), probably due to instability/misfolding and rapid degradation in the cytoplasm. Indeed, we
see similar effects for three other truncating variants (p.Q899X, p.P1009Lfs, p.Y1183X), which
includes p.Y1183X that lacks only the last 3 amino acids. Consistent with the WD40 domain
being prone to ‘destabilizing’ variants, we identified 11 damaging VUS in the WD40 domain
that exhibited strongly reduced PALB2 protein levels, and consequently strongly reduced HR
(~60-95%). Importantly, 5 of these 11 VUS are bona fide null variants that abrogate the HR
activity to the same extent as the PALB2 truncating variants. These results indicate that that
the WD40 domain is a ‘hotspot’ for deleterious LOF variants that affect protein stability.
Consistently, a recent study on PTEN, showed that 64% of the pathogenic missense variants
reduce its expression level (44). This suggests that protein instability due to LOF variants in
tumor suppressor genes, including PALB2, constitutes a mechanism of pathogenicity.

Several studies have implicated BRCA1, BRCA2 and PALB2 in DNA-damage-induced
checkpoint control (38-40). Accordingly, we found that G2/M checkpoint maintenance after IR
is compromised in Trp53*°/Palb2® mES cells, an effect that could be rescued by expressing
wild-type human PALB2. Interestingly, PALB2 variants that show LOF in HR, were unable to
maintain an efficient G2/M checkpoint response. Both p.L35P and p.A1025R, which are unable
to interact with BRCA1 and BRCAZ, respectively, were among these variants, suggesting that
these interactions are key to PALB2’'s checkpoint function. Moreover, we infer that the
observed defects in G2/M checkpoint maintenance could stem from defective HR. In line with
such a scenario, an inverse correlation has been observed between HR activity and POLQ-
mediated DSB repair (45). This indicates that POLQ-mediated DSB repair may act as a
compensatory pathway for PALB2-dependent HR that potentially affects G2/M checkpoint
maintenance in response to DNA breaks.

Although our functional assays may aid in the classification of rare PALB2 VUS, a major
challenge will be to translate effects on PALB2 protein function into estimates for cancer risk.
Whereas the truncating PALB2 variants have been associated with an odds ratio of 7.46 (5),
the p.L939W variant has been associated with an odds ratio of 1.05 (46). This would suggest
that a decrease of 40% in HR in our DR-GFP assay, as shown for the p.L939W variant (Fig.

2b), would barely increase the risk for breast cancer. It will therefore be interesting to see
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whether the extent to which variants affect HR is proportional to increased cancer risk and at
which level of HR deficiency, cancer risk significantly increases. Finally, it will be important to
examine whether PALB2 VUS, either in coding or non-coding sequences, affect PALB2
splicing. For all missense variants presented in this study in silico splice site prediction analysis
was performed using five different algorithms (Splice Site Finder-like, MaxEntScan,
GeneSplicer, NNSplice, Human Splicing Finder) in Alamut (http://www.interactive-
biosoftware.com/). For all VUS an effect on RNA splicing was unlikely, with the exception of
¢.53A>G (p.K18R) for which NNSplice predicted the introduction of a new weak acceptor
recognition site in exon 2. Complementation of our Trp53%°/Palb2X° cells with a bacterial
artificial chromosome (BAC) containing the full length human PALB2 gene, as has been
previously described for BRCA1 and BRCAZ2 (14,47,48), would also enable us to address the
functional effect of splice variants in PALB2. Ultimately, the results from functional assays for
VUS can be incorporated into multifactorial risk models to allow for better clinical classification
in the future. Indeed, multiple pieces of evidence, in addition to functional assay results, will

be required to enable clinical classification of VUS.

MATERIALS AND METHODS

Cell lines and culture conditions

129/0la E14 1B10 mES cells (49) were cultured on gelatin-coated dishes in 50% BRL/50%
complete medium (13) with 0.1 mM beta-mercaptoethanol (Merck) and 10° Units/ml ESGRO
LIF (Millipore). STR genotyped U20S and HelLa human cells (ATCC) were maintained,
respectively, in McCoy's 5A (Wisent) and DMEM (ThermoFischer) supplemented with 10%
Fetal Bovine Serum (FBS) and 1% penicillin and streptomycin.

Generation of Trp53%°/Palb2*° mES cells with DR-GFP and RMCE

Trp53%°/Palb2X° mES cells carrying the DR-GFP reporter and RMCE system were generated
as follows. 75 pg of the plasmids carrying Pim1:DR-GFP (p59X DRGFP) (50) or the Rosa26:
RMCE acceptor cassette (pTT5-Puro) (TaconicArtemis GmbH) were linearized with Xhol and
Pvul respectively. Pim1:DR-GFP was transfected into mES cells (49) using Lipofectamine
2000 (Invitrogen). Integration of DR-GFP at Pim1 was verified using PCR and Southern blot
analysis. Similarly, the RMCE acceptor cassette was integrated at Rosa26 in cells carrying
DR-GFP. Integration of the RMCE acceptor cassette at Rosa26 was verified using PCR and
Southern blot analysis. Trp53%© cells were generated by transfection of 1 ug of pSpCas9(BB)-
2A-GFP (pX458) (51), which encodes a gRNA that targets exon 1 (5-
CGAGCTCCCTCTGAGCCAGG-3’), into mES cells carrying DR-GFP and the RMCE acceptor
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cassette. GFP-positive cells were FACS-sorted and seeded. Individual clones were examined
by TIDE and western blot analysis for loss of p53 expression. Similarly, the Palb2° was
generated in Trp53%° mES cells carrying DR-GFP and RMCE acceptor cassette using a gRNA
that targets exon 4 (5-GGGGACAACAAAGACGCCGT-3’), and verified by TIDE and western

blot analysis for loss of Palb2 expression.

Cloning and site-directed mutagenesis of human PALB2 cDNA

pBudCE4.1 (ThermoFisher, V53220), which contains an EF1a promotor, was modified by
cloning two different oligonucleotides with Pacl restriction sites into the Nhel (5-
CTAGGACTTAATTAAGTCGATCGCCGG-3) and Bglll restriction sites (5-
GATCTCTTAATTAAGACTG-3"), respectively. Human Flag-tagged PALB2 cDNA was
obtained from pcDNA3-Flag-PALB2 and subcloned into pBudCE4.1-Pacl using the Acc65| and
Xhol restriction sites. An Ef1a-PALB2-containing fragment from pBudCE4.1-Pacl-PALB2 was
then cloned into the RMCE vector pRNA 251-MCS RMCE) (TaconicArtemis GmbH) using the
Pacl restriction sites in both vectors. PALB2 variants were introduced by site-directed
mutagenesis using the Quick-Change Lightning protocol (Agilent Technologies). Constructs
were verified by Sanger sequencing and used for mES cell-based assays. For human cell-
based assays, siRNA-resistant pEYFP-PALB2 construct was generated by site-directed
mutagenesis using the Q5 Site-Directed Mutagenesis Kit (New England Biolabs) as per the
manufacturer's  protocol with the following primers: forward primer - 5'-
GATCTTATTGTTCTACCAGGAAAATC-3’ and reverse primer - 5-
TTCCTCTAAGTCCTCCATTTCTG-3'. PALB2 variants were introduced in the siRNA-resistant
pEYFP-C1-PALB2 plasmid by site-directed mutagenesis using the same kit. All primers used
for site-directed mutagenesis are listed in Supplementary Data 1.

Karyotyping

mES cells (50% confluency) were incubated with 0.05 pg/ml colcemid (Gibco) for 2.5 hours.
After trypsinization, 2.5 ml of 0.4% Na-citrate, 0.4% KCL (1:1) was added in a dropwise
manner. Cells were centrifuged at 120 g after which the supernatant was aspirated and 2.5 ml
fixative consisting of methanol and acidic acid (4:1) was added while slowly vortexing. This
step was repeated twice. Using ultrathin pipet tips, a small number of cells was dropped onto
a cleaned microscopy slide (VWR, 631-1551) and left to air-dry. DAPI was used for visualizing
the chromosomes, which were counted using a Zeiss microscope Imager M2 (63x) and ZEN

2012 microscopy software.

Western blot analysis

Expression of endogenous mouse PALB2 and human PALB2 in mES was monitored by
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protein extraction and western blot. Briefly, samples were generated by taking up ~1.5x10°
cells in 75 yl Laemmli buffer and boiling them at 95°C for 5 minutes. Samples were incubated
with 1.5 yl benzonase (Merck Millipore 70746-3, 25 U/ul) for 10 minutes at room temperature
and then loaded for gel electrophoresis and immunoblotting. Primary antibodies used were a
rabbit polyclonal antibody against the N-terminus of human PALB2 (1:1000, kindly provided
by Cell Signaling Technology prior to commercialization), a homemade rabbit antibody against
the N-terminus of mouse PALB2 (42) (NB3 anti-mPalb2, 1:2000, kind gift form Bing Xia) and
a mouse monoclonal antibody against alpha tubulin (1:10000, Sigma, T6199 clone DM1A).
Peroxidase-AffiniPure Goat Anti-Rabbit secondary antibody (Jackson laboratories) and
SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFisher) were used for
development of blots on the Amersham Imager 600 (GE Healthcare Life Sciences).

Western blotting was performed by separating U20S and Hela protein extracts on 12% SDS-
PAGE gels at 100V and transferred to nitrocellulose membrane during 1.5 hour at 100V.
Membranes were blocked for 1 hour in 5% milk in Tris-buffered saline (TBS)-Tween. Primary
antibodies applied were mouse monoclonal anti-GFP (1:1000, Roche, #11814460001), anti-
alpha tubulin (1:200000, Abcam, #ab7291) and a home-made rabbit polyclonal antibody
against human PALB2 (1:5000). Horseradish peroxidase-conjugated anti-mouse IgG
(1:10000, Jackson ImmunoResearch) were used as secondary antibodies.

RT-qPCR analysis

RNA was isolated from mES cells on 6-well plates using Trizol (ThermoFisher, 15596026) as
per the manufacturer’s protocol. For each condition, 3 uyg RNA was treated with RQ1 RNAse-
free DNAse (Promega, M6101) and cDNA was synthesized from 0.2 yg DNAse-treated RNA
using hexamer primers (ThermoFisher, N8080127) and AMV Reverse Transcriptase
(ThermoFisher, 12328019) as per the manufacturer’s protocols. RT-qPCRs were carried out
using GoTaq qPCR Master mix (Promega, A6002), a CFX384 Real-Time System (Bio-Rad)
and the following gPCR primers directed at the human PALB2 cDNA or the mouse control
gene Pim1; PALB2-Fw - 5-GATTACAAGGATGACGACGATAAGATGGAC-3’, PALB2-Rv - 5'-
CCTTTTCAAGAATGCTAATTTCTCCTTTAACTTTTCC-3'. Pim1-exon4-Fw - 5-
GCGGCGAAATCAAACTCATCGAC-3 and Mouse Pim1-exon5-Rv - 5-
GTAGCGATGGTAGCGAATCCACTCTGG-3'.

HR Reporter Assays

2x10°® Trp53%°/Palb2“° mES cells carrying the DR-GFP reporter and RMCE system were
subjected to RMCE by co-transfecting 1 pg FlpO expression vector (pCAGGs-FIpO-IRES-
puro) (19) with 1 yg RMCE exchange vector. Neomycin-resistant cells from ~500 resistant

clones were pooled and expanded for DR-GFP reporter assays. 1 ug of a plasmid for co-
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expression of I-Scel and mCherry (pCMV-Red-Isce, kind gift from Jos Jonkers) was
transfected in 1x10° cells using Lipofectamine 2000 (ThermoFisher) (13). A co-transfection of
1 ug pCAGGs (53) with 0.05 pg of an mCherry expression vector was included as control. Two
days after transfection, mCherry/GFP double-positive cells were scored using a Novocyte Flow
Cytometer (ACEA Biosciences, Inc.).

For the CRISPR-LMNA HR assay (43), U20S cells were seeded in 6-well plates at 2x10° cells
per well. Knockdown of PALB2 was performed 6 hours later with 50 nM siRNA against PALB2
(5-CUUAGAAGAGGACCUUAUU-3’;  Dharmacon) using Lipofectamine RNAIMAX
(Invitrogen). Twenty-four hours post-transfection, 1.5x10° cells were pelleted for each
condition and resuspended in 100 ul complete nucleofector solution (SE Cell Line 4D-
Nucleofector™ X Kit, Lonza) to which 1ug of pCR2.1-mRuby2LMNAdonor, 1 ug pX330-
LMNAgRNA, 1 ug peYFP-C1 or the indicated siRNA-resistant YFP-PALB2 construct, and 150
pmol siRNA was added. Once transferred to a 100 pl Lonza certified cuvette, cells were
transfected using the 4D-Nucleofector X-unit, program CM-104 and transferred to a 10 cm
dish. After 48 hours, cells were trypsinized and plated onto glass coverslips. Cells were fixed
with 4% paraformaldehyde and analyzed for mRuby2 and YFP expression on a Leica CTR
6000 inverted microscope using a 63x/1.40 oil immersion objective 72 hours post-

nucleofection.

PARPiI and cisplatin sensitivity assays

For proliferation-based PARPi and cisplatin sensitivity assays, mES cells were seeded in
triplicate at 10.000 cells per well of a 96-well plate. The next day, cells were treated with PARP
inhibitor Olaparib (Selleckchem, S1060) or cisplatin (Accord Healthcare, 15683354) for two
days, after which the medium was refreshed and cells were cultured for one more day. Viable
cells were subsequently counted using the Novocyte Flow Cytometer (ACEA Biosciences,
Inc.).

For clonogenic PARPI survival assays, mES cells were seeded on p60 plates at the following
densities: 250 cells without PARPI, 400 cells for functional variants with 1 or 5 nM PARPI, and
3000 cells for damaging variants with 1 or 5 nM PARPI. Cells were treated for 7-9 days allowing
the visible formation of surviving colonies which were counted following methylene blue
staining (2.5 gr/L in 5% ethanol). HelLa cells were seeded at 240000 cells per well of a 6-well
plate before being transfected 6 hours later with 50 nM control or PALB2 siRNA using
Lipofectamine RNAIMAX (Invitrogen). The next day, cells were complemented with 0.8 pg of
EYFP-PALB2 plasmid DNA using Lipofectamine 2000 (Invitrogen) for 24 hours and then
seeded in triplicates into a Corning 3603 black-sided clear bottom 96-well microplate at a
density of 3000 cells per well. After 3 days of treatment with Olaparib (Selleckchem, S1060),

nuclei were stained with Hoechst 33342 (Invitrogen) at 10 pg/ml in media for 45 minutes at
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37°C. Images of entire wells were acquired at 4x with a Cytation 5 Cell Imaging Multi-Mode
Reader followed by quantification of Hoechst-stained nuclei with the Gen5 Data Analysis

Software v3.03 (BioTek Instruments).

Cell cycle analysis and G2/M checkpoint assays

For cell cycle profile analysis cells were fixed in 70% ethanol. After 15 minutes incubation on
ice, cells were pelleted and resuspended in 500 ul PBS containing 50 ug/ml propidium iodide
(P1) (ThermoFisher, P1304MP), 0.1 mg/ml RNase A and 0.05% Triton X-100, followed by 40
minutes incubation at 37°C. Cells were then washed with PBS and analyzed using the
Novocyte Flow Cytometer (ACEA Biosciences, Inc.).

For G2/M checkpoint assays, 1x10® mES cells were seeded on p60 dishes one day before
exposure to 3 or 10 Gy of IR. One or 6 hours later, cells were fixed as described for cell cycle
profile analysis and incubated overnight at -20°C. Fixed cells were then permeabilized for 15
minutes on ice using 0.25% Triton X-100 in PBS, after which mitotic cells were stained in 100
ul PBS with 1 pl anti-phospho-H3 Ser10 (1ug/ul, Sigma-Aldrich, 06-570) for 3 hours at room
temperature. Alexa-488 goat a-rabbit (1:100 in 100ul PBS; ThermoFisher, 11034) was used
as a secondary antibody. Cells were analyzed using the Novocyte Flow Cytometer (ACEA
Biosciences, Inc.).

Pulldown assays

20 pg YFP-PALB2 plasmid DNA (previously described (54)) was transfected into ~10x10°
U20S cells on a 15 cm dish using Lipofectamine 2000. The next day cells were trypsinized,
washed with cold PBS, and transferred to LoBind Eppendorf tubes. Cells were then lysed in 1
ml EBC buffer (50 mM Tris pH 7.3, 150 mM NaCl, 0.5% NP-40, 2.5 mM MgClz), containing 1
tablet protease inhibitor (Roche) per 10 ml buffer. 500 Units benzonase was then added to
each condition and cells were incubated for 60 minutes at 4 °C on a rotating wheel. The lysate
was subsequently centrifuged for 10 minutes at 18400 g at 4°C. The supernatant was then
added to 25 pl of pre-washed GFP-trap beads (ChromoTek) in LoBind Eppendorf tubes and
incubated for 1.5 hours at 4 °C on a rotating wheel. The beads were washed 5-6 times with
EBC buffer with spinning steps of 1 minute at 3380 g at 4°C. Beads were eventually
resuspended in 25 ul Laemmli buffer after which about half of each sample was analyzed by
western blot analysis using a homemade rabbit antibody against human BRCA1 (55) (1:1000,
kind gift form Dan Durocher).
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Laser micro-irradiation and PALB2 recruitment

U20S cells were grown on 18-mm coverslips and sensitized with 10 yM 5' -bromo-2-
deoxyuridine (BrdU) for 24 h before micro-irradiation. Cells were co-transfected with 1 ug
pYFP-PALB2, with or without a variant, and 0.5 ug mCherry-NBS1 expression vector using
lipofectamine 2000 (Invitrogen). For micro-irradiation, cells were placed in a live-cell imaging
chamber set to 37 °C in CO2-independent Leibovitz's L15 medium supplemented with 10%
FCS and penicillin—streptomycin (Invitrogen). Live cell imaging and micro-irradiation
experiments were carried out with a Zeiss Axio Observer microscope driven by ZEN software
using a 63x/1.4 oil immersion objective coupled to a 355 nm pulsed DPSS UV-laser (Rapp
OptoElectronic). To monitor the recruitment of YFP-PALB2 to laser-induced DNA damage
sites, cells were imaged before and after laser irradiation at 90 seconds time intervals over a
period of 10.5 minutes. The fluorescence intensity of YFP-PALB2 and mCherry-NBS1 at DNA
damage sites relative to that in an unirradiated region of the nucleus was quantified and plotted
over time. Kinetic curves were obtained by averaging the relative fluorescence intensity of cells

displaying positive recruitment (n>30 cells per condition).

RAD51 foci analysis

HelLa cells were seeded on glass coverslips in 6-well plates at 225.000 cells per well.
Knockdown of PALB2 was performed 18 hours later with 50 nM PALB2 siRNA using
Lipofectamine RNAIMAX (Invitrogen). After 5 hours, cells were subjected to a double thymidine
block. Briefly, cells were treated with 2 mM thymidine for 18 hours and released into fresh
medium for 9 hours. During the release time, 0.8 pg YFP-PALB2 plasmid DNA (with or without
variant) was transfected into the cells using Lipofectamine 2000. Cells were then treated with 2
mM thymidine for 17 hours and protected from light from this point on. After 2 hours of release
from the second block, cells were irradiated with 2 Gy and processed for immunofluorescence
4 hours post-irradiation. Unless otherwise stated, all immunofluorescence dilutions were
prepared in PBS and incubations performed at room temperature with intervening washes in
PBS. Cell fixation was carried out by incubation with 4% paraformaldehyde for 10 minutes
followed by 100% ice-cold methanol for 5 minutes at -20 °C. This was succeeded by
permeabilization in 0.2% Triton X-100 for 5 minutes and a quenching step using 0.1% sodium
borohydride for 5 minutes. After blocking for 1 hour in a solution containing 10% goat serum
and 1% BSA, cells were incubated for 1 hour with primary antibodies anti-RAD51 (1 :7000, B-
bridge International, #70-001) and anti-cyclin A (1 :400, BD Biosciences, # 611268) diluted in
1% BSA. Secondary antibodies Alexa Fluor 568 goat anti-rabbit (Invitrogen, #A-11011) and
Alexa Fluor 647 goat anti-mouse (Invitrogen, #A-21235) were diluted 1 :1000 in 1% BSA and
applied for 1 hour. Nuclei were stained for 10 minutes with 1 pug/mL DAPI prior to mounting

onto slides with 90% glycerol containing 1 mg/ml paraphenylenediamine anti-fade reagent. Z-
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stack images were acquired at 63X magnification on a Leica CTR 6000 microscope, then
deconvolved and analyzed for RAD51 foci. The number and intensity of RAD51 foci in cyclin
A-positive cells expressing the indicated YFP-PALB2 constructs were scored using automatic

spot counting in Volocity software v6.0.1 (Perkin-Elmer Improvision).
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Supplementary Data 1. Complete list of human PALB2 variants analyzed in this study.

Protein Mutation Prior Align CADD PolyPhen | SIFT | REVEL | HR PARPi Cispl. Norm. M-
change type classification | GVGD | (phred) (%) (%) (%) phase (%)
p.P4S Missense vUs co 16,53 0,09 0,35 0,04 97,61 72,70 X X
p.P5S Missense vus Cco 16,21 0,02 0,49 0,03 62,31 95,74 X X
p.K18R Missense vus co 24,30 1,00 0,03 0,18 100,19 | 94,47 84,05 86,76
p.L24S* Missense vUs C65 23,80 1,00 0,01 0,17 20,67 55,40 X X
p.Y28C* Missense vus C65 26,70 1,00 0,01 0,22 32,92 21,70 X X
p.T31I Missense vus Cce5 26,50 1,00 0,01 0,21 97,16 102,22 X X
p.L35P* Missense vUs C65 31,00 1,00 0,10 0,35 10,40 9,68 26,03 260,91
p.R37H Missense vus C25 24,20 0,97 0,01 0,16 44,90 67,82 83,16 175,61
p.E42K Missense vus C15 34,00 1,00 0,02 0,14 105,41 | 94,84 89,72 101,81
p.Q60Rfs Frameshift Pathogenic X X X X X 8,55 11,06 X X
p.D134N Missense Likely benign Cco 10,56 0,02 0,47 0,04 90,64 93,44 97,73 54,70
p.S172fs Frameshift Pathogenic X X X X X 8,55 13,87 X X
p.P210L Missense Likely benign Cco 9134,00 | 0,02 0,66 0,10 85,37 102,70 X X
p.E230X Nonsense Pathogenic X X X X X 7,42 17,50 X X
p.L337S Missense Likely benign co 11,35 0,29 0,23 0,04 86,67 115,71 X X
p.Y408H Missense vUs Cc65 29,40 1,00 N/A - 92,32 108,51 93,33 79,77
p.Y409X Nonsense Pathogenic X X X X X 7,82 17,43 X X
p.S417Y Missense vus C15 26,10 1,00 0,00 0,33 72,20 83,96 X X
p.D498Y Missense Likely benign co 21,00 0,90 0,07 0,09 94,49 74,18 X X
p.K515R Missense vus Cco 15,96 0,20 0,15 0,01 75,45 120,54 X X
p.L531Cfs Frameshift Pathogenic X X X X X 7,75 23,96 X X
p.Y551X Nonsense Pathogenic X X X X X 8,12 10,68 20,08 244,69
p.Q559R Missense Likely benign Cco 0,08 0,00 0,75 0,02 95,02 117,58 X X
p.L622P Missense vus Cce5 28,90 1,00 0,01 0,34 77,45 64,92 X X
p.E669Gfs Frameshift Pathogenic X X X X X 7,03 19,46 X X
p.E672Q Missense Likely benign Cco 10,78 0,23 0,28 0,03 79,52 103,53 X X
p.T706I Missense vus C15 24,40 1,00 0,01 0,25 87,35 78,20 X X
p.P707L Missense vUs C65 27,70 1,00 0,00 0,33 82,83 87,96 100,97 | 93,92
p.v858= Synonymous | Likely benign X X X X X 84,43 74,36 X X
p.P864S Missense Likely benign co 19,49 0,58 0,38 0,06 85,80 86,54 X X
p.S865P Missense vUs co 28,20 1,00 0,03 0,19 100,10 | 78,30 X X
p.D871G Missense vus C35 27,60 1,00 0,02 0,52 84,07 115,45 87,40 116,75
p.C882Wfs Frameshift Pathogenic X X X X X 6,10 29,04 X X
p.W912G* Missense vUs co 25,60 1,00 0,00 0,56 6,66 7,73 X X
p.D927A Missense vus Co 32,00 0,96 0,02 0,25 75,71 86,26 X X
p.L931R Missense vus Cc65 27,30 1,00 0,00 0,57 106,25 | 94,55 112,08 | 79,77
p.G937R* Missense vUs C65 28,40 1,00 0,00 0,48 17,35 26,39 X X
p.L939W Missense VUs C55 29,40 1,00 0,00 0,36 60,28 91,12 102,20 | 218,25
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Supplementary Data 1. Continued

Protein Mutation Prior Align CADD PolyPhen | SIFT | REVEL | HR PARPi Cispl. Norm. M-
change type classification | GVGD | (phred) (%) (%) (%) phase (%)
p.E940G Missense VUS C65 29,60 1,00 0,00 0,43 63,40 81,17 X X
p.1944N* Missense vus C15 26,70 1,00 0,00 0,45 7,27 14,78 X X
p.L947S* Missense VUs C65 24,90 1,00 0,00 0,38 30,27 24,31 X X
p.L961P* Missense VUS C25 25,50 1,00 0,02 0,27 6,53 8,41 27,29 280,28
p.1966T Missense vus Cco 26,40 1,00 0,22 0,21 74,49 78,91 X X
p.L972Q" Missense VUS C35 28,20 1,00 0,00 0,23 14,02 12,77 X X
p.Q988X Nonsense Pathogenic X X X X X 6,70 15,23 X X
p.G998E Missense Likely benign C65 27,70 1,00 0,01 0,29 95,16 97,37 80,44 129,12
p.P1009Lfs | Frameshift Pathogenic X X X X X 6,16 25,09 X X
p.E1018D Missense VUS Cco 23,40 1,00 0,05 0,12 86,41 84,41 111,51 | 73,37
p.A1025R Missense vus C65 23,10 1,00 0,05 0,13 17,62 24,27 X 368,90
p.T10301* Missense VUS C65 31,00 1,00 0,00 0,43 14,68 14,80 X X
p.11037T* Missense VUS C25 26,10 1,00 0,00 0,41 38,86 52,23 X X
p.W1038X Nonsense Pathogenic X X X X X 6,98 12,35 X X
p.L1040S Missense VUs Cco 31,00 1,00 0,03 0,31 76,97 99,69 X X
p.G1043D* Missense VUS C65 29,80 1,00 0,00 0,30 10,59 10,42 37,28 275,71
p.110518 Missense vus C35 27,30 1,00 0,00 0,22 91,24 108,56 X X
p.S1058P Missense VUSs Cco 28,10 0,99 0,01 0,19 95,88 85,13 119,03 | 108,97
p.Y1064C Missense VUS C65 31,00 1,00 0,00 0,44 101,04 | 87,27 128,59 | 100,42
p.L1070P* Missense vus C65 26,40 1,00 0,00 0,47 23,09 56,67 X X
p.P1111A Missense VUS C25 28,10 1,00 0,02 0,40 102,61 | 87,51 X X
p.L1119P Missense VUS C65 - 1,00 0,00 0,47 94,33 103,83 X X
p.V1123M Missense vus Cco 26,70 1,00 0,00 0,23 75,85 102,57 X X
p.L1143H Missense VUs Cco 26,70 1,00 0,14 0,22 69,83 98,43 X X
p.W1159L Missense VUs Cco 28,20 1,00 0,01 0,37 90,82 108,27 X X
p.S1160P Missense vus Cco 26,90 1,00 0,01 0,26 92,22 103,21 X X
p.W1164C Missense VUs C65 33,00 1,00 0,00 0,43 80,95 96,22 X X
p.L1172P* Missense VUS C65 28,90 1,00 0,00 0,48 13,46 16,60 X X
p.G1174R Missense vus C65 31,00 1,00 0,00 0,43 90,57 102,88 X X
p.11180T Missense VUs C25 24,20 1,00 0,01 0,34 81,82 98,64 X X
p.Y1183C Missense VUS C55 27,90 1,00 0,00 0,41 70,86 109,07 X X
p.Y1183X Nonsense Pathogenic X X X X 11,12 9,67 19,53 344,61

All variants are indicated at the protein level (i.e., protein change). Nucleotide annotations for each
variant are available in the published manuscript, where nucleotide numbering reflects Human Genome
Variation Society (HGVS) nomenclature and cDNA number +1 corresponds to the A of the ATG
translation initiation codon in the reference sequence (PALB2 NM_024675.3). The initiation codon is
codon 1. In silico predictions, results from DR-GFP, PARPI sensitivity, cisplatin sensitivity and G2/M
checkpoint assays in mES cells are included. Strongly damaging variants from the functional assays
(HR >60% reduced) are indicated in the ‘protein change’ column (red *).
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Supplementary Figure 1. Stable integration of the DR-GFP reporter at the Pim1 locus in mES cells. a
Schematic showing the Pim1 locus (upper) and Pim1 locus with an integrated DR-GFP reporter
(Pim1:DR-GFP; lower) in mES cells. Integration is directed by the 3’ and 5 homology arms. Correct
integration of the reporter results in expression of a hygromycin resistance marker under control of the
endogenous Pim1 promoter (not shown). Correct integration was examined by PCR and Southern blot
analysis using the indicated primers, as well as probe and restriction enzymes, respectively. b PCR
analysis of genomic DNA from hygromycin-resistant mES cell clones obtained after targeting the Pim1
locus with a DR-GFP cassette using primers indicated in A. Clone 4-6 show correct integration of DR-
GFP at a Pim1 allele (as evidence by the appearance of a 958 bp band). ¢ Southern blot analysis of
Hincll-digested genomic DNA from mES cell clones 4-6 from B using the probe shown in A. Single copy
genomic integration at a Pim1 allele is observed in all three clones (as evidence by the appearance of
a 2.4 kb band). d DR-GFP assay DR-GFP assay in clone 4-6 from b and c. Cells were co-transfected
with I-Scel and mCherry expression vectors, or mCherry expression vector only, and GFP expression
was monitored by FACS. Data represent the absolute percentage of GFP-positive cells among the
mCherry-positive-cells. Source data are provided as a Source Data file.
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Supplementary Figure 2. Stable integration of the RMCE acceptor cassette at the Rosa26 locus in
mES cells carrying DR-GFP. a Schematic showing the Rosa26 locus (upper left) and Rosa26 locus with
an integrated RMCE acceptor cassette (Rosa26:RMCE; lower left) in mES cells. Integration is directed
by the 3’ and 5 homology arms. Correct integration of the RMCE acceptor cassette results in expression
of a puromycin resistance marker under control of the PGK1 promoter. Correct integration was
examined by Southern blot analysis of EcoRV-digested genomic DNA from mES cell clones 1-6 using
the indicated probe (right). Single copy genomic integration at a RosaZ26 allele is observed in clone 2
(as evidence by the appearance of a 2.3 kb band). b Schematic as in a, except that a different probe
and different restriction sites for Southern blot analysis are shown (left). Correct integration was
examined by Southern blot analysis of Asel- and Bglll-digested genomic DNA from mES cell clones 1-
6 using the indicated probe (right). Single copy genomic integration at a Rosa26 allele is observed in
clone 2 (as evidence by the appearance of a 4.8 kb band).
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Supplementary Figure 3. Validation of Trp53%%/Palb2X® mES cells. A, Sequence alignment of a
fragment of exon 1 of the Trp53 gene showing a +1 bp (guanine) insertion in Trp53%© clone 3. b TIDE
analysis confirming the +1 bp insertion in exon 1 of the Trp53 gene in Trp53X° clone 3. ¢ Sequence
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Supplementary Figure 4. RMCE efficiency in mES cells. a Western blot analysis of the expression of
wild-type human PALB2 in 12 individual Trp53X%/Palb2X°® mES cell clones using an antibody directed
against the N-terminus of PALB2. An empty vector (Ev) served as negative control. Tubulin was used
as a loading control. b Representative image of a culture dish with methylene-stained neomycin
resistant clones after transfection of Trp53X°/Palb2X° mES cells using RMCE exchange cassette.

Source data are provided as a Source Data file.
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Supplementary Figure 5. Functional analysis of benign and truncating variants in human PALB2 by
PARPi sensitivity assays. a PARP inhibitor (PARPI) sensitivity assay using Trp53%%/Palb2X° mES cells
expressing human PALB2 variants (or an empty vector control, Ev). Cells were exposed to the indicated
concentrations of PARPI for two days. Cell viability was measured 1 day later using FACS. Data
represent the mean percentage of viability/resistance relative to untreated cells (+ SEM) from 2
independent experiments, except for p.P210L for which data from three independent experiments is
presented. Variants/conditions are categorized by color as either wild type (WT, black), likely benign
SNV (green), or empty vector (Ev, grey). Data from the 0.5 yM PARPI concentration are shown in Fig.
3a. b as in a, except for truncating variants (red). Source data are provided as a Source Data file.

131



Chapter 4

Rel. resistance (%)

Rel. resistance (%)

o

%
N
=3
(2]

Rel. resistance (%)

N A O

©o o o © o
m
B
N
Fel

Rel. resistance (%)

N A O ®
©o © o ©o o

Rel. resistance (%)

Rel. resistance (%)

N A O @
o ©o o o o
@
©
I
3
A

100 P4s

N A O
o o o ©o o

0.01 0.1 1

PARPi (uM)

IN)

100

0.1 1
PARPiI (uM)

N

100

4
o

0.1 1
PARPi (uM)

[N)

100 L622P

0.01 0.1 12
PARPI (M)
100 D871G
80
60
40
20
0
0.01 0.1 12
PARPi (M)
100

0.1 1
PARPi (uM)

N

132

Rel. resistance (%)

Rel. resistance (%)

5

Rel. resistance (%)

N A O ®©
o o © © o

Rel. resistance (%)

N A O ®

o o o © ©
-
3
=3
*

Rel. resistance (%)

Rel. resistance (%)

100
80
60
40
20

PS!

2]

o

0.01 0.1 1

PARPI (uM)

N

120
100
80
60
40
20

T31I

0.01 0.1 1

PARPI (uM)

N

100 Y408H

o
o

0.1 1
PARPi (uM)

N

100

0.01 0.1 1 2
PARPI (M)

100 W912G

80

60

40

20

0

0.01 0.1 1 2
PARPI (UM)

100 L939wW

80

60

40

20

0

0.01 0.1 1 2
PARPI (uM)

Rel. resistance (%) Rel. resistance (%)

Rel. resistance (%)

N A3 a g

o o © © o
w
S
2
3
<

Rel. resistance (%)

IS =
o © o © ©
i
=
o
3
-

Rel. resistance (%)

Rel. resistance (%)

i

100

100 K18R L24s
80 K 80
60 g 60
40 g 40
20 g 20
0 0
0.01 0.1 12 0.01 0.1 12
PARPi (M) PARPI (M)
100 L35P 100 R37H
80 £ 80
60 g 60
40 g 40
20 T 20
0 0
0.01 0.1 12 0.01 0.1 12
PARPI (M) PARPi (M)

Rel. resistance (%)

I
o
=

0.1
PARPI (uM)

N

Rel. resistance (%)

”"“‘”‘”S
o o o o o
[
=3
-3
a
o

NAo)caé
o o o © o
F
o
2
o
A

o
o
=

0.1
PARPi (uM)

N
N

Rel. resistance (%)

M::.ououé\
o ©o o © o
8
‘ ; ©
©
ey
A

I
o
=

0.1
PARPi (M)

N

0.01 0.1 12
PARPi (M)
120 D927A
100
80
60
40
20
ol
0.01 01 12
PARPi (M)

E940G
80

60
40
20

Rel. resistance (%)

N A2 3 g

o ©o o © o
©
'S
B
4

o
o
=

0.1
PARPi (uM)

N
N

0.1 1
PARPI (uM)

N

o
o
=

0.1
PARPi (M)

N



Functional analysis of genetic variants in PALB2

Supplementary Figure 6. Functional analysis of selected VUS in human PALB2 by PARPi sensitivity
assays. PARP inhibitor (PARPI) sensitivity assay using Trp53X%/Palb2“° mES cells expressing human
PALB2 variants (or an empty vector control, Ev). Cells were exposed to the indicated concentrations of
PARPI for two days. Cell viability was measured 1 day later using FACS. Data represent the mean
percentage of viability/resistance relative to untreated cells (+ SEM) from 2 independent experiments,
except for p.P4S and p.L939W, for which data from three independent experiments is presented, and
p.L24S for which data from four independent experiments is presented. Variants/conditions are
categorized by color as either wild type (WT, black), VUS (blue), or empty vector (Ev, grey). Data from
the 0.5 yM PARPI concentration are shown in Fig. 3a. Source data are provided as a Source Data file.
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Functional analysis of genetic variants in PALB2

Supplementary Figure 7. Functional analysis of selected VUS in human PALB2 by PARPi sensitivity
assays. PARP inhibitor (PARPI) sensitivity assay using Trp53X%/Palb2“° mES cells expressing human
PALB2 variants (or an empty vector control, Ev). Cells were exposed to the indicated concentrations of
PARPI for two days. Cell viability was measured 1 day later using FACS. Data represent the mean
percentage of viability/resistance relative to untreated cells (+ SEM) from 2 independent experiments,
except for p.V1123M for which data from three independent experiments is presented, and p.L1070P
for which data from four independent experiments is presented. Variants/conditions are categorized by
color as either wild type (WT, black), VUS (blue), or empty vector (Ev, grey). Data from the 0.5 yM
PARPI concentration are shown in Fig. 3a. Source data are provided as a Source Data file.
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Supplementary Figure 8. Cell cycle profiles of Trp53X°/Palb2X® mES cells expressing human PALB2
variants. Cell cycle profiles are from cells in Fig. 2b. Cells were treated with propidium staining (PI) and

analyzed by FACS. Data represent the mean percentage of cell cycle phase distributions from 2

independent measurements. Source data are provided as a Source Data file.
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Supplementary Figure 9. Correlation between in silico predictions and the outcome of functional
assays for missense variants in human PALB2. a Scatter plot showing correlation between the in silico
prediction from CADD and results from the DR-GFP assay in Fig. 2b. b Scatter plot showing correlation
between the in silico prediction from REVEL and results from the DR-GFP assay in Fig. 2b. ¢ Scatter
plot showing correlation between the in silico prediction from CADD and results from the PARPI
sensitivity assay in Fig. 3a. d Scatter plot showing correlation between the in silico prediction from
REVEL and results from the PARPI sensitivity assay in Fig. 3a.
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Supplementary Figure 10. Effect of PALB2 variants on protein stability. Partial structures of the PALB2
WD40 domain showing the effect of 7 PALB2 variants exhibiting low protein expression as shown in
Fig. 4a. Partial structures without and with variant are shown side by side for each variant, indicating
loss of stabilizing interactions (but not any possible conformational changes).
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Supplementary Figure 11. Functional analysis of damaging PALB2 variants in human cells. a
Schematic of the CRISPR-LMNA HDR assay in human cells. Homology-directed repair of the Cas9-
induced DSB will result in the in-frame integration of mRuby in the first exon of LMNA, leading to
expression of red fluorescent mRuby-LMNA. The number of mRuby-positive cells is a measure of the
HR efficiency. b Representative fluorescence microscopy images of mRuby2-LMNA expression after
successful homology directed repair (HDR) in a PALB2-depleted U20S cell complemented with YFP-
PALB2-WT (upper), and a cell negative for mRuby2-LMNA expression after complementation with the
damaging YFP-PALB2-L961P variant (lower). ¢ Western blot analysis of the expression of human
PALB2 variants in siPALB2-treated U20S cells 24 hours after complementation with the indicated
siRNA-resistant YFP-PALB2 variant cDNA constructs. Tubulin was used as a loading control. d Western
blot analysis of the expression of human PALB2 variants in siPALB2-treated Hela cells 24 hours after
complementation with the indicated siRNA-resistant YFP-PALB2 variant cDNA constructs. Tubulin was
used as a loading control. Source data are provided as a Source Data file.
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ABSTRACT

Genetic testing for sequence alterations in genes that associate with cancer, frequently reveals
missense variants of uncertain significance (VUS) for which the effects on protein function and
associated cancer risk and are unclear. To extend the utility of genetic tests for the high-risk
breast cancer gene PALB2, functional assays can be performed to determine the effects of
variants in this gene. Here we employ both semi high-throughput and high-throughput
approaches for the functional analysis of genetic variants in PALB2. Our semi high-throughput
approach identified four novel damaging missense variants in the WD40 domain of PALB2,
and furthermore showed that the ChAM and MRG15 domains are dispersible for PALB2’s
function in homologous recombination (HR). Our high-throughput assay allowed us to
functionally interrogate 603 variants in the Coiled-Coil (CC) domain of PALB2, which may
provide evidence for the re-classification of over 60 PALB2 CC missense VUS reported in
ClinVar. Correlation of functional data from the semi high-throughput approach with breast
cancer risk, shows for the first time that reduced homologous recombination (HR) as a result
of patient-derived missense variants in PALB2, correlates with increased breast cancer risk.
We therefore predict that the results presented here will eventually be useful for the clinical
interpretation of many PALB2 missense variants, and that this approach can be extended to
overcome the challenge of managing VUS carriers.
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INTRODUCTION

Genetic testing for genes that have been associated with hereditary breast cancer has led to
the identification of a plethora of genetic variants for which the impact on protein function is
often not clear. Many of these variants, of which most constitute rare missense variants, are
reported as variants of uncertain significance (VUS). As accurate quantification of cancer risk
for such rare variants is generally not possible, even after extensive worldwide sharing of
clinical data, they can result in a lot of distress for clinical geneticists and carriers, and even
result in unnecessary surgeries ' 2. Therefore, to complement genetic test results, additional
methods for interpreting the molecular effects of VUS are urgently required.

For the high-risk breast cancer susceptibility gene PALB2, currently 2202 VUS have
been reported in ClinVar (as of August 2022), of which 1985 VUS constitute (rare) missense
variants. One way to interpret such a large number of variants, is to perform computational
predictions for impaired protein function. Although it is feasible to perform computational
predictions en masse, many of these computational algorithms exhibit a high rate of false
predictions, as has also been shown for missense variants in PALB2 *°. Another way to
interpret PALB2 VUS, is to perform functional analysis. As DNA double-stranded break repair
by homologous recombination (HR) is a key tumour suppressive function of PALB2 7, one
commonly used assay to measure the functional effects of PALB2 variants, is to measure their
impact on HR efficiency. In an effort to address the functional consequences of genetic variants
in PALB2, three recent studies have functionally characterized 155 unique missense variants
in total, with most assays examining DNA repair by HR %% 1% 1 Although these assays have
successfully identified several damaging missense variants in PALB2, these ‘one-at-a-time’ or
semi high-throughput approaches, are often time and resource intensive. In addition, functional
assays are generally performed after a variant is encountered in an individual, with results
probably becoming public years later. For individuals carrying a damaging PALB2 variant,
functional results may then no longer be beneficial, at least with regards to therapeutic options.
Lastly, whether an identified damaging missense variant in PALB2 will actually associate with
increased (breast) cancer risk is also unclear, since many of the identified damaging variants
are present in only a few carriers, making it extremely difficult to associate these rare variants
with breast cancer risk.

Here we aim to address these issues by linking the functional impact of PALB2
missense variants to breast cancer risk using a burden type association analysis. For this, we
initially employed our reported semi high-throughput approach 3, to functionally characterise
18 PALB2 VUS identified in an Asian cohort "2, as well as 58 PALB2 VUS identified within 44
BCAC studies combined . In order to address the large numbers of functionally
uncharacterized PALB2 missense VUS, we further developed this approach to allow for

functional analysis of PALB2 variants en masse. To this end, we employed a cDNA variant
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library for the Coiled-Coil (CC) domain of PALBZ2, in which several damaging missense variants
have previously been identified *%® and used sensitivity to PARP inhibition (PARPi) as a
functional readout. This allowed for the identification of numerous damaging missense variants
in this domain of PALB2. Based on the case-control association study performed by Dorling et
al. ™, and functional results from the semi high-throughput approach, we then show that
functional impact of PALB2 missense variants can be linked to increased breast cancer risk.
Notably, fully damaging missense variants in PALB2 appear to associate with a similar high

risk for breast cancer as PALB2 truncating variants.

RESULTS

Functional characterisation of rare PALB2 missense variants identified in South East
Asian populations

In a population-based study of 7,840 breast cancer cases and 7,928 healthy Chinese, Malay
and Indian women from Malaysia and Singapore, 18 rare PALB2 missense VUS were
identified 2. We evaluated the functional impact of these missense variants in our previously
published mouse embryonic stem (mES) cell-based functional assay 3. These results, which
are presented in Figure 1, have been previously published '2. Briefly, mES cells in which Palb2
was deleted using CRISPR-Cas9 technology were complemented with human PALB2 cDNA,
with or without PALB?2 variant, through stable integration at the Rosa26 locus 3. By using the
well-established DR-GFP reporter '°, which was integrated at the Pim7 locus, HR was
measured to evaluate the functional impact of all 18 missense variants in PALB2 3. Two other
variants (p.A38G and p.A38V) were included for comparison purposes. Of the 20 missense
variants (Supplementary Table) in total, two variants (p.R37C and p.R37H) exhibited moderate
HR activity (50-60%) (Fig. 1a). An impaired PALB2-BRCA1 interaction likely explains this
defect, as well as the reduced recruitment of p.R37H to sites of DNA damage induced by laser
micro-irradiation 3.
p.G1043V) exhibited >80% reduction in HR (Fig. 1a), indicating that they are similarly
damaging as truncating PALB2 variants 3.

Interestingly, two other PALB2 missense variants (p.L1027R and

As HR defects have been associated with sensitivity to PARPi '®, we next evaluated
the effect of five PALB2 missense variants that exhibited the largest defect in HR in DR-GFP
assays, using a cellular proliferation assay. We found that the three variants exhibiting a mild
to moderate impact on HR (i.e., p.R37C, p.R37H and p.A38V) (Fig. 1a), did not have a major
impact on PARPI sensitivity. In contrast, p.L1027R and p.G1043V displayed strong sensitivity
to PARPi (Fig. 1b), which is consistent with the HR efficiency measured with the DR-GFP

reporter (Fig. 1a). As a consequence of the functional impact observed for both p.L1027R and
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Figure 1. Functional analysis of PALB2 missense variants from an Asian cohort. a HR assay (DR-GFP)
in Trp53%C/PALB2*® mES cells expressing the indicated PALB2 variants (or an empty vector, Ev).
Normalized values are plotted with the wild type (WT) condition set to 100% (absolute HR efficiencies
for cells expressing wild type PALB2 were in the range ~7-10% 3). b Proliferation-based PARP inhibitor
(PARRPI) sensitivity assay using mES cells expressing the indicated PALB2 variants (or an empty vector,
Ev). The bar graph showed the relative viability/resistance to 0.5 uyM PARPi treatment, for all 5 variants.
¢ Western blot analysis for the expression of all PALB2 variants analysed. d RT-gPCR analysis of
selected PALB2 variants. Primers specific for human PALB2 cDNA and the mouse Pim1 control locus
were used. Tubulin is a loading control. e Western blot analysis of PALB2 protein abundance for the
indicated variants in the absence of cycloheximide (CHX) and after the indicated time of incubation in
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the presence of 100 ug/ml CHX. Tubulin is a loading control. Asterisk indicates an nonspecific band. f
Western blot analysis of PALB2 protein abundance for the indicated variants after 24-hour incubation
with the indicated concentrations of MG-132. Tubulin is a loading control. Asterisk indicates an
nonspecific band. g Immunofluorescence analysis and quantification of the nucleocytoplasmic
distribution of EGFP-PALB2, with or without the indicated variants, following transient expression in
Hela cells. Data represent the mean percentages (+SEM) from at least 3 independent experiments. For
all bar plots in (a), (b) and (d), data represent the mean percentages (+SEM) of parameter under
investigation with value relative to wild-type, which was set at 100% (i.e., GFP positive cells (a),
viability/resistance (b) and mRNA (d) from at least 2 independent experiments). Variants/conditions are
categorized by colour as either wild-type (black), VUS (blue) or Ev (grey). Ev1-2 refer to Ev controls
from 2 different replicates. Variants with low expression levels are indicated in red *.

p.G1043V, they may associate with increased risk of breast cancer and serve as targets for
PARPi-based therapy.

To complement the DR-GFP and PARPI sensitivity assays, we examined protein
expression levels for all 20 PALB2 missense variants. Consistent with the functional impact
observed for p.L1027R and p.G1043V, both variants showed strongly reduced expression
levels in comparison to wild type PALB2 (Fig. 1c), suggesting that these two variants negatively
affect PALB2 protein levels. mRNA analysis subsequently showed that the transcript levels of
several variants, including p.L1027R and p.G1043V, were similar to that of the wild type
complemented condition, suggesting that the weak expression of p.L1027R and p.G1043V is
likely due to protein instability (Fig. 1d). To examine this further, we performed cycloheximide
chase experiments to halt protein synthesis and assess PALB2 protein levels over time. While
wild type PALB2 protein levels remained stable over a 3 hour time span after cycloheximide
treatment, both p.L1027R and p.G1043V showed marked reductions in protein levels
compared to the 0 hour timepoint (Fig. 1e). These data provide evidence that p.L1027R and
p.G1043V impair PALB2 protein function through protein instability. Treatment with the
proteasome inhibitor MG-132 further showed that PALB2, with or without the p.L1027R or
p.G1043V variant, is subjected to proteasome-dependent degradation (Fig. 1f). Most likely as
a result of protein instability and subsequent proteasomal degradation in the cytoplasm, both
the p.L1027R and p.G1043V variants mis-localised in the cytoplasm (Fig. 1g). These data are
concordant with previous localisation data for PALB2 variants in the WD40 domain, such as
p.1944N and p.T1030I, which have also been reported to be unstable and mis-localise in the
cytoplasm ¥ %8, thereby impacting HR. However, given that several proteins involved in HR,
including BRCA2 and RNF168, interact with PALB2’s WD40 domain " ' '8, we cannot exclude
the possibility that these variants also impact HR by affecting the interaction between PALB2
and these proteins. Nonetheless, the defects for p.L1027R and p.G1043V in HR and PARPI
sensitivity are similar to those observed for the empty vector conditions and compare to those

previously reported for pathogenic PALB2 truncating variants . Accordingly, these variants
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may associate with a high risk for breast cancer similar to that observed for PALB2 truncating

variants.

Functional characterisation of PALB2 missense variants identified in 44 studies of the
Breast Cancer Association Consortium (BCAC)

In order to estimate the risks of breast cancer associated with rare germline missense variants
in genes such as PALB2, germline DNA samples from 60.466 women with breast cancer and
53.461 controls participating in 44 BCAC studies (14 family-based and 30 population-based
studies), were sequenced ". These efforts led to the identification of 567 distinct PALB2
missense variants of which most are considered VUS with unknown effects on PALB2 protein
function. Out of these 567 missense variants, we selected 58 PALB2 missense VUS
(Supplementary Table) for semi high-throughput functional analysis. Selection was based on
one or more of the following criteria; (i) position throughout the PALB2 protein sequence (ii)
frequencies of these variants in cases and controls in the 44 BCAC studies ' and (iii)
computational predictions from Helix (i.e., mostly variants that were predicted to be damaging)
%21 Four additional VUS (p.R239del, p.M416V, p.S771G, p.R976S) and one truncating
variant (p.S201fs), were gathered from ClinVar. Interestingly, two damaging missense VUS
(p-W912S and p.L1026P) were identified with HR efficiencies comparable to truncating
variants (i.e., <12% HR) 2. In addition, 7 missense VUS (p.L24W, p.R34L, p.L897R, p.G937E,
p.R976G, p.R976S and p.Y1183D) exhibited intermediate functionality (i.e., 12-75% HR). All
other PALB2 VUS exhibited HR efficiencies comparable to cells expressing wild type PALB2
(Fig. 2a), or previously studied likely benign missense variants .

Next, we examined the effect of 25 selected PALB2 variants on PARPi sensitivity. Their
selection was based on the observation that these variants exhibited variable degrees of
functional impact in the DR-GFP assay (Fig. 2a). We observed that three VUS (p.L897R,
p.-W912S, and p.L1026P), displayed sensitivity to PARPi treatment comparable to that
observed for empty vector conditions and PALB2 truncating variants 3, while four VUS
(p.L24W, p.G937E, p.R976G and p.Y1183D) displayed intermediate sensitivity (i.e., 35-75%
resistance to PARPI) (Fig. 2b). Consequently, we observed a strong positive correlation (R?=
0.76, p = <0.0001) between DR-GFP and PARPI sensitivity assays for these selected PALB2
VUS (Fig. 2c).

Consistent with results observed for PALB2 variants such as p.L1027R and p.G1043V
(Fig. 1a-d), western blot analysis for selected PALB2 variants from this set showed low
expression levels for all variants residing in the WD40 domain that were functionally damaging
or intermediate (p.L897R, p.W912S p.G937E, p.R976G, p.L1026P and p.Y1183D) (Fig. 2d).
The expression levels for functionally intermediate p.L24W was comparable to the expression

level of wild type PALB2, and we therefore hypothesize that the functional impact of this variant

147



Chapter 5

a 140
m WT
® Truncating variant (1x)
120 m VUS (62x)
B Empty vector (7x)
__ 100
X
>
o
S 80
)
5
£ 60
k]
o
40
20 ‘
: il
QRSHREL2TRIIFTRND
3 £373 oy 3
EEE%%%&“@“G%GEEW
b
160 Cc
= wr HR vs. PARPi
B Truncating (1x) y=0,771x + 18,846
140 R2-value= 0,7832
L] A
VUS (24%) p-value = <0.0001
T Empty vector (3x) n=31
~ 120
§ 140 .
o
2 100 _ 10
s 8
2 o 100
[ Q
=@ £ o WT
o 80
7l ® VUS
E 60 'Lw)
ol & 60 ® Truncating
4 w© % Empty vector
& 40
2
20 20
-
0 Tl 0
2 e SO 00 s d L BN GZ R T E LT LY TS 0 20 40 60 80 100 120 140
525,035 388B 002532 aag538,aa8 Rel. HR efficiency (%
88BE?S556" 08 SEa*3gde-¢ I 2 2 el. efficiency (%)
d .
PALB2 antibody #1 e
"wWT m VUs O E
Ko B Q- Q,% v
@ojq—"-‘h *_\.5 {1&@@@@.\5@@@\ ""\@"d ».,.9»3:»?‘@ é\'éé 0 140
|-‘ -| ‘q ‘ ‘- -‘ |- -_—--‘ WF’ALBZ 9 120 T
© 100
] 1 ; P ] " ]
! i - i - -—— v ~ - Tubulin S
——r| = === | Fruan §
> ; 60
Qe B o '1«‘23 @4-@‘::00 © & & TR R B 4
N '\\'5»\'\ RN EECE
o FEELFESY ¢ 0 FESELET o & \“ EIRSCAR £ w
5 - —0e- [ _.......__..¢ = _..\ = ---___%PALBZ I
[ — | [ ——] - J— i 0
' =1 | | |- .- ET925kbuakEs
- N
SSEUCNANO =N O
GizgasR5038
PALB2 antibody #2 ‘3042(3,1,_<:
\s
S o & 9@9 Q& & ,{/\B‘;b
& q RN
Lo Lo Cod Lo e’”q’b\&" @d"o’b@@ oS5 \,%"“
| o| ‘— i H i H—r———-‘ ‘- - —H —————--—|—PALBZ
[ — | [ — ) I | | .
| I 11 L | | |- Tubulin

Figure 2. Functional analysis of PALB2 missense variants identified in 44 BCAC studies. a HR assay
as in (Fig. 1a). b Proliferation-based PARP inhibitor (PARPI) sensitivity assay as in (Fig. 1b). ¢ Scatter
plot showing the correlation between HR efficiencies and PARPI sensitivity for variants measured in
both (a) and (b), respectively. Variants/conditions are categorized by colour as indicated. d Western blot
analysis for the expression of all PALB2 variants analysed in (a). Tubulin is a loading control. e RT-
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gPCR analysis of selected PALB2 variants as in (Fig. 1d). The asterisk indicates variant functionality
observed in Figure 1a; none (functional), orange (intermediate), red (damaging).

may be due to somewhat reduced interaction with BRCA1, as previously shown for p.L24S 3.
For nine selected PALB2 VUS, including the five VUS that displayed reduced protein levels
(Fig. 2d, red asterisk), we subsequently quantified mRNA transcript levels, which for all
variants compared well to those of wild type PALB2 (Fig. 2e). Again, this suggests that for the
five variants that are located in the WD40 domain and display low abundance of PALB2 protein
levels (Fig. 2d, red asterisk), the variants result in protein instability, as we have confirmed for
p.L1027R and p.G1043V using cycloheximide assays (Fig. 1e). Overall these data suggest
that the WD40 domain of PALB2 is exceptionally sensitive to variants that affect protein

stability and consequently HR.

A multiplex assay for measuring the functional effect of PALB2 missense variants in
the CC domain
Currently 1985 PALB2 missense VUS have been reported in ClinVar (as of August 2022). As
a one-by-one approach for functionally characterizing such a large number of PALB2 missense
variants is not feasible, high-throughput assays, such as those performed for BRCA1 2% 2 are
strongly desired 2*. Here we developed a high-throughput strategy for the analysis of missense
variants in PALB2 (Fig. 3a). To this end, we obtained a variant library for the CC domain of
PALB2 (amino acid 9-43), containing 667 variants out of the 700 variant possible nonsense
and missense variants that can be introduced in this domain (Fig. 3b). We introduced this
variant library in our Palb2° mES cells by RMCE and pooled the neomycin resistant clones
each expressing a single PALB2 variant. On the pool of cells, we performed PARPI sensitivity
assays in triplicate and included non-treated cells as control conditions (Fig. 3a). The region
of the PALB2 cDNA coding for the CC domain was then amplified and sequenced. For each
variant, depletion scores and standard errors were calculated by the computational Enrich2
software tool, which are based on the ratio of variant frequencies before and after PARPI
treatment and the consistency between replicate measurements. The scores calculated by
Enrich2 include a normalization to wild type PALB2, which was set to ‘0’, followed by a
normalization to the average score of the nonsense variants, which was set to -1’

A characteristic of high-throughput assays to functionally measure variant effects is
that they are inherently noisy and that the variance in scores is particularly high for variants
with low read counts. For each integration experiment, we therefore excluded such variants

from the analysis by using a threshold based on the three PARPI replicates and the standard
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Figure 3. High-throughput analysis of PALB2 variants in the CC domain. a Schematic flow of the high-
throughput functional analysis employed in this study. b Bar graph showing the variant diversity
distribution of the CC-variant library containing 667 distinct PALB2 variants. ¢ Amino acid function map
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of the CC domain of PALB2. Amino acid characteristics are indicated at the left of the plot. Dark red
squares represent variants that were depleted in PARPI treated conditions versus untreated conditions.
Blue squares represent variants that were (potentially) enriched. Grey squares represent variants for
which data is not available. Orange dots represent the original wild type amino acids. d The correlation
between single PARPI sensitivity assays for previously characterized CC-variants and scores from the
high-throughput (HT) assay in (c). The correlation and significance is indicted at the top of the plot. e
The correlation between DR-GFP assays for previously characterized CC-variants and scores from the
high-throughput assay in (c). The correlation and significance is indicted at the top of the plot. f YPF/GFP
pulldowns of the indicated PALB2 variant proteins following transient expression in U20S cells. PALB2
variants are indicated in three colours reflecting their functional outcome in the high-throughput analysis
in (c); green is functional, orange is intermediate, red is damaging. GFP-NLS and YFP-PALB2-L35P
served as negative controls. Western blot analysis was performed using antibodies against GFP and
BRCA1.

error (SE) calculated by Enrich2 (i.e., variants with an SE >0.5 were excluded). For each
integration, the number of variants passing this SE-based filter varied. However, for 603
variants we were able to obtain scores from all six library integration experiments, which
translates to a variant coverage of 86%. As expected, synonymous PALB2 variants as a group
were barely depleted, if at all, after treatment with PARPI (i.e., Enrich2 score of -0.11; SE
+0.07). In contrast, all recovered nonsense variants (n=29) displayed strong depletion after
treatment with PARPI (i.e., Enrich2 scores <-0.58) (Fig. 3c). Among the PALB2 missense
variants, 67 exhibited scores that were within the range of the 29 nonsense PALB2 variants;
i.e., scores below that of p.Y28X, which was the least depleted variant of the 29 nonsense
variants. This suggests that these PALB2 missense variants may be just as damaging as the
nonsense variants. Consistently, this list includes p.L35P which is listed as likely pathogenic
in ClinVar. For further validation, we correlated the high-throughput Enrich2 scores to the
relative PARPI resistance levels measured in semi high-throughput assays (Fig. 1a, Fig. 2a)
and in two previous studies (Supplementary Table; n=35) * 2. This showed that there is a good
and significant correlation between the outcomes of the high-throughput and semi high-
throughput approaches (R?=0.73, p<0.0001) (Fig. 3d). Consistently, we observed a similarly
good correlation between the PARPI sensitivity-based high-throughput outcomes and those
obtained with the semi high-throughput DR-GFP reporter-based approach (R®=0.77,
p<0.0001) (Fig. 3e). Lastly, we show that variants that impact PALB2 protein function, do so
by affecting the interaction with BRCA1, as shown in co-immunoprecipitation experiments (Fig.
3g). While two functional variants had no effect on this interaction, two intermediate variants
(p.L17S and p.E27G) had a moderate effect on the interaction. Moreover, two damaging
variants (p.L21S and p.A22P) completely impaired the interaction to the same extent as
p.L35P, the latter of which was included as a negative control % 2°. Altogether, these data
validate our high-throughput assay and its value in functionally characterizing PALB2

missense variants in the CC domain.

151



Chapter 5

a
o o
N ¥ & > o &
Ny S Ny S
Lo F¢ Lo F¢
- —— - —
= ||aPaLB2 = llaFLaG
—
b (o] .
140 . DR-GFP 140 . PARPI
_.120 | N < 120 4
g 3
3 100 1 _— S 100 A
c b/
2 80 2 g0
= 0
; 60 - T 60
T ['4
3 0 £ 40
n: —-—
20 4 & 20 4
0 . ﬁ : 0 -
>
w

S

AChAM
AMRG15 -
AExon4

WT

Ev
AChAM
AMRG15
AExon4

Figure 4. Functional analysis of PALB2 deletion variants. a Western blot analysis for the expression of
three PALB2 domain deletion variants as indicated. Tubulin is a loading control. b HR assay as in (Fig.
1a). ¢ Proliferation-based PARP inhibitor (PARPI) sensitivity assay as in (Fig. 1b).

The ChAM and MRG15 functional domains are dispensable for HR

No missense variants outside of the CC and WD40 domains of PALB2 have thus far been
identified as damaging % % ®. To assess the requirement of the ChAM and MRG15 domain of
PALB2 for HR, or of less conserved regions that are part of PALB2’s large exon 4, we
generated three PALB2 deletions constructs, AChAM, AMRG15 and AExon4 (Supplementary
Table), and assessed HR using the DR-GFP reporter. All three PALB2 deletion variants
exhibited HR efficiencies comparable to that in cells expressing wildtype PALB2 (Fig. 4a, b).
Consistently, the expression of these deletions constructs also did not confer PARPI sensitivity
(Fig. 4c). These data suggest that these regions are dispensable for PALB2'’s function in HR,
and decreases the likelihood that damaging missense variants in these regions will be
identified. However, we cannot rule out that variants in these regions impact protein

functionality by affecting mRNA splicing.
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Association between functional defects in PALB2 and breast cancer risk

Having determined the functional impact of VUS in PALB2, we next investigated whether the
observed impact correlates with increased cancer risk. For this, we considered all 60.466
breast cancer cases and 53.461 controls of the case-control association study performed by
Dorling et al. ™. Out of all PALB2 missense VUS functionally characterized here (Fig. 1a and
2a) or in two previous studies ¥ '?, case-control carrier frequencies were reported for 89 VUS
3 In order to allow for correlation of PALB2 functional defects with breast cancer risk, we next
combined the case-control frequencies for several groups of PALB2 VUS, where grouping was
based on the measured HR efficiency. PALB2 variant groups exhibiting 12-50% HR, or a
higher efficiency in HR, all associated with an OR close to 1, suggesting there is no increased
risk (Table 1). Interestingly, PALB2 VUS that can be considered completely damaging (Fig. 5,
HR <12% ‘pathogenic’ threshold %), based on similar HR efficiencies as measured for PALB2
truncating variants, associated with an OR comparable to that what has been reported for
PALB?2 truncating variants (OR 6.19; 95% Cl, 0.76-50.31; p = 0.0882) '* 26, Including PALB2
VUS with an HR efficiency up to ~20% in this group, strongly reduced the associated risk (OR
3.54;95% Cl, 0.75-16.66; p = 0.1101) (Table 1). Although none of these PALB2 variant groups
associated with significantly increased breast cancer risk (Table 1), this burden-type
association analysis suggests that decreased HR efficiency correlates with increased breast
cancer risk. It should, however, be noted that 19.3% of the 60.466 breast cancer cases and
5.2% of the 53.461 controls from the BRIDGES case-control association study stem from
family-based studies in which patients were oversampled '*. This may have resulted in a bias
in the calculated cancer risk. Nonetheless, based on these data we estimate that only variants
exhibiting <20% HR will associate with a moderate to high risk for breast cancer.

Table 1. Burden-type cancer risk association analysis for human PALB2 variants.

Variant group based Nr. of distinct Nr. cases Nr. controls Odds ratio 95% CI p-value
on HR range (%) variants

6% - 121% 64 176 157 0.99 0.80-1.23 0.9355
75% - 121% 46 90 100 0.80 0.60-1.06 0.1161
50% - 75% 9 72 50 1.27 0.89-1.83 0.1898
12% - 75% 13 79 56 1.25 0.89-1.76 0.2062
12% - 50% 4 7 6 1.03 0.35-3.07 0.9555
6% - 50% 9 14 7 1.77 0.71-4.38 0.2182
6% - 20% 7 8 2 3.54 0.75-16.66  0.1101
6% - 12% 5 7 1 6.19 0.76-50.31  0.0882

Variants are grouped based on their efficiency in HR, as measured with the DR-GFP reporter. Variants
and data previously reported in Boonen et al., 2019 (ref 3) has been included in this analysis. The case-
control frequencies reflect those from all 44 BCAC studies (60466 cases and 53461 controls); i.e., 30
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population-based studies and 14 familiy-based studies reported in Dorling et al., (ref 13). 27 PALB2
missense VUS that were selected for functional analysis on the basis of their reported case-control
frequencies were excluded from this analysis.
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Figure 5. Association of PALB2 HR efficiency with breast cancer risk. Bar graph showing results from
HR assays (DR-GFP) in Trp53XC/PALB2X° mES cells complemented with 89 distinct human PALB2
variants. Previously published results 3, as well as those from (Fig. 1a) and (Fig. 2a) are shown. OR
estimates are based on the case-control association study from the Breast Cancer Association
Consortium '3 and are shown for three PALBZ2 variant groups, based on HR efficiency, as indicated.

DISCUSSION

The three recent studies that functionally characterized a total of 155 unique PALB2 variants
36:10: 11 represent a milestone for the clinical management of individuals carrying PALB2
genetic VUS. However, many more VUS in PALB2 remain functionally uncharacterized and
an actual correlation between functional impact of PALB2 missense variants and cancer risk
is still lacking. To build on these previous studies and address this issue, we present here
additional data from different approaches aimed at interpreting (rare) PALB2 genetic missense
variants.

Using a semi high-throughput approach, we systematically assessed the HR activities
of 82 PALB2 missense variants and one truncating variant by performing HR-based assays
(Fig. 1a, Fig. 2a). The four damaging missense variants identified with this approach
(p-W912S, p.L1026P, p.L1027R, p.G1043V) all locate to the C-terminal WD40 domain of
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PALB2. This is consistent with previous studies in which damaging missense variants in
PALB2 have only been identified in the CC and WD40 domain *% 2. Although these studies
are in strong support of PALB2 protein instability as a consequence of these variants %, here
we provide more conclusive evidence for such a mechanism of action using cycloheximide,
proteasome inhibitor and cellular localization assays for PALB2 p.L1027R and p.G1043V.
Most likely as a result of protein instability (Fig. 2e), these variants are subjected to
proteasomal degradation (Fig. 2f) and mis-localize to the cytoplasm (Fig. 1g). This prevents
PALB2’s transport into the nucleus and consequently hampers HR-mediated DNA repair.
These data are highly consistent with previous reports on PALB2 WDA40 variant ‘p.1944N’, for
which instability and mis-localization was also shown .

Our high-throughput functional analysis allowed us to measure the functional effects of
603 variants (574 missense and 29 nonsense) in the CC domain of PALB2, by assessing
sensitivity to PARPI treatment. These results showed a strong correlation with those from DR-
GFP assays (Fig. 3e), thereby validating this approach. Furthermore, most damaging
missense variants concerned amino acid residues (i.e., p.L21, p.L24, p.Y28 and p.L35) for
which damaging variants have already been reported 3% 25 27: 8 Altogether, these results
allowed for the functional characterization of 62 out of 65 PALB2 CC missense VUS that are
listed in ClinVar. For instance, 6 VUS (p.L21S, p.A22P, p.L24S, p.Y28N, p.L32P, p.A33P;
Enrich2 scores <0.58) appeared to be just as damaging as nonsense variants in the CC
domain (Fig. 3c), whereas 13 VUS (p.E19D, p.K20l, p.E27G, p.Y28C, p.K30E, p.R37C,
p.R37G, p.R37S, p.R37L, p.A38V, p.R40I, p.K43E, p.K43N; depletion scores between -0.30
and -0.58) showed intermediate functionality. Importantly, our high-throughput results may
contribute to the clinical re-classification of these VUS in ClinVar. However, with regard to
functional analysis being used as clinical diagnostic tools, especially those involving ‘relatively
noisy’ high-throughput assays, it is important to consider using results from several distinct
functional assays. Ideally, these assays have been performed in different research labs, have
used different experimental strategies, and include the possibility of mMRNA transcript analysis
in order to provide insight into the effect of variants on RNA splicing. In that regard, it is
important to note that for all variants analyzed here, possible effects on splicing were not
examined.

Although we have established assays allowing the functional characterization of
PALB2 VUS, a major challenge is still to translate functional effects into estimates for cancer
risk. The burden-type association analysis presented in this study suggests that damaging
missense variants as a group (exhibiting 6-12% HR *) (Fig. 5, Table 1) may be associated with
an increased risk for breast cancer (OR 6.19; 95% ClI, 0.76-50.31; p=0.065) that is comparable
to that reported for truncating PALB2 variants' %, However, due to the low number of case

control frequencies associated with this variant group, the increased risk was not significant
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and thus the exact risk remains to be established. In order to address this further, data from
larger case control association studies (compared to Dorling et al., '®) are required, or data
from large case control association studies need to be combined. Additionally, the burden-type
association analysis would improve with the identification of more intermediate and damaging
PALB2 missense variants. Extending the high-throughput strategy that we applied to the CC
domain of PALB2 (Fig. 3c) to other regions, may result in the identification of more damaging
missense variants for which the associated cancer risk could be established. This is
exemplified by the observation that only 19 out of the 567 missense variants identified in the
study from Dorling et al. '3, located within the CC domain of PALB2 and yielded functional data
through our high-throughput analysis (Fig. 3c). Disappointingly, this resulted in the
identification of only one additional uncharacterized VUS with a large functional impact (i.e.,
p.L24W). Therefore, it is imperative that high-throughput assays are performed for the WD40
domain of PALB2, which is ten times larger than the CC domain and which was previously
shown to be a “hotspot” for damaging variants *%°. In this domain, Dorling et al. identified 176
missense variants '*. Moreover, 580 out of the 1985 PALB2 missense VUS listed in ClinVar
(as of August 2022), locate to the WD40 region. High-throughput analysis may be a feasible
way to functionally characterize such a large number of variants, provide evidence for re-
classification and pave the way for cancer risk association analysis.

To facilitate clinical classification of genetic variants, the American College of Medical
Genetics and Genomics (ACMG) and Association for Molecular Pathology (AMP) have
proposed variant interpretation guidelines that incorporate different types of evidence
(including functional assessment) at various levels of strength. These guidelines also provide
rules for combining the different types of evidence to result in a final classification (benign,
likely benign, uncertain significance, likely pathogenic, pathogenic), each with defined clinical
significance 2% %, So when clinical evidence such as phenotypic data, population frequency
and segregation analysis in scarce or insufficient, functional data can be extremely valuable
for clinical classification of genetic variants. Accordingly, high-throughput results may
contribute to the clinical re-classification of many reported VUS, as well as variants that will
undoubtedly be identified in the future. Furthermore, the association of functional impact of
missense VUS with cancer risk, will ultimately be crucial for clinical interpretation of these rare
missense variants. Classification of VUS to a category with a defined clinical significance is of
great importance to carriers of these variants. This will help them to make an informed decision
on how to manage their cancer risk. The work presented here for the PALB2 gene may aid in

making such informed decisions.
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MATERIALS AND METHODS

Cell culture and generation of Trp53%°/Palb2*° mES cells with DR-GFP and RMCE
Trp53%C/Palb2%® mES cells carrying the DR-GFP reporter and RMCE system at the Pim7 and

3

Rosa26 locus, respectively, were generated previously ° and cultured as previously

described'®.

Cloning and site-directed mutagenesis of human PALB2 cDNA variants

The RMCE vector (PRNA-251-MCS-RMCE) (TaconicArtemis GmbH) containing PALB2 cDNA
driven by an Efla promotor was generated previously . PALB2 variants were introduced by
site-directed mutagenesis using the Quick-Change Lightning protocol (Agilent Technologies).
Constructs were verified by Sanger sequencing and used for downstream mES cell-based

assays.

HR reporter assays

HR assays using 2x10° Trp53%°/Palb2X® mES cells carrying the DR-GFP reporter and RMCE
system were performed as previously described 2. Briefly, cells that were complemented with
human PALB2 cDNA with or without a variant (or an empty vector), were treated with neomycin
to select for cells with integrated PALB2 variant cDNA. Two days after transfection of an /-Sce/
and mCherry co-expression vector ', GFP expression was measured using fluorescence-
activated cell sorting (FACS).

Western blot analysis
Expression of all PALB2 variants was examined by Western blot analysis as previously
described 3. Two different primary rabbit polyclonal antibodies directed against the N-terminus
of human PALB2 (1:1000, kindly provided by Cell Signalling Technology prior to
commercialization) were used. Wild type human PALB2 and empty vector (Ev) were used as
controls on the blot, while tubulin (Sigma, T6199 clone DM1A) was used as loading control.
For protein stability and degradation assays, cells were treated with 100 pg/ml
cycloheximide (Sigma, C7698-1G) for up to 3 hours, or 0.5 or 3 yM MG-132 (Selleckchem,
S2619) for 24 hours, after which western blot samples were collected and analysed.

Cellular localization assay
Quantification of EGFP-PALB2 subcellular localization was based on transient expression in
HelLa cells that were fixed using 4% formaldehyde and permeabilized using Triton X-100. Cells

were immunostained with anti-GFP and DAPI prior to immunofluorescence analysis and
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quantification (based on ~25 cells per condition per replicate). Assays were conducted in

duplicate and average values and SEM were calculated to generate the respective plots.

RT-qPCR analysis

RT-gPCR was performed for a selected panel of PALB2 variants as previously described °.
Briefly, RNA was isolated using Trizol (ThermoFisher, 15596026), and DNAse (Promega,
M6101). Subsequently, reverse transcriptase (ThermoFisher, 12328019) reactions were
performed. GoTaq qPCR Master mix (Promega, A6002) and the following qPCR primers
directed at the human PALB2 cDNA or the mouse control gene Pim1 were used; human
PALB2-N-term-Flag-Fw—5-GATTACAAGGATGACGACGATAAGATGGAC-3’, human
PALB2-exon2-Rv—5’-CCTTTTCAAGAATGCTAATTTCTCCTTTAACTTTTCC-3, mouse
Pim1-exon4-Fw—5-GCGGCGAAATCAAACTCATCGAC-3’, and mouse Pim1-exon5-Rv—5'-
GTAGCGATGGTAGCGAATCCACTCTGG-3'.

Pulldown assays

Pulldown assays were performed as previously described . Briefly, 20 ug pYFP-PALB2
plasmid 32 was transfected into ~10 x 10° U20S cells on a 15 cm dish using Lipofectamine
2000. The next day cells were trypsinized, and lysed in 1 ml EBC buffer (50mM Tris pH 7.3,
150mM NaCl, 0.5% NP-40, 2.5mM MgCI2) containing 1 tablet protease inhibitor (Roche) per
10 ml buffer. Lysates were incubated with benzonase and centrifuged. The supernatant was
then added to 25 pl of pre-washed GFP-trap beads (ChromoTek) and incubated for 1.5 hours
at 4 °C on a rotating wheel. The beads were washed 5-6 times with EBC buffer and eventually
resuspended in 25 ul Laemmli buffer after which about half of each sample was analysed by
western blot analysis using an antibody against human BRCA1 (1:1000).

PALB2 CC-variant library integration

The PALB2 CC-variant library concerning amino acid residues 9-43, was integrated in 100x10°
Trp53%°/Palb2® mES cells. Cells were divided in fractions of 10x10° cells for which each
fraction was subjected to co-transfection of 1 ug FIpO expression vector () CAGGs-FIpO-IRES-
puro) 3 with 1 yg RMCE exchange vector (i.e., CC-variant library) as previously described °.
Transfected cells were divided over twenty 10 cm tissue-culture plates and treated one day
later with 50 mg/ml neomycin/G418 sulfate (ThermoFisher, 10131035) for 6-7 days. Resistant
colonies expressing PALB2 variant cDNAs were pooled (estimation of 50-100x10° colonies
per CC-library integration), mixed well and plated over three 10 cm tissue-culture plates
containing neomycin. Two plates were trypsined and stored at -80 degrees as backup and one

plate was used for three replicate PARPI sensitivity assays.
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PARPi sensitivity assays

Functional analysis of single PALB2 variants using semi high-throughput proliferation-based
PARPi Olaparib (Selleckchem, S1060) sensitivity assays was performed for selected PALB2
missense variants as previously described 3. Briefly, cells were exposed to various
concentrations of PARPI for two days. Thereafter, cells were incubated for one more day in
drug free media, after which viability was measured using FACS (using only forward scatter
and sideways scatter).

PARPI sensitivity assays after PALB2 CC-variant library integration were performed
using 0.57x10° cells seeded on a 6 cm tissue-culture plates. One day after seeding, cells were
treated with PARPi Olaparib (Selleckchem, S1060) for two days, after which the medium was
refreshed with drug-free medium and cells were cultured for one more day. A non-treated plate
was taken along as a control at the start of seeding. DNA was eventually isolated from the

surviving cells and subjected to next-generation sequencing.

PALB2 CC-variant library amplification and sequencing

The CC-region of the integrated human PALB2 cDNA was amplified from 100ng genomic DNA.
Reactions contained 2* Kapa HiFi MasterMix polymerase (KR0370), a forward primer located
in front of the CC-region (5’-GATGTGTATAAGAGACAGCGAGCTCGGATCCACTAGTAACG-
3), and a reverse primer located in behind of the CC-region (5-
CGTGTGCTCTTCCGATCTCTGAGTGTTTTAGCTGCGGTGAG-3’). PCR was performed
under the following conditions; 98 °C for 1 minute; 18 cycles of 98 °C for 20 seconds, 65 °C
for 30 seconds, and 72 °C for 30 seconds; and 72 °C for 2 minutes. The reactions produced a
283 base amplicon specifically from integrated human PALB2 cDNA. After clean up with
Ampure XP beads (Beckman Coulter) the PCR product was checked on a Agilent BioAnalyzer
2100 HS chip. A second PCR with Illlumina index primers was performed under the following
conditions; 98 °C for 1 minute; 10 cycles of 98 °C for 20 seconds, 60 °C for 30 seconds, and
72 °C for 30 seconds; and 72 °C for 2 minutes. The resulting PCR products were equimolar

pooled. All samples were sequenced on an lllumina MiSeq.

Variant scoring and analysis

FASTAQ files for each sample were used as input for the software package Enrich2 *. Enrich2
was used to translate and count both the unique nucleotide and unique amino acid variants.
Reads containing insertions, deletions or multiple amino acid substitutions were removed from
the analysis. Amino acid variants producing unreliable/noisy results over the three PARPI-
treatment replicates were filtered out based on the standard error (SE) calculated by Enrich2;
i.e., variants with an SE >0,5 were excluded. The counts for each protein variant were
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translated into an abundance score by Enrich2. These scores are based on the ratio of the
frequency of each variant in the PARPiI-treated population over its frequency in the non-treated
population, and include a normalization to the wild type PALB2 abundance, which was set to
‘0’. Six independent CC-library integration experiments were performed. Only variants that
passed the SE-based filtering and were scored in all six replicate library integration
experiments were retained in the analysis. This included 29 nonsense variants for which an
average abundance score was calculated for each integration assay. All variant scores for
each integration experiment were then normalized by setting the average score of the 29

nonsense variants to -1’ by using the following formula:

'Enrich2 score’ —'Mean nonsense score (as neg.value)'

'Norm. Enrich2 score’ = 2 ; — - —
Mean nonsense score (as pos. value)'—'Mean nonsense score (as neg.value)

A final abundance score per variant was calculated by taking the mean of the normalized
abundance scores across the six replicate library integration experiments. A standard error for
each abundance score was calculated by dividing the standard deviation of the normalized
values for each variant by the square root of the number of replicate library integration
experiments (i.e., six). Final abundance scores were plotted in a heatmap using the matrix

visualization and analysis software MORPHEUS *°.
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Supplementary Table. Complete list of human PALB2 variants analyzed in this study.

Variants Figure 1a,b (CC variants also used in Fig 3d,e)
e i e O
c.25C>G L9V Missense 91,68 5,24 n/a n/a n/a n/a
c.109C>T R37C Missense 63,51 2,49 75,73 9,84 3 3
c.110G>A R37H Missense 55,27 2,37 83,85 4,88 5 2
c.113C>T A38V Missense 75,46 4,22 98,28 17,69 0 1
c.113C>G A38G Missense 96,95 7,04 n/a n/a 4 5
c.117A>T Q39L Missense 100,98 5,39 n/a n/a n/a n/a
c.1201G>C G401R Missense 105,92 6,87 n/a n/a 1 3
c.1213C>G P405A Missense 101,95 5,34 n/a n/a 5 4
c.1226A>G Y409C Missense 94,08 7,61 n/a n/a 0 1
c.1255T>C C419R Missense 94,36 8,57 n/a n/a 2 0
c.1843C>T P615S Missense 95,85 9,28 n/a n/a 1 0
c.2687C>T S896F Missense 93,00 5,42 n/a n/a 3 0
€.2978C>T T993M Missense 90,50 9,51 n/a n/a 5 1
c.3035C>T T10121 Missense 88,09 5,94 n/a n/a 5 16
¢.3080T>G L1027R Missense 8,15 0,50 29,61 7,09 n/a n/a
¢.3107T>C V1036A Missense 81,24 5,94 n/a n/a 1 0
c.3128G>T G1043V Missense 11,06 1,15 13,92 3,58 n/a n/a
c.3132A>T Q1044H Missense 94,19 4,74 n/a n/a 0 1
¢.3506C>G $1169C Missense 82,90 4,36 n/a n/a 0 1
¢.3549_3552delCCACInsTTTG H1184L Missense 88,21 0,95 n/a n/a n/a n/a
X Ev-1 Empty vector 9,39 0,92 30,59 5,47 n/a n/a
X Ev-2 Empty vector 9,27 0,00 29,62 8,00 n/a n/a
Variants Figure 2a-c (CC variants also used in Fig 3d-e)

¢.30C>G S10R Missense 95,02 2,77 103,22 9,41 0 1
c.71T>G L24W Missense 51,87 1,72 54,36 1,97 1 0
c.72G>C L24F Missense 86,56 2,38 90,57 5,55 1 1
c.85A>G S29G Missense 121,03 4,25 88,16 10,39 2 4
c.101G>A R34H Missense 91,60 4,99 n/a n/a 4 1
c.101G>T R34L Missense 70,45 3,40 83,81 0,96 n/a n/a
c.127A>G K43E Missense 97,15 17,68 | n/a n/a 3 0
c.314A>G E105G Missense 119,79 0,83 n/a n/a 2 0
¢.353T>C 1118T Missense 110,42 6,86 n/a n/a 5 1
C.398G>A S133N Missense 108,72 3,55 n/a n/a 2 0
c.430C>G P144A Missense 96,89 22,56 | n/a n/a 2 0
c.554A>C K185T Missense 109,15 12,65 | n/a n/a 3 0
c.601dup S201fs Truncating 14,64 1,48 26,78 13,53 n/a n/a
c.715_717delAGA R239del Missense 106,79 11,20 | n/a n/a n/a n/a
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Supplementary Table. Continued

cDNA annotation Variant (aa) Variant type l':\éerage (S:év)l Sx;r;?e (SPEAN}I?Pi) :r:‘:ses 2‘;" trols
c.925A>G 1309V Missense 102,90 14,32 | n/a n/a n/a n/a
c.947C>T P316L Missense 112,82 0,72 84,72 20,72 n/a n/a
C.1145G>T $3821 Missense 106,61 3,27 n/a n/a 5 2
c.1246A>G M416V Missense 116,76 0,84 86,60 26,90 n/a n/a
c.1610C>T S537L Missense 97,75 4,29 n/a n/a 6 0
c.1748T>G L583W Missense 117,85 2,11 86,65 13,90 2 3
c.2273C>G P758R Missense 103,67 5,19 n/a n/a 6 2
€.2289G>C L763F Missense 95,28 0,46 n/a n/a 22 13
c.2311A>G S771G Missense 110,59 0,51 95,20 9,67 n/a n/a
c.2448C>G F816L Missense 92,40 17,62 | n/a n/a 2 0
c.2474G>C R825T Missense 105,75 9,25 n/a n/a 39 22
c.2564T>A L855Q Missense 106,58 5,90 n/a n/a 0 1
C.2612A>T D871V Missense 85,29 1,38 116,75 16,65 1 0
c.2619T>G S873R Missense 89,48 7,23 n/a n/a 3 1
c.2641G>A G881s Missense 104,88 5,96 88,27 23,66 4 3
c.2642G>A G881D Missense 95,73 7,83 n/a n/a 2 0
c.2673C>G C891W Missense 86,10 1,19 134,47 11,04 n/a n/a
C.2674G>A E892K Missense 91,09 7,70 n/a n/a 11 9
c.2689C>T L897F Missense 102,60 5,10 82,09 2,56 1 0
€.2690T>G L897R Missense 19,69 0,18 28,66 3,30 1 0
€.2735G>C w9128 Missense 9,03 0,90 12,86 5,60 1 0
c.2776C>T P926S Missense 98,63 711 n/a n/a 2 0
C.2798G>A C933Y Missense 92,01 4,00 n/a n/a 0 1
c.2803G>A A935T Missense 93,79 0,34 n/a n/a 1 0
c.2810G>A G937E Missense 50,34 3,78 71,14 8,47 0 1
¢.2903C>G A968G Missense 101,90 5,29 n/a n/a 2 2
€.2926A>G R976G Missense 52,13 4,97 68,13 9,77 1 0
c.2928G>T R976S Missense 60,49 3,06 77,64 27,37 n/a n/a
c.2941A>C S981R Missense 111,57 1,06 111,70 30,43 1 0
¢.3034A>C T1012P Missense 83,53 1,57 109,29 3,74 0 1
c.3053A>G E1018G Missense 96,52 6,01 n/a n/a 0 1
¢.3062G>A G1021E Missense 80,74 6,32 n/a n/a 1 0
c.3073G>A A1025T Missense 100,43 6,57 n/a n/a 3 0
c.3077T>C L1026P Missense 9,43 0,50 9,04 0,07 0 1
c.3079C>T L1027F Missense 102,63 8,08 100,32 3,31 1 1
¢.3107T>C V1036L Missense 99,57 15,66 | n/a n/a 4 1
c.3121A>G K1041E Missense 105,95 9,34 n/a n/a 1 0
c.3128G>C G1043A Missense 99,34 1,73 98,83 3,05 0 2
c.3133C>T L1045F Missense 101,12 9,60 n/a n/a 1 0
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Supplementary Table. Continued

cDNA annotation Variant (aa) | Variant type a\éerage (S":Eg)l ':X:;ige (SFFANIIRPi) ::“ar.ses ::“c:.ntrols
c.3235G>T A1079S Missense 100,53 4,79 n/a n/a 6 1
€.3320T>C L1107P Missense 97,39 2,16 n/a n/a 10 3
c.3342G>C Q1114H Missense 93,81 7,10 n/a n/a 3 0
c.3404G>A G1135E Missense 99,62 13,18 n/a n/a 1 0
€.3428T>C L1143P Missense 106,09 8,47 n/a n/a n/a n/a
c.3449T>G L1150R Missense 91,01 1,98 n/a n/a n/a n/a
c.3494C>T S1165L Missense 83,93 17,39 n/a n/a 3 0
¢.3506C>T S1169F Missense 94,02 12,07 n/a n/a n/a n/a
c.3518C>T A1173V Missense 94,28 2,65 n/a n/a 4 0
c.3547T>G Y1183D Missense 35,25 0,70 52,99 16,15 3 0
X Ev-1 Empty vector 11,20 0,95 25,09 5,80 n/a n/a
X Ev-2 Empty vector 13,72 0,31 n/a n/a n/a n/a
X Ev-3 Empty vector 7,98 0,17 10,54 2,41 n/a n/a
X Ev-4 Empty vector 9,10 2,34 33,26 9,58 n/a n/a
X Ev-5 Empty vector 8,36 0,19 n/a n/a n/a n/a
X Ev-6 Empty vector 10,13 0,76 10,44 2,21 n/a n/a
X Ev-7 Empty vector 13,4 0,3 32,16 16,59 n/a n/a

Variants Figure 3d,e

c.29G>C S$10T Missense 103,91 3,98 101,54 0,19 n/a n/a
c.33T>G c11w Missense 100,39 6,03 98,97 9,40 n/a n/a
c.38A>C E13A Missense 106,63 2,38 102,28 9,42 n/a n/a
c.50T>C L17S Missense 45,92 3,30 75,63 7,84 n/a n/a
c.56A>T E19V Missense 96,01 2,76 104,93 15,18 n/a n/a
c.59A>T K201 Missense 73,13 3,20 69,05 18,03 n/a n/a
c.62T>C L21S Missense 19,14 0,67 30,52 4,21 n/a n/a
c.64G>C A22P Missense 15,61 0,08 26,25 0,04 n/a n/a
c.65C>A A22E Missense 86,69 0,90 121,53 23,96 n/a n/a
c.73A>G K25E Missense 42,90 2,06 76,31 6,38 n/a n/a
c.77G>A R26K Missense 111,83 0,27 102,78 10,41 n/a n/a
c.80A>G E27G Missense 63,60 1,91 73,77 11,19 n/a n/a
c.82T>G Y28D Missense 22,02 0,25 40,05 15,26 n/a n/a
c.85A>T S29C Missense 100,28 577 95,82 14,26 n/a n/a
c.86G>C $29T Missense 99,11 0,10 106,84 3,28 n/a n/a
c.88A>G K30E Missense 96,96 2,63 108,28 4,54 n/a n/a
c.91A>C T31P Missense 14,02 0,20 16,02 0,50 n/a n/a
c.95T>C L32P Missense 12,30 0,28 13,91 1,08 n/a n/a
c.97G>C A33P Missense 13,43 0,68 15,33 2,15 n/a n/a
c.101G>C R34P Missense 19,10 3,24 19,82 0,56 n/a n/a
c.104T>A L35H Missense 42,60 7,76 50,08 8,75 n/a n/a
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Supplementary Table. Continued

cDNA annotation Variant (aa) | Variant type a\éerage (S":E'gl)l ;:x;r:ige (SFFANIIRPi) ::tlses ::“c:.ntrols
c.107A>C Q36P Missense 29,23 0,46 34,24 10,46 n/a n/a
c.128A>T K43M Missense 114,60 9,07 n/a n/a n/a n/a
X Ev-1 Empty vector 10,13 0,76 10,44 2,21 n/a n/a
X Ev-2 Empty vector 13,4 0,3 32,16 16,59 n/a n/a
Variants Figure 4b-c
ChAM deletion 4x FLAG AChAM domain deletion | 98,85 0,38 88,67 16,03 n/a n/a
MRG15 deletion 4x FLAG AMRG15 domain deletion 96,5 1,29 87,82 6,98 n/a n/a
Exon 4 deletion 4x FLAG AEx4 exon deletion 107,81 7,95 91,93 13,08 n/a n/a
Ev-13 Ev Empty vector 15,99 1,69 36,98 15,90 n/a n/a

Nucleotide numbering reflects Human Genome Variation Society (HGVS) nomenclature where cDNA
numbering +1 corresponds to the A of the ATG translation initiation codon in the reference sequence
(PALB2 NM_024675.3). The initiation codon is codon 1. For each variant, results from DR-GFP assays,
PARPI sensitivity assays, and population-based case-control frequencies are shown. The population-
based case-control frequencies are based on a study from the BRIDGES consortium in collaboration
with the BCAC 13. x, not applicable; n/a, not available.
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ABSTRACT

Heterozygous carriers of germline loss-of-function variants in the tumor suppressor gene
checkpoint kinase 2 (CHEK?2) are at an increased risk for developing breast and other cancers.
While truncating variants in CHEK2 are known to be pathogenic, the interpretation of missense
variants of uncertain significance (VUS) is challenging. Consequently, many VUS remain
unclassified both functionally and clinically. Here we describe a mouse embryonic stem (mES)
cell-based system to quantitatively determine the functional impact of 50 missense VUS in
human CHEK2. By assessing the activity of human CHK2 to phosphorylate one of its main
targets, Kap1, in Chek2 knockout mES cells, 31 missense VUS in CHEKZ2 impaired protein
function to a similar extent as truncating variants, and 9 CHEK2 missense VUS resulted in
intermediate functional defects. Mechanistically, most VUS impaired CHK2 kinase function by
causing protein instability or by impairing activation through (auto)phosphorylation.
Quantitative results showed that the degree of CHK2 kinase dysfunction correlates with an
increased risk for breast cancer. Both damaging CHEK?2 variants as a group (OR 2,23; 95%
Cl 1,62-3,07; p<0,0001) and intermediate variants (OR 1,63; 95% CI 1,21-2,20; p=0,0014)
were associated with an increased breast cancer risk, while functional variants did not show
this association (OR 1,13; 95% CI 0,87-1,46; p=0,378). Finally, a damaging VUS in CHEK2,
c.486A>G/p.D162G, was also identified, which co-segregated with familial prostate cancer.
Altogether, these functional assays efficiently and reliably identified VUS in CHEK2 that

associate with cancer.

STATEMENT OF SIGNIFICANCE
Quantitative assessment of the functional consequences of CHEK2 variants of uncertain
significance identifies damaging variants associated with increased cancer risk, which may aid

in the clinical management of patients and carriers.
KEYWORDS

CHEK2 gene; CHK2 protein; Variant of Uncertain Significance (VUS); Functional assays; Kap1

phosphorylation; Breast and prostate cancer; Cancer risk
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INTRODUCTION

The importance of genome stability for preventing breast and other cancers is evident from the
increased cancer risk that results from inherited loss-of-function (LOF) variants in DNA
damage repair genes such as BRCA1/2 and PALB2, as well as in genes that control genome
integrity checkpoints. The checkpoint kinase 2 (CHEK2) gene is a well-known example, which
encodes the serine-threonine kinase CHK2 protein that becomes activated in response to DNA
damage, and regulates cell cycle progression and apoptosis (1,2). The CHK2 protein is
therefore believed to act as a tumor suppressor by delaying cell cycle progression to allow
time for DNA repair, or by eliminating genomically unstable cells through induction of cell death
(3). In 2002, association analysis of the truncating CHEK2 ¢.1100delC/p.T367Mfs variant
indeed revealed that it confers a moderate risk of breast cancer (4,5). Meanwhile, other studies
have also shown that carriers of such LOF variants in the CHEK2 gene are at a significantly
increased risk for developing breast cancer (OR ~2,5) (6,7), as well as several other cancers
such as prostate cancer (8-10). These studies firmly established that CHEK2 is a low to
moderate penetrance cancer susceptibility gene.

The growing body of evidence that associates CHEK?2 with breast cancer has led to
increased genetic testing of CHEK?2, and as a consequence to the identification of more (rare)
genetic variants in this gene for which clinical significance is unknown (11-15). In fact, 1332
variants of uncertain significance (VUS) in CHEK2 have currently been reported in ClinVar (16)
(as of October 2021), most of which (i.e., 1139) are missense variants. For many of these
missense variants the impact on protein function and the associated cancer risk remain to be
elucidated. Assessment of pathogenicity of these VUS in a moderate risk gene such as CHEK?2
is mostly dependent on family history of cancer. To overcome this limitation, quantitative
methods are required that can determine the functional impact of VUS in CHEK2 and establish
their relationship with cancer risk.

The CHK2 protein, which is expressed throughout the cell cycle, consists of 543 amino
acids, and possesses three characteristic domains: an N-terminal SQ/TQ cluster domain
(residues 19-69), a fork head-associated (FHA) domain (residues 92-205), and a
serine/threonine kinase domain (residues 212-501). A nuclear localization signal (NLS) is
located at the C-terminus of CHK2 (residues 515-522) (17). Activation of CHK2 kinase activity
occurs specifically in response to DNA damage and is a multistep process initiated by ATM-
mediated phosphorylation of several SQ/TQ sites, particularly p.T68, in its N-terminal
regulatory domain (1,2). This promotes homodimerization and intermolecular
autophosphorylation of CHK2 on p.T383 and p.T387 within the T-loop region (residues 366-
406) (18), and on p.S516 within the NLS, collectively leading to efficient kinase activation and
the subsequent phosphorylation of target proteins (19,20). The spectrum of known CHK2
targets includes proteins involved in cell cycle control (i.e., CDC25A and CDC25C
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phosphatases), regulation of cell death (i.e., p53) (1,2,21), and DNA damage repair (i.e.,
BRCA1 and KAP1) (22-24). Following DNA damage, CHK2 phosphorylates KAP1 specifically
at p.S473. This modification attenuates KAP1 binding to heterochromatin protein 1 family
proteins, leading to relaxation of the damaged heterochromatin and promoting DNA damage
repair (24-28).

In an effort to interpret CHEK2 VUS, several studies assessed their functional
consequences (29-36). The largest set of CHEKZ2 variants to date was analyzed by Delimitsou
and colleagues (34). They employed a yeast-based functional assay that assesses the ability
of yeast strains expressing different CHEK2 variants to resume proliferation and cell growth
following repair of DNA damage induced by methyl methanesulfonate (MMS) (31,32). Other
recent studies also assessed the ability of CHK2 variants to phosphorylate downstream targets
such as CDC25C, BRCA1 and KAP1 (29,30,35). Although these studies have assayed >130
patient-derived CHEK?Z variants and identified numerous damaging missense variants, results
were often discordant and the relationship with risk of breast and other cancers remained
unclear. Consequently, there is a need to further improve the functional analysis of missense
variants in CHEK2, and develop assays that can link the functional impact of such variants to
cancer risk.

Here, we developed a mouse embryonic stem (MES) cell-based assay for the
functional analysis of VUS in CHEK2. The assay allows a semi high-throughput analysis of
variants in human CHEK2 cDNA in Chek2 knockout mES cells, using CHK2-mediated Kap1
p.S473 phosphorylation as a quantitative readout. Using this approach, we identified 31
CHEK2 missense VUS to impair protein function to a similar extent as CHEKZ2 truncating
variants, while 9 missense VUS showed intermediate functional defects. Our results further
indicate that at least two mechanisms are at play by which VUS in CHEKZ2 impair protein
function: loss of protein stability and defective (auto)phosphorylation/activation. Importantly,
the degree of CHK2 kinase dysfunction observed for CHEK2 missense variants highly

correlates with increased breast cancer risk.

RESULTS

A cell-based functional assay for CHEK2 variants

To assess the functional impact of CHEKZ2 variants, we developed a mES cell-based system
that allows for the semi high-throughput testing of variants in human CHEK2. To this end, we
employed our mES cells carrying the well-established DR-GFP reporter for homologous
recombination (HR) at the Pim1 locus, and the recombination-mediated cassette exchange
(RMCE) system at the Rosa26 locus (38,43). CRISPR/Cas9-mediated genome-editing was
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used to knockout (KO) mouse Chek2 in these cells (Fig. 1a, Supplementary Fig. S1a-c)
(38,43). Given that BRCAA1, a crucial player in HR, becomes phosphorylated by CHK2, and
given that this event promotes the dispersion of BRCA1 from DNA breaks (46), we assessed
whether KO of Chek2 affects the efficiency of HR in the DR-GFP reporter. Analysis of one
heterozygous and two homozygous Chek2XC clones revealed that HR remained unaffected in
these cells (Supplementary Fig. S1d), suggesting that loss of Chek2 does not affect HR.
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Figure 1. Generation of a cDNA-based complementation system for the functional analysis of human
CHEK?2 variants. a Schematic representation of the mES cell- and cDNA-based complementation
system for functional analysis. The DR-GFP reporter and Recombination-Mediated Cassette Exchange
system (RMCE) have been stably integrated at the Pim1 and RosaZ26 loci, respectively. Endogenous
mouse Chek2 was targeted with CRISPR/Cas9 using a gRNA against exon 3. b Western blot analysis
of the indicated proteins from unirradiated and IR-exposed (10Gy) Chek2"T and Chek2*© mES cells.
Tubulin was used as a loading control. ¢ Western blot analysis of the indicated proteins from IR-exposed
(10Gy) Chek2"T, Chek2X©, and Chek2° mES cells complemented with human CHEK2 cDNA. Tubulin
was used as a loading control. d Schematic representation of the CHK2 protein with variant positions
indicated and categorized as either synonymous (green), truncating (red) and missense VUS (blue).
The amino acid numbers are shown to demarcate CHK2’s evolutionarily conserved functional domains.
(T) refers to the T-loop or activation segment.

CHK2 is known for its role in p53-mediated cell cycle control and apoptosis, as well as
DNA damage repair in heterochromatin (1,2,21-24). Although we did not detect major changes
in the cell cycle profile of Chek2© cells when compared to wild type cells (Supplementary Fig.
S1e), we did observe a slight, though not significant growth advantage for the Chek2° cells
over the course of 5 days (Supplementary Fig. S1f). In agreement with previous studies
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(47,48), this growth advantage became more pronounced after DNA break induction by the
radiomimetic agent phleomycin (Supplementary Fig. S1g). Moreover, p53 protein levels were
moderately reduced in these cells after exposure to ionizing radiation (IR, 10Gy) (Fig. 1b).
Accordingly, the expression of p53 target genes was also reduced, as evidenced by reduced
p21 and Mdm2 transcript and p21 protein levels (Fig. 1b, Supplementary Fig. S1h). Most
evidently, however, we observed that Kap1 phosphorylation at p.S473, which is required for
DNA repair in heterochromatin (24), was strongly impaired in Chek2X° cells after IR (Fig. 1b).

We decided to exploit the strong impact of Chek2 loss on Kap1 p.S473 phosphorylation
as a read-out for the functional analysis of human CHEK2 variants. To this end, we stably
integrated human wild type CHEK2 cDNA by RMCE in Chek2“® mES cells (Fig. 1a). Prior to
examining CHK2 kinase activity, we pooled all the neomycin-resistant clones with stably
integrated CHEKZ2 cDNA (Fig. 1a), to average out any clonal variability in CHEKZ2 expression.
We found that the defect in IR-induced Kap1 p.S473 phosphorylation in Chek2X° cells was
efficiently rescued following expression of human CHEK2 (Fig. 1c). Strikingly, human CHK2
appeared to phosphorylate mouse Kap1 even more efficiently when compared to endogenous
mouse Chk2, while their expression levels were comparable (Fig. 1¢). Thus, we established a
cDNA-based complementation system for the functional analysis of human CHEKZ2 genetic

variants using Kap1 p.S473 phosphorylation as a read-out.

Validation of a cell-based functional assay for CHEK2 variants

To validate our system, we selected 7 truncating and 6 synonymous CHEK?2 variants for
functional analysis (Fig. 1d). Sequence-verified constructs were introduced by RMCE into the
Chek2X°® mES cells and their ability to phosphorylate Kap1 at p.S473 after IR was assessed
by western blot analysis. As expected, in Chek2X° cells complemented with an empty vector
or a truncating CHEK?2 variant, phosphorylation of Kap1 p.S473 was strongly impaired at both
2 and 6 hours after IR (Fig. 2). The exception to this was the nonsense variant p.R519X which
moderately impacted Kap1 p.S473 phosphorylation at 2 hours after IR (Fig. 2), even though it
was classified as likely pathogenic in ClinVar. p.R519X leads to a truncated CHK2 protein that
lacks part of its NLS domain (Fig. 1d; amino acids 515-522). Possibly, residual nuclear
localization of this variant is sufficient to induce partial Kap1 p.S473 phosphorylation after IR,
suggesting it acts as a hypomorphic variant. In contrast to truncating CHEK2 variants, cells
that expressed synonymous variants showed phospho-Kap1 p.S473 levels comparable to
cells expressing wild type CHEK?Z (Fig. 2). Neither the expression of different CHEKZ2 variants,
nor the exposure to IR affected overall Kap1 protein levels, suggesting that CHK2 activity does

not affect Kap1 stability or expression (Fig. 2).
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in untreated conditions (no IR) or at 2 or 6 hours after IR exposure (10Gy). WT and Ev served as controls
on each blot and variants are categorized by color as either synonymous (green), truncating (red) and
missense VUS (blue). Tubulin was used as a loading control. Dashed lines represent a marking of
different set of samples on the same blot, whereas continuous lines are used to mark different sets of

(WT, black) human untagged CHK2, empty vector (Ev, grey), or the indicated untagged CHK2 variants
samples from distinct and separately exposed blots.

Figure 2. Human CHEK?2 variants and their effect on CHK2 expression and kinase activity toward Kap1
p.S473. Western blot analysis of the indicated proteins from Chek2° mES cells expressing wild type
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Figure 3. Human CHEK2 variants and their effect on CHK2’s kinase activity toward Kap1 p.S473. a
Quantitative FACS-based analysis of Kap1 p.S473 phosphorylation in Chek2"T, Chek2X°, and Chek2X°
mES cells complemented with human untagged CHEK2 cDNA at 2 hours after IR exposure (10Gy). b
Quantitative FACS-based analysis of Kap1 p.S473 phosphorylation in Chek2X° mES cells
complemented with the indicated untagged constructs at 2 hours after IR exposure (10Gy). ¢
Quantification of FACS measurements of Kap1 p.S473 phosphorylation in Chek2X° mES cells
expressing wild type (WT, black) human untagged CHK2, empty vector (Ev, grey), or the indicated
untagged CHK2 variants (blue and red) at 2 hours after IR exposure (10Gy). Data represent mean
percentages + SEM of the average phospho-Kap1 p.S473 intensity observed in the ‘p-Kap1 +' gate as
shown in b from 2 independent experiments. Data are relative to WT, which was set to 100%. Ev1-4
refer to four independent Ev controls that were included. Dashed lines indicate functional thresholds
based on the synonymous or truncating variant with the lowest or highest Kap1 p.S473 phosphorylation
level, respectively. The asterisk marks p.R519X, which acted as a hypomorphic variant and was
therefore not used for thresholding. d Quantification of FACS measurements (left) of Kap1 p.S473
phosphorylation in Chek2X® mES cells complemented with EGFP-CHEK2-T2A-mCherry, with or without
a CHEK?2 variant, at 2 hours after IR exposure (10Gy). Data represent mean percentages + SEM of the
average phospho-Kap1 p.S473 intensity observed after gating for mCherry-positive cells from 2
independent experiments. Data are relative to WT, which was set to 100%. Scatter plot (right) shows
the correlation between phospho-Kap1 p.S473 intensities measured in Chek2® mES cells expressing
untagged CHEKZ2 or EGFP-tagged CHEK2 (from stably integrated EGFP-CHEK2-T2A-mCherry).
Conditions are colored as indicated based on functional classification using untagged CHEK2 cDNA as
shown in c. e Phleomycin sensitivity assay using Chek2° mES cells complemented with the indicated
untagged CHK2 constructs or empty vector (Ev). Cells were exposed to 2,5 uM of phleomycin for two
days. Cell viability was measured after one additional day of incubation in drug-free medium using FACS
(using only forward and sideways scatter). Data represent the mean percentage + SEM of viability
relative to untreated cells from 3 independent experiments. f Scatter plot showing the correlation
between phospho-Kap1 p.S473 intensities and the relative resistance to 2,5 pM phleomycin as
measured in e in Chek2° mES cells expressing untagged CHK2 variants. g Quantification of FACS
measurements of Kap1 p.S473 phosphorylation in Chek2® mES cells expressing wild type (WT)
untagged CHEK2 or three selected variants at the indicated times after 10Gy of IR. For each condition,
data are plotted relative to the 2 hours timepoint, which was set to 100%. h Quantification of FACS
measurements of Kap1 p.S473 phosphorylation in Chek2X® mES cells expressing wild type (WT, black)
untagged CHK2, or untagged CHK2 carrying the p.V200A variant (blue) at 2 hours after IR exposure
(10Gy). Data from 2 independent experiments are represented as in c.

A quantitative cell-based functional assay for CHEK2 variants

Complementary western blot analysis, which is at best semi-quantitative in our setup, we next
aimed for a more quantitative approach. To this end, we used fluorescence-activated cell
sorting (FACS) to determine the levels of phospho-Kap1 p.S473. Consistent with results from
western blot analysis (Fig. 1c), we observed a strong reduction in the phospho-Kap1 p.S473
signals in Chek2X° cells 2 hours after IR (Fig. 3a). Surprisingly, we also observed substantial
Kap1 p.S473 phosphorylation in unirradiated Chek2%° cells, albeit this was most likely
restricted to M-phase cells and disappeared after IR exposure (Supplementary Fig. S2).
Complementation of Chek2%° cells with wild type human CHEK2 cDNA rescued the defect in
IR-induced Kap1 p.S473 phosphorylation and even led to higher phospho-Kap1 p.S473
signals when compared to that in Chek2 wild type cells (Fig. 3a). This effect was also seen for
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the 6 synonymous CHEK2 variants (Fig. 3b, Supplementary Fig. S3, 4a). In contrast,
complementation with the empty vector or the truncating variants (except the hypomorphic
variant p.R519X), resulted in a complete absence of cells that were positive for phospho-Kap1
p.S473 (Fig. 3b, Supplementary Fig. S3, 4a). Thus, the quantitative results obtained using a
FACS-based approach fully corroborated the results obtained by western blot analysis.
Notably, our FACS-based analysis showed a large population of cells that is negative
for phospho-Kap1 p.S473, even after expression of wild type CHEK?2 or a synonymous variant
(Fig. 3a, b, Supplementary Fig. S3, 4a). Stable introduction of a construct that carries a T2A
sequence for co-expression of EGFP-CHEK2 and mCherry (EGFP-CHEK2-T2A-mCherry)
showed that there is both a GFP/mCherry-positive as well as GFP/mCherry-negative
population of cells (Supplementary Fig. S5a). These data suggest that a large portion of cells
lose CHEK2 expression after stable integration. Importantly the GFP/mCherry-negative
population of cells was clearly phospho-Kap1 p.S473-negative, even following exposure to IR
(Supplementary Fig. S5a). We therefore excluded this population from our analysis and
quantified the mean intensity of phospho-Kap1 p.S473 (Fig. 3c) only for cells that were
positively gated for phospho-Kap1 p.S473 (Fig. 3a, b). As expected, this showed that
synonymous variants exhibited kinase activity comparable to that of wild type CHK2 (i.e., a
reduction of <24%), whereas the truncating CHEK2 variants (except the hypomorphic variant
p.R519X) caused a major reduction in kinase activity of >69%. Thus, our cell-based system
can classify functional/synonymous and damaging/truncating CHEK?2 variants based on their

effect on Kap1 p.S473 phosphorylation.

Functional analysis of CHEK2 missense VUS

Having established a quantitative cell-based functional assay for CHEK2 variants, we next
examined the effect of 50 missense VUS. The majority of these VUS were identified using a
multigene panel analysis of a large case-control association study performed by the BRIDGES
consortium and Breast Cancer Association Consortium (BCAC) (7). Importantly, for all 50
missense VUS, the contribution with respect to cancer risk is largely unclear and insights into
their functionality may aid in their clinical classification. Following their expression in Chek2<©
cells using the non-tagged CHEK2 cDNA, we found that 31 VUS strongly impaired CHK2
kinase activity toward Kap1 p.S473, comparable to that observed for CHEK2 truncating
variants and the empty vector conditions (Fig. 3c, Supplementary Fig. S3, 4a). Importantly,
p.R519X was not used to set the threshold for damaging variants as it distinguished itself from
the other truncating variants by acting as a hypomorphic variant (Fig. 2, Fig. 3c, Supplementary
Fig. S4a). In addition to p.R519X, 9 CHEK2 missense VUS similarly exhibited intermediate
functional defects (Fig. 3c, Supplementary Fig. S3, 4a). The remaining 10 CHEK2 missense
VUS did not impact CHK2'’s functionality (Fig. 3c, Supplementary Fig. S3, 4a). These results
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were in agreement with those from the western blot analysis (Fig. 2). However, correlation
analysis showed that especially among the functional and intermediate CHEK2 variants,
western blot analysis is inefficient in discriminating functional differences (R?=0,71; p<0,0001)
(Supplementary Fig. S4b). Thus, the FACS-based phospho-Kap1 p.S473 analysis allows for
a quantitative and therefore more accurate functional classification of CHEK2 variants.

We noticed that with FACS analysis, differentiating the positive phospho-Kap1 p.S473
population from the negative population was difficult for cells that expressed CHEK2 VUS with
intermediate function (p.E64K, p.K141T, p.D203G, p.E239K, p.D438Y, p.1448S, p.A480T and
p-R521W). We therefore repeated the FACS-based quantification of phospho-Kap1 p.S473 for
several missense variants (4 functional, 7 intermediate, and 2 damaging variants) following
co-expression of EGFP-CHEK2 and mCherry (EGFP-CHEK2-T2A-mCherry). Following
selection of GFP/mCherry-positive cells, the effects of these variants on Kap1 p.S473
phosphorylation fully corroborated those obtained with cells expressing non-tagged CHEK2
(i.e., R?= 0.95), as all intermediate variants displayed intermediate effects on kinase activity
(Fig. 3d, Supplementary Fig. S5b).

As Kap1 represents only one of the many targets of CHK2, an important question was
whether the functional defects with regards to Kap1 p.S473 phosphorylation also translate to
other functions of CHK2. To address this, we used a more general readout, i.e., cell growth
after DNA damage induction, which is likely regulated by CHK2's activity on multiple
downstream targets. For this, we assessed the impact of two benign (p.R137= and p.S435=),
two pathogenic (p.W93fs and p.T367Mfs) and four intermediate CHEKZ2 variants (p.E64K,
p.D203G, p.D438Y and p.R521W) on cell survival after phleomycin treatment (Fig. 3e). Their
impact on cell survival correlated well with phospho-Kap1 p.S473 levels as measured by FACS
(R? = 0,80; p=0,0052) (Fig. 3f). However, the growth effects for intermediate variants were
variable among replicate experiments, whereas the effects observed for the benign and
pathogenic variants were reproducible. These data suggest that our FACS-based assay is a
robust and reliable approach for the functional classification of CHEK2 variants and that
phosphorylation of Kap1 p.S473 is a suitable readout to assess the general impact of variants
on CHK2 function.

Several variants alter the kinetics of CHK2

The analysis of phospho-Kap1 p.S473 levels in unirradiated cells, and 2 or 6 hours after IR,
showed that two CHEKZ2 missense VUS (p.E64K and p.R521W) were unable to maintain
phosphorylation of Kap1 at p.S473 at the later timepoint (Fig. 2). To confirm this, we expressed
these VUS in Chek2X° cells using the non-tagged CHEK2 cDNA and assessed phospho-Kap1
p.S473 levels by FACS at 2, 4 and 6 hours after IR (Supplementary Fig. S6). Quantification of
the average intensity of phospho-Kap1 p.S473 showed that for wild type CHEK2, the signal
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intensity only slightly decreases in time compared to that at 2 hours after IR (Fig. 3g,
Supplementary Fig. S6). Similarly, for p.D203G, which we identified as a variant with
intermediate functional impact (Fig. 3c), we observed that phospho-Kap1 p.S473 levels are
maintained in time (Fig. 3g, Supplementary Fig. S6), even though overall phospho-Kap1
p.S473 levels at 2h after IR were lower than in cells expressing wild type CHEK2. For both
p.E64K and p.R521W, however, the phospho-Kap1 p.S473 levels were strongly reduced at 6
hours after IR (Fig. 3g, Supplementary Fig. S6). Additionally, we observed that the truncating
CHEK2 variant p.R519X resulted in the same kinetic defect as p.R521W (Fig. 2). Functional
classification of such variants is therefore strongly dependent on the timepoint after IR at which
CHK2 activity is measured. This may also explain why previous reports using different
approaches classified p.E64K and p.R521W as either neutral or damaging, rather than
intermediate (Supplementary Fig. S7a, b) (34,35). In addition, we found that one variant (i.e.,
p.V200A) displayed unregulated CHK2 activity in the absence of DNA damage induction (Fig.
2). Analysis of phospho-Kap1 p.S473 levels by FACS analysis confirmed this functional effect
(Fig. 3h, Supplementary Fig. S4c). In conclusion, p.E64K, p.V200A, p.R519X and p.R521W
alter the kinetics of CHK2 activity, implicating a mechanism for aberrant protein function that

has not been previously reported for CHEKZ2 genetic variants.

Correlation between computational predictions and functionality of variants

With the rapid accumulation of identified VUS in cancer associated genes (49,50),
computational tools can aid in the clinical interpretation of such variants (51). We therefore
compared the quantitative outcome of our functional assays for CHEK2 missense variants
(Fig. 3c) with the predictions from twelve algorithms: Helix, PolyPhen (hvar), PolyPhen (hdiv),
VEST4, REVEL, PrimateAl, CADD, Provean, Deogen2, MVP, SIFT and FATHMM (Fig. 4a, b,
Supplementary Fig. S8). Interestingly, Helix (52) outperformed all other tools (Fig. 4a). This
tool is a missense variant effect predictor built on an extensive resource of protein data, in
which protein structures, together with high-quality structure-based multiple sequence
alignments (MSAs) for the complete structural space, are combined with full length sequence-
based MSAs for the human proteome. Furthermore, Helix was trained on a large set of well-
annotated variants using a strict training regime where circularity is actively avoided (53).
When comparing the predictions from Helix to our functional data, we observed a significant
correlation (R? = 0,66; p<0,00001) (Fig. 4b). Such a correlation was also observed for the
functional data from Delimitsou et al. (34) (R2 = 0,48; p<0,0001), but not for those from
Kleiblova et al. (35) (R?= 0,31; p=0,13) (Fig. 4b). For the CHEK2 VUS in our study, both
versions of PolyPhen (hvar and hdiv) also appeared to predict functional effects relatively well
(R?= 0,52 and 0,44, respectively), but the effects of intermediate CHEK2 VUS, as well as of
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presented in our study (Fig. 3c), or those from Delimitsou et al. 2019 (34) and Kleiblova et al. 2019 (35).
Datapoints are colored based on functional classification (green, functional; orange, intermediate; red,
damaging). Helix provides predictions for pathogenicity ranging from 0-1, with values close to 1
representing pathogenic predictions. ¢ En masse prediction plot from Helix for all possible missense
changes in human CHEK2. Schematic representation of the CHK2 protein and its functional domains
demarcated by the amino acid numbers at the X-axis of the plot. d Heatmap showing predictions from
Helix combined with functional data for CHK2 amino acid changes that were analyzed in Fig. 3c (outlined
in bold). For functional variants indicated in green (with bold outline), amino acid changes with a similar
(+0.05) or lower prediction from Helix are also indicated in green. For intermediate variants indicated in
orange (with bold outline), amino acid changes with a similar (-0.05) or higher prediction from Helix are
also indicated in orange. For damaging variants indicated in red (with bold outline), amino acid changes
with a similar (-0.05) or higher prediction from Helix are also indicated in red. For each amino acid
position, amino acid changes with a similar color code are expected to result in similar functional effects.
Squares in grey and white represent changes into the original amino acid or variant changes for which
predictions are unclear, respectively.

several functional VUS, were overestimated (Supplementary Fig. S8). Importantly, other tools,
particularly REVEL, Provean, Deogen and FATHMM, underestimated the effect of several
damaging variants in CHEK2 (Supplementary Fig. S8). Together, these findings highlight the
potential of Helix with regards to interpretation of missense variants in CHEK?2.

To better understand the functional effects of missense variants throughout the entire
CHK2 protein, we next visualised the predictions from Helix for all possible missense
alterations in CHEK2 (Fig. 4c, Supplementary Table S1). Interestingly, many missense
changes were predicted to exhibit damaging effects. This may be due to the relatively small
size of the CHK2 protein (62 kDa, 543 amino acids), in which unfavourable missense
substitutions (based on amino acid characteristics) may be more prone to affect function than
in larger proteins. Furthermore, we used the predictions from Helix to examine the functional
effects of alternative amino acid changes for each CHEK2 missense VUS in this study (Fig.
4d). This suggested that several conserved CHK2 amino acid residues (e.g., p.S140, p.G229,
p.A247, p.K249, p.E273, p.R346, p.D347, p.E351, p.G386, p.D409, p.G414, p.P426 and
p.R474) are critical for kinase function. Not surprisingly, this included the p.S140
autophosphorylation site that regulates CHK2 dimerization (54), p.E273 which is important for
ATP hydrolysis (55,56), and the catalytic residue p.D347A (55). Thus, Helix is a powerful tool
to predict the impact of missense alterations in CHEKZ2 and can highlight regions and specific

residues that are crucial for protein function.

CHEK2 VUS affect protein function through distinct mechanisms

Our western blot analysis showed that many CHEK2 missense variants result in reduced
protein levels (Fig. 2). To further assess their effect on protein stability, we selected 30 VUS
and introduced these in our EGFP-CHEK2-T2A-mCherry construct. Following RMCE in
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Chek2*°® mES cells, steady-state abundance of CHK2 protein variants was measured based
on GFP fluorescence in mCherry-positive cells, ruling out transcriptional effects on EGFP-
CHEK2 expression. The GFP signal for the two synonymous CHEK?2 variants (p.H54= and
p.R137=), as well as that for several other functional, intermediate and damaging VUS (e.g.,
p.E64K, p.K141T, p.I1157T, p.N186H, p.E273K, p.G306E, p.G386R, p.1448S, p.R521W), was
comparable to wild type CHEK?Z (Fig. 5a). However, all variants that displayed clearly reduced
CHK?2 protein levels on western blot (Fig. 2), also exhibited strongly reduced GFP signals (i.e.,
<65%) (Fig. 5a). Overall, we identified 18 CHEK2 VUS that exhibit major effects on CHK2
protein stability, thereby hampering CHK2 kinase function.

Several damaging variants (e.g., p.E273K and p.G386R) did not affect CHK2 protein
stability, yet impaired IR-induced Kap1 p.S473 phosphorylation (Fig. 2, Fig. 5a). We therefore
questioned whether these variants affect CHK2 kinase activation. Autophosphorylation of
CHK2 is essential for its activation and occurs, amongst others, on residues p.T383 and
p.T387 in the T-loop region located within the kinase domain (Fig. 1d) (19,20). Consistent with
a role for ATM in CHK2 activation (20,57), exposure of cells to ATM inhibitor completely
abolished IR-induced autophosphorylation of CHK2 on p.T383 (Fig. 5b). Subsequently, we
examined the effect of 7 intermediate and 13 damaging CHEK?2 variants, which did not affect
CHK2 protein stability (with exception of p.D203G and p.D438Y), on CHK2 p.T383
phosphorylation (Fig. 5¢c, Table 1). Most of these CHEK?2 variants reduced (n=8) or completely
abolished autophosphorylation (n=8). Surprisingly, 5 CHEK2 variants (i.e., p.1251F, p.E273K,
p.Y390C, p.Y390S, and particularly p.E351D) that did not grossly impact CHK2 p.T383
autophosphorylation, still impaired kinase activity toward Kap1 p.S474 (Fig. 5c), possibly by
impacting ATP binding/hydrolysis. Thus, our results suggest that the damaging effect of
CHEK?2 variants is a consequence of protein instability, impaired kinase activation, or perhaps

reduced ATP binding/hydrolysis.

Association of CHK2 functional defects with breast cancer risk

Having determined the functional impact of VUS in CHEK2, we next investigated whether the
observed impact correlates with increased breast cancer risk. For this, we considered all 30
population-based BCAC studies, which were combined in a case-control association study
performed by the BRIDGES consortium (48826 breast cancer cases and 50703 controls) (7).
Due to the low allele frequency of most CHEK2 variants, we were only able to identify two
variants, ¢.190G>A/p.E64K (OR 1,78; 95% CI 1,14-2,77; p=0.0112) and ¢.349A>G/p.R117G
(OR 2,22; 95% CI 1,34-3,68; p=0,0020) (Table 1), that associate with significantly increased
breast cancer risk and for which the population-based ORs had a relatively narrow Cl. p.E64K
had an intermediate functional impact, whereas p.R117G was damaging (Fig. 3c), suggesting

that the degree of functional impact correlates with the breast cancer risk level.
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Figure 5. Analysis of pathogenic mechanisms of CHEK2 VUS and the association of two VUS with
prostate cancer. a Quantification of FACS measurements of the average EGFP intensity in Chek2<©
mES cells complemented with EGFP-CHEK2-T2A-mCherry, with or without the indicated CHEK2
variants. EGFP intensities were measured in mCherry-positive gated cells. Data represent mean
percentages + SEM for 3 independent measurements and are relative to WT which is set at 100%. b
Western blot analysis of the indicated proteins from IR-exposed (10Gy) Chek2"T, Chek2X°, and
Chek2%°© mES cells complemented with human CHEK2 cDNA that were left untreated or treated with
ATM inhibitor (ATMi). Tubulin was used as a loading control. ¢ Western blot analysis of the indicated
proteins from IR-exposed (10Gy) Chek2X°® mES cells complemented with human CHEK2 cDNA without
or with a CHEK?2 variant that displayed intermediate or damaging effects in Fig. 3c. An unspecific band
produced by the anti-CHK2 antibody was used as a loading control. d Pedigree of the family with the
CHEK2 c.485A>G/p.D162G variant. Three male siblings carrying CHEK2 c.485A>G/p.D162G
developed prostate cancer in their fifties (grey squares). Circles indicate females and squares indicate
males. The asterisks indicate family members whose blood cell DNA was subjected to exome
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sequencing. The red asterisks indicate members carrying the CHEK2 c.485A>G/p.D162G variant. e-f
Partial structures (top) of the CHK2 FHA domain showing the effect of two CHK2 variants exhibiting
protein instability as shown in a. Formulas and changes for the indicated amino acids are shown
(bottom).

Under the assumption that variants with a similarimpact on CHK2 functionality confer the same
level of cancer risk, we performed a burden-type association analysis (Table 2). Accordingly,
we defined three groups of CHEK2 VUS based on their impact on CHK2 function (i.e.,
functional, intermediate or damaging) and established the joint frequencies of the individual
variants within the same group in both cases and controls. The two variants mentioned above
(p.E64K and p.R117G) were excluded from these groups as they were already associated with
a significant breast cancer risk (Table 1). This analysis revealed that functional CHEK2 VUS
as a group (n=6, excl. p.I1157T and p.R180C for which carrier frequencies were not available)
(Fig. 3c), are not associated with an increased risk for breast cancer (OR 1,13; 95% CI 0,87-
1.46; p=0,3773) (Table 2). However, CHEK2 VUS that exhibited an intermediate functional
effect (n=7, excl. p.E64K) (Fig. 3c) were associated with a significantly increased risk for breast
cancer (OR 1,52; 95% CI 1.01-2,28; p=0.0448) (Table 2). Importantly, damaging CHEK2 VUS
(n=27, excl. p.R117G) (Fig. 3c), were associated with an even higher risk than intermediate
variants (OR 2,23; 95% CI 1,48-3,38; p<0.0001) (Table 2). In addition to population-based
ORs, cancer risks described in Table 1 and 2 were also calculated based on all 44 BCAC
studies (combination of 30 population-based and 14 family-based studies) (7). Although this
generally resulted in slightly higher risk estimations for most CHEK2 variants or variant groups,
a similar correlation between functional impact of variants and cancer risk was observed (Table
1, Table 2). These results suggest that our quantitative functional assay can identify
pathogenic CHEK?2 variants.

Association of the CHEK2 c.485A>G/p.D162G variant with prostate cancer

Functional defects caused by CHEK2 VUS are not only associated with an increased risk of
developing breast cancer, but have also been linked to other cancers, including prostate
cancer (9,10). We therefore examined three male siblings from a family that all presented with
prostate cancer >10 years earlier than the average age of onset for sporadic prostate cancer.
This revealed that they were all heterozygous for the germline CHEKZ2 ¢.485A>G/p.D162G
allele (Fig. 5d), which was characterized as a damaging variant in this study (Fig. 3c). Similarly,
the closely located CHEK2 VUS p.G167R had also been linked to prostate cancer (10). Our
results showed that both variants lead to protein instability (Fig. 5a, Supplementary Fig. S5b),
rendering CHK2 non-functional (Fig. 2, Fig. 3c). Consistently, using the crystal structure of
CHK2 (PDB - 316U) (55), in silico modeling of CHK2 p.D162G and p.G167R showed that these
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substitutions are extremely unfavorable for correct folding of the region they locate to, as they
lead to loss of two hydrogen bonds (Fig. 5e-f). Interestingly, analysis of prostate tumor DNA of
two of the three siblings carrying the CHEK2 c.485A>G/p.D162G variant showed no evidence
for loss of heterozygosity (LOH) (Table 3), resembling observations made for the well-known
CHEK2 c.1100delC/p.T367Mfs allele in breast cancer (Table 3) (58). These results suggest
that LOH for individuals carrying a monoallelic damaging CHEKZ2 variant may not be a
prerequisite for cancer development, although we cannot rule out that promotor methylation
silenced expression of the intact allele, thereby mimicking LOH (59). The findings on CHEK2
¢.485A>G/p.D162G suggest that our functional analysis can also identify pathogenic VUS in

CHEK?2 that associate with prostate cancer.

Table 1. Complete list of human CHEK2 variants analyzed in this study.
Protein pKap1 Classification Helix Stability  p.T383 Nr. Nr. Odds Ratio (95% Cl), p- Odds Ratio (95% Cl), p-
change (%) (%) phos. cases controls  value (all studies) value (population-based
studies)

p.A17S 96,5 Functional 0,00 n/a n/a n/a n/a n/a n/a

p.H54= 94,10 Functional n/a 98,10 n/a n/a n/a n/a n/a

p.E64K 41,09 0,04 110,76 Absent 53 31 1,77 (1,16-2,69), p=0,008 1,78 (1,14-2,77), p=0,011
p.W93Gfs 14,31 Damaging n/a n/a n/a n/a n/a n/a n/a

p.R117G 17,42 Damaging 0,86 64,72 n/a 47 22 2,93 (1,82-4,73), p<0,0001 2,22 (1,34-3,68), p=0,002
p.F1258 15,99 Damaging 0,77 41,03 n/a 0 1 n/a n/a

p.K135Nfs 30,89 Damaging n/a n/a n/a n/a n/a n/a n/a

p.R137= 94,09 Functional n/a 96,42 n/a n/a n/a n/a n/a

p.S140N 15,90 Damaging 0,91 n/a Absent 1 0 n/a n/a

p.K141T 56,40 0,45 92,77 Intermediate 1 0 n/a n/a

p.R145W 15,82 Damaging 0,72 38,83 n/a 10 9 1,96 (0,89-4,32), p=0,093 1,15 (0,47-2,84), p=0,756
p.1157S8 86,39 Functional 0,53 n/a n/a 1 0 n/a n/a

p.1157T 95,55 Functional 0,36 111,22 n/a n/a n/a n/a n/a

p.1160T 15,95 Damaging 0,77 48,00 n/a 0 1 n/a n/a

p.D162G 18,40 Damaging 0,93 51,69 n/a n/a n/a

p.G167R 20,76 Damaging 0,94 45,72 n/a 8 3 5,01 (1,47-17,10), p=0,010 2,77 (0,73-10,44), p=0,133
p.F169Lfs 17,11 Damaging n/a n/a n/a n/a n/a n/a n/a

p.F169L 25,19 Damaging 0,49 44,35 n/a 1 2 3,09 (0,64-14,9), p=0,159 0,52 (0,05-5,73), p=0,593
p.R180C 84,08 Functional 0,27 n/a n/a n/a n/a n/a n/a

p.R181H 82,93 Functional 0,04 n/a n/a 33 22 1,16 (0,69-1,93), p=0,578 1,56 (0,91-2,67), p=0,108
p.N186H 96,50 Functional 0,30 108,21 n/a 17 14 1,59 (0,85-2,99), p=0,149 1,26 (0,62-2,56), p=0,5206
p.V200A 67,63 0,36 n/a n/a 0 1 n/a n/a

p.D203G 41,43 36,00 43,79 Intermediate 4 0 n/a n/a

p.G229S 12,94 Damaging 0,96 n/a Absent 0 1 n/a n/a

p.A230P 12,90 Damaging 0,85 n/a Absent n/a n/a n/a n/a

p.E239K 57,85 0,77 61,58 n/a 12 7 2,27 (0,95-5,44), p=0,065 1,78 (0,70-4,52), p=0,226
p.C243R 85,04 Functional 0,75 n/a n/a 4 8 0,44 (0,13-1,47), p=0,183 0,52 (0,16-1,72), p=0,285
p.A247D 27,50 Damaging 0,97 36,99 n/a 1 0 n/a n/a
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Table 1. Continued
Protein pKap1 Classification Helix  Stability p.T383 Nr. Nr. Odds Ratio (95% Cl), p- 0Odds Ratio (95% Cl), p-
change (%) (%) phos. cases controls  value (all studies) value (population-based
studies)

p.K249R 25,48 Damaging 0,91 n/a Absent n/a n/a n/a n/a

p.1251F 15,11 Damaging 0,69 n/a Intermediate 3 0 n/a n/a

p.K253X 34,35 Damaging n/a n/a n/a n/a n/a n/a n/a

p.E273K 22,77 Damaging 0,94 103,64 Intermediate n/a n/a n/a n/a

p.1286= 76,33 Functional n/a n/a n/a n/a n/a n/a n/a

p.G306E 18,84 Damaging 0,89 87,77 Intermediate 1 0 n/a n/a

p.L326P 25,49 Damaging 0,93 35,98 n/a 1 0 n/a n/a

p.R346H 1503  Damaging 090 na Absent 4 2 2,65 (0,54-13,14), p=0,232 2,08 (0,38-11,34), p=0,399
p.D347N 1323  Damaging 093 nla Absent 4 3 0,88 (0,22-3,54), p=0,861 1,38 (0,31-6,19), p=0,6701
p.D347A 29,31 Damaging 0,94 n/a n/a n/a n/a n/a n/a

p.E351D 11,72 Damaging 071  nla Normal 7 2 4,42 (0,97-20,18), p=0,055 3,63 (0,76-17,50), p=0,108
p.T367Mfs 21,13 Damaging n/a n/a n/a n/a n/a n/a n/a

p.T367= 107,13 Functional n/a n/a n/a n/a n/a n/a n/a

p.H371Y 110,43 Functional 0,25 n/a n/a 37 38 0,78 (0,52-1,17), p=0,225 1,01 (0,64-1,59), p=0,962
p.G386R 12,09 Damaging 0,97 107,07 Absent 1 0 n/a n/a

p.Y390C 11,27 Damaging 0,96 n/a Intermediate n/a n/a n/a n/a

p.Y3908 1312  Damaging 096 nla Intermediate 2 3 0,88 (0,18-4,38), p=0,880 0,69 (0,12-4,14), p=0,687
p.A392V 1272 Damaging 093 37,55 nla 12 4 3,32 (1,10-9,99), p=0,033 3,12 (1,00-9,66), p=0,0491
p.D409N 1324  Damaging 097 46,02 n/a 1 1 0,88 (0,06-14,14), p=0,931 1,04 (0,06-16,60), p=0,979
p.S412R 26,39 Damaging 0,97 40,53 n/a 1 0 n/a n/a

p.G414E 22,86 Damaging 0,97 33,33 n/a 1 0 n/a n/a

p.S422Vfs 11,54 Damaging n/a n/a n/a n/a n/a n/a n/a

p.P426R 22,05 Damaging 0,96 37,67 n/a 1 0 n/a n/a

p.S435= 92,62 Functional n/a n/a n/a n/a n/a n/a n/a

p.D438Y 46,39 Intermediate 0,67 77,56 Intermediate 26 27 1,24 (0,76-2,04), p=0,385 1,00 (0,58-1,71), p=0,999
p.N446D 80,18  Functional 008 n/a n/a 4 3 147 (0,35-6,17), p=0,596 1,38 (0,31-6,19), p=0,670
p.1448S 4356  Intermediate 035 90,08 Normal 1 3 0,88 (0,18-4,38), p=0,880 0,35 (0,04-3,33), p=0,358
p.R474H 15,73 Damaging 0,96 34,92 n/a 11 0 n/a n/a

p.R474L 27,86 Damaging 0,97 n/a n/a n/a n/a n/a n/a

p.R474= 95,54 Functional n/a n/a n/a n/a n/a n/a n/a

p.A480T 54,42 Intermediate 0,66 n/a Intermediate 4 0 n/a n/a

p.W485G 20,05 Damaging 0,97 33,98 n/a 0 1 n/a n/a

p.P509S 94,60 Functional 0,01 n/a n/a 21 22 0,88 (0,50-1,58), p=0,676 0,99 (0,55-1,81), p=0,977
p.R519X 59,34 Intermediate n/a n/a n/a n/a n/a n/a n/a

p.RE21W 42,51 Intermediate 053 8394 Intermediate 9 2 2,48 (0,89-6,87), p=0,082 4,67 (1,01-21,63), p=0,049

All variants are indicated at the protein level in the protein change column, where missense variants are
indicated in blue, synonymous variants in green and truncating variants in red. Nucleotide annotations
for each variant are available in the published manuscript, where nucleotide numbering reflects Human
Genome Variation Society (HGVS) nomenclature and cDNA number +1 corresponds to the A of the
ATG translation initiation codon in the reference sequence (CHEK2 NM_007194.4). The initiation codon
is codon 1. For each variant, results for three functional readouts (i.e., Kap1 p.S473 phosphorylation,
EGFP-CHK2 stability and CHK2 p.T383 phosphorylation), Helix-based predictions, population-based
case-control frequencies and odds ratios are shown. Functional classification is based on the phospho-
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Kap1 FACS assay (Fig. 2c) and population-based case-control frequencies and odds ratios are based
on a study from the BRIDGES consortium in collaboration with the BCAC (7).

Table 2. Burden-type cancer risk association analysis for human CHEK?2 variants.

Variant group based on Aa change Cases  Controls 0Odds Ratio (95% Cl), p-value (population- Odds Ratio (95% Cl), p-value (all
function based studies) studies)
p.11578 1 0
p.R181H 33 22
p-N186H 17 14
Functional VUS p-V200A 0 ! 1,13 (0,87-1,46), p = 0,378 0,97 (0,76-1,23), p = 0,7943
p.C243R 4 8
p.H371Y 37 38
p.N446D 4 3
p.P509S 21 22
p.E64K 53 31
p.K141T 1 0
p.D203G 4 0
Intermediate VUS p-E239K 12 7 1,63 (1,21-2,20), p = 0,0014 1,79 (1,36-2,36), p < 0,0001
p.D438Y 26 27
p.1448S 1 3
p.A480T 4 0
p.R521W 9 2
Intermediate VUS (excl. p.E64K) 1,52 (1,01-2,28), p = 0,0448 1,81 (1,25-2,62), p = 0,0016
p.R117G 47 22
p.F1255 0 1
p-S140N 1 0
p.R145W 10 9
p.1160T 0 1
p.G167R 8 3
p.F169L 1 2
p.G229S 0 1
p.A230P n/a n/a
p.A247D 1 0
p.K249R n/a n/a
p.I251F 3 0
p.E273K n/a n/a
Damaging VUS p-G306E ! 0 2,23 (1,62-3,07), p < 0,0001 3,03 (2,25-4,08), p < 0,0001
p.L326P 1 0
p.R346H 4 2
p.D347N 4 3
p.E351D 7 2
p.G386R 1 0
p.Y390C n/a n/a
p.Y390S 2 3
p-A392V 12 4
p-D409N 1 1
p.-S412R 1 0
p.G414E 1 0
p.P426R 1 0
p.R474H 1" 0
p.W485G 0 1
Damaging VUS (excl. p.R117G) 2,23 (1,48-3,38), p < 0,0001 3,09 (2,11-4,53), p < 0,0001
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Variants with similar impact of CHK2 functionality were grouped (Fig. 2c). Only missense variants for
which case-control frequencies from population- or family-based studies have been reported were
included (7). The case-control frequencies reflect those of the population-based studies alone. The
analysis was also performed for groups of CHEK2 variants without p.E64K or p.R117G, for which the
carrier frequencies are high.

Table 3. No LOH in CHEK?2 c.485A>G/p.D162G or ¢.1100delC/p.T367Mfs carriers.

CHEK2 variant carriers Tissue type VAF c.485A>G VAF c.1100delC
Tumor tissue 0,521
c.485A>G/p.D162G carrier 1 (brother 1)
Control tissue 0,482
Tumor tissue 0,526
¢.485A>G/p.D162G carrier 2 (brother 2) .
Control tissue 0,476
Tumor tissue 0,538
¢.1100delC/p.T367Mfs carrier 1
Control tissue 0,485
Tumor tissue 0,466
¢.1100delC/p.T367Mfs carrier 2
Control tissue N/A

VAF refers to variant allele frequency.

DISCUSSION
We developed a mES cell-based system that allows for the quantitative functional classification
of genetic variants in the CHEKZ2 gene that associate with breast and prostate cancer. Of the
50 CHEKZ2 missense VUS tested in this study, 9 variants (18%) had an intermediate impact
on CHK2 function, while 31 (62%) were damaging (Table 1, Fig. 3c). Importantly, 23 CHEK2
missense VUS constitute variants that have, to our knowledge, not been functionally
characterized in previous studies (29-35,60). At least 18 of the intermediate and damaging
VUS in our study (>50%) exhibited defects in protein stability (Fig. 5a), which is a common
pathogenic mechanism originating from missense variants (38,61). Moreover, at least 11 VUS
(22%) showed reduced or complete lack of autophosphorylation on p.T383 (Fig. 5c),
explaining the impaired kinase activity for most of these VUS (19,62). For 5 damaging VUS
(i.e., p.1251F, p.E273K, p.E351D, p.Y390C and p.Y390S) considerable levels of
autophosphorylation were observed, while kinase activity towards Kap1 was lacking. As these
VUS mostly localize to the ATP-binding pocket of CHK2, they likely impair the ability of CHK2
to bind or hydrolyze ATP, the latter of which has already been reported for p.E273K (55,56).
Thus, we examined numerous CHEK2 missense VUS for which we quantified functional
effects (i.e., kinase activity) and assessed pathogenic mechanisms of action. Correlation
between our quantitative results and breast cancer risk further demonstrated that our
functional assay can identify pathogenic missense variants in CHEK2.

Our results are generally in line with two recent studies describing functional analysis

of CHEK2 missense variants (34,35). Kleiblova et al. employed both an in vitro kinase assay

191



Chapter 6

and a RPE1 CHEK2"® cell-based system for functional classification of CHEK2 variants (35).
For most overlapping variants, our results are consistent with their functional assessment
(Supplemental Fig. S7a). Although further research is required to explain the differences
observed for three variants (i.e., p.1157T, p.R346H and p.D438Y), differences in the functional
classification of p.E64K may be explained by its kinetic effect on Kap1 phosphorylation (Fig.
39, Supplemental Fig. S7a). That is, we based our ‘intermediate’ functional classification on
phospho-Kap1 p.S473 levels observed at 2 hours after IR, whereas Kleiblova et al. based their
‘damaging’ classification on the KAP1 phosphorylation levels observed at 4 hours after IR in
the RPE1 cell-based assay. On the other hand, Delimitsou et al. employed a yeast rad53
mutant cell-based system for functional characterization of human CHEK2 variants (34),
whose results were also highly consistent with those from our study (Supplemental Fig. S7b).
However, all CHEK2 variants (with the exception of p.E64K) that we classified as intermediate
and Delimitsou et al. as neutral (Supplemental Fig. S7b), are variants that impaired protein
stability in our assays (i.e., p.D203G, p.E239K, p.D438Y and p.R521W) (Fig. 5a). Possibly,
several intermediate effects are not picked up efficiently in the yeast assays as yeast cells
grow at 30°C rather than at 37°C, which may reduce the thermodynamic instability of proteins.
Thus, while the outcome of the different functional analysis of CHEK?2 variants are generally
consistent, discrepancies for some variants remain, complicating their classification and calling
for further analysis.

The Helix algorithm predicted functionality of CHEK2 missense variants more
accurately than several other algorithms did (Fig. 4b). Therefore, the en masse Helix
predictions (Fig. 4c, Supplementary Table S1) may aid in the classification of missense
variants in CHEK?Z for which functional outcomes were inconsistent (e.g., p.L174V) (35), or for
which functional analysis have yet to be performed. In support of the remarkable performance
of Helix, in both our study and that of Delimitsou et al. (34), no variants predicted to be benign
by Helix were found to be damaging (Fig. 4b). Although computational predictions should be
handled with care, discrepancies with Helix may also highlight variants that require further
validation of their functional impact, thereby aiding in the classification of CHEKZ variants.

The BRIDGES consortium in collaboration with the BCAC, showed that rare CHEK?2
missense VUS in aggregate associate with a low, yet significant risk for breast cancer (OR
1.42; 95% ClI, 1.28 to 1.58; p<0,0001) (7). However, a major challenge is to discriminate which
VUS associate with cancer risk and which do not. Our study addressed this challenge and
showed that the degree of CHK2 dysfunction, for numerous CHEK2 missense VUS, correlates
with increased breast cancer risk (Table 1, Table 2, Fig. 3c). Furthermore, the OR for the
damaging CHEK2 VUS in aggregate (OR 2,23; 95% CI 1,48-3,38; p<0.0001), as well as that
for the damaging VUS ¢.349A>G/p.R117G alone (OR 2,22; 95% CI 1,34-3,68; p=0,0020),
compared well to the population-based ORs for ¢.1100delC/p.T367Mfs (OR 2,66; 95% Cl 2,27-

192



Functional analysis identifies damaging CHEK?2 missense variants

3,11; p<0,0001) and that of all other CHEK2 truncating variants in aggregate (OR 2,13; 95%
Cl 1,60-2,84; p<0,0001) (6,7). The OR for the intermediate CHEKZ2 variant c.190G>A/p.E64K
(OR 1,78; 95% CI 1,14-2,77; p=0.0112) associated with significantly increased breast cancer
risk comparable to that calculated for its functional classification group (OR 1,52; 95% CI 1.01-
2,28; p=0.0448). These results strongly suggest that intermediate CHEK2 VUS associate with
significantly increased breast cancer risk and that damaging CHEK2 VUS likely associate with
a similar risk for breast cancer as truncating CHEK2 variants.

Effects of CHEKZ2 variants on splicing could not be examined since we employed
human CHEK?2 cDNA-based complementation assays. However, in silico splice site prediction
analysis was performed using four different algorithms (Splice Site Finder-like, MaxEntScan,
GeneSplicer, NNSplice) in Alamut (http://www.interactivebiosoftware.com/). For most VUS, an

effect on RNA splicing was unlikely, except for five variants (p.A17S, p.I157S, p.I160T,
p.D162G, p.F169L, p.G229S and p.A230P) for which these algorithms predicted the
introduction of weak acceptor or donor recognition sites in the corresponding exons
(Supplementary Table S2). Consistently, the recently developed deep learning-based SpliceAl
tool (63) predicted no major splice effects for the CHEK2 missense VUS examined in this
study, except for (i.e., p.V200A and p.G229S) for which the loss or introduction of a splice
acceptor site was predicted with low to moderate confidence (Supplementary Table S2). The
path to clinical implementation of functional analysis, in line with ACMG guidelines (64),
involves having a well-calibrated assay. Even though we note that the slight difference in
homology between mouse and human CHEK2 (82% identical and 88% similar in protein
sequence) could affect the functional analysis presented in this study, we believe that our
quantitative data and the correlation with breast cancer risk supports the robustness and

validity of our functional assay for CHEK?2, and thus its value as clinical diagnostic tool.

MATERIALS AND METHODS

Cell lines and cell culture conditions

129/0la E14 IB10 mES cells (37) were cultured on gelatine-coated dishes in 50% 2i ES
medium of which 500 ml contains 1) 250 mL Knockout Dulbecco’s modified Eagle’s medium
(Gibco, 21710-025) supplemented with 2,5 ml 100 mM sodium pyruvate (Gibco 11360-039),
2,5 ml 100x non-essential amino acids (Gibco 11140-035) and 25 ml Fetal Calf Serum (FCS);
2) 125 ml DMEM/F2 HEPES supplemented with 1,25 ml 100x N2 Supplement (Gibco 17502-
048), 85 pl 7.5% BSA (Gibco # 15260-037) and 500 pyL 0,1M B-MeOH; and 3) 125 ml
NEUROBASAL medium (Gibco, 21103-049) supplemented with 2,5 mL 50x B27 Supplement
(Gibco # 17504-044), 1,25 ml 200 mM L-glutamine (Gibco 25030-024) and 500 pL 0,1M B-
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MeOH. The total 500 ml is supplemented with 5 ml 5000 units/ml penicillin/streptomycin (Gibco
15070063), 5 ml 10° units/ml LIF (Millipore ESG1107), 250 uL 0,1M B-MeOH, 250 yL 3mM
CHIR (Axon Medchem 1386) and 250 yL 1 mM PD (Axon Medchem 1408).

Generation of Chek2“° mES cells with DR-GFP and RMCE

mES cells carrying the DR-GFP reporter and RMCE system at the Pim1 and Rosa26 locus,
respectively, were generated previously (38). Using these mES cells, Chek2%° cells were
generated by transfecting1 pg of pSpCas9(BB)-2A-GFP (pX458) (39), encoding Cas9, GFP
and a gRNA that targets exon 3 of mouse Chek2 (5-ACTGTGTTAACGACAACTAC-3’). GFP-
positive cells were FACS-sorted and seeded. Individual clones were examined by TIDE
(https://tide.nki.nl) and western blot analysis for loss of Chk2 expression.

Selection of human CHEK2 variants

Seven previously reported CHEK?2 truncating variants were included as negative controls
(16,40). Six synonymous variants, which have not yet been observed in carriers were selected
based on their position throughout the CHEK?2 protein and were included as positive controls.
Truncating and missense CHEK2 VUS were selected based on one or more of the following
criteria: 1) identification in the case-control association study performed by the BRIDGES
consortium in collaboration with the BCAC (7) or prostate cancer family members reported in
this study, 2) clinical classification in ClinVar (16), 3) position in the CHK2 protein sequence,
4) computational predictions from Helix and 5) presence/absence in previous functional
studies (34,35).

Cloning and generation of human CHEK2 variants
Vector pBudCE4.1 (ThermoFisher, V53220) was modified by adding two Pacl restriction sites
as previously described (38). Human HA-tagged CHEK2 cDNA (NM_007194.4) was
subcloned from pBabe-HA-CHK2 (41) using the BsrGl and Xhol restriction sites into
pBudCE4.1-Pacl using the BsrGl-compatible Acc65I restriction site and Xhol restriction site.
pBabe-HA-CHK2 was a gift from Stephen Elledge (Addgene plasmid #41901). An Ef1o-
CHEK2-containing fragment from pBudCE4.1-Pacl-CHEK2 was then cloned into the RMCE
vector (PRNA 251-MCS RMCE) (TaconicArtemis GmbH) using the Pacl restriction sites in both
vectors. CHEKZ2 variants were introduced by site-directed mutagenesis (SDM) using the
Quick-Change Lightning protocol (Agilent Technologies). All SDM primers are shown in
Supplementary Table S3. Constructs were verified by Sanger sequencing and used for mES
cell-based assays.

The RMCE vector carrying EGFP-CHEK2-T2A-mCherry was generated as follows.
The RMCE vector carrying CHEK2 was digested with EcoRI. EGFP was PCR amplified from
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an EGFP-carrying construct (pcDNA-FRT-TO-puro-EGFP) with the following primers: forward
primer 5-CCCAGTGTGGTGGTACGTAGATGGTGAGCAAGGGCGAGG-3' and reverse
primer  5-TATGGGTAAGCCATGAATTCCTTGTACAGCTCGTCCATGCCG-3'.  Gibson
assembly was then performed to generate the RMCE vector carrying EGFP-CHEK2. Next,
three different fragments were PCR amplified: CHEK2 (forward primer 5'-
ACGAGCTGTACAAGGAATTCATGTCTCGGGAGTCGGATGT-3' and reverse primer 5'-
AGCAGACTTCCTCTGCCCTCCAACACAGCAGCACACACAGC-3) and the hGH sequence
(forward primer 5-TGGACGAGCTGTACAAGTGAACTCCGTGGTTTGAACACTCTAG-3’ and
reverse primer 5-GCATAACTAGTGTCACGCGTCATATGGCCGGCCTATTTAAATAAGC-3’)
from the RMCE vector carrying EGFP-CHEK2, and T2A-mCherry (forward primer 5'-
GAGGGCAGAGGAAGTCTGCTAAC-3’ and reverse primer 5-
TCACTTGTACAGCTCGTCCATGC-3’) from a T2A-mCherry carrying construct (pX459-Cas9-
T2A-mCherry). The RMCE vector carrying EGFP-CHEK2 was then digested with EcoRI and
Miul after which the plasmid backbone (lacking CHEK2) was gel extracted. By employing
Gibson assembly, the three PCR fragments were cloned into the backbone to generate the
RMCE vector carrying EGFP-CHEK2-T2A-mCherry. The construct was verified by Sanger

sequencing and used to generate CHEK?Z variants and perform mES cell-based assays.

Western blot analysis

2x10°® Chek2X° mES cells carrying the DR-GFP reporter and RMCE system were subjected to
RMCE by co-transfecting 1 ug FIpO expression vector (pbCAGGs-FIpO-IRES-puro) (42) with 1
pug RMCE exchange vector. Neomycin-resistant cells from ~500 resistant clones were pooled
and expanded as previously described (38). For various conditions, protein levels for mouse
Chk2, human CHK2, human phospho-CHK2 p.T383, mouse Kap1, mouse phospho-Kap1
p.S473, mouse p53, mouse p21 and mouse tubulin were examined by protein extraction and
western blot analysis. Briefly, samples were generated by taking up ~1,5x10° cells in 75
Laemmli buffer and boiling them at 95°C for 5 minutes. Samples were incubated with 0,2 pl
benzonase (Merck Millipore 70746, 250 U/ul) for 20 minutes at room temperature and then
loaded for gel electrophoresis followed by immunoblotting. Primary antibodies used were:
mouse monoclonal antibody against mouse/human CHK2 (1:1000; BD Biosciences 611571),
rabbit polyclonal antibody against mouse/human phospho-CHK2 p.T383 (1:1500; Abcam
59408), rabbit polyclonal antibody against mouse/human Kap1 (1:10000; Abcam 10484),
mouse monoclonal antibody against mouse/human phospho-Kap1 p.S473 (1:2000; Biolegend
654102), mouse monoclonal antibody against mouse/human p53 (1:1000; Cell Signaling
2524), rabbit polyclonal antibody against mouse/human p21 (Cdkn1a) (1:800; Santa Cruz sc-
397) and mouse monoclonal antibody against a-tubulin (1:5000, Sigma, T6199). Peroxidase-
AffiniPure goat polyclonal anti-rabbit (1:5000; Jackson laboratories 111-035-003) and affinity
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isolated goat polyclonal anti-mouse (1:5000; Dako P0447) were used as secondary antibodies.
SuperSignal West Femto Maximum Sensitivity Substrate (ThermoFisher Scientific 34095) and
ECL Prime Western Blotting Detection Reagents (Merck RPN2232) were used for
development of blots on the Amersham Imager 600 (GE Healthcare Life Sciences).

HR Reporter Assays

1-2x10°® Chek2"°® mES cells carrying the DR-GFP reporter and RMCE system were subjected
to HR assays by transfecting 1 ug of plasmid that co-expresses I-Scel and mCherry (pCMV-
Red-Isce, kind gift from Jos Jonkers) using Lipofectamine 2000 (ThermoFisher) (43). A co-
transfection of 1 uyg pCAGGs (44) with 0,05 pg of an mCherry expression vector was included
as control. Two days after transfection, mCherry/GFP double-positive cells were scored using
a Novocyte Flow Cytometer (ACEA Biosciences, Inc.).

Phleomycin sensitivity assays

For proliferation-based phleomycin sensitivity assays, mES cells were seeded in triplicate at
10000 cells per well of a 96-well plate. The next day, cells were treated with phleomycin
(InvivoGen ant-ph-2p) for two days, after which the medium was refreshed, and cells were
cultured for one more day in drug-free medium. Viable cells were subsequently counted using

the Novocyte Flow Cytometer (ACEA Biosciences, Inc.).

RT-qPCR analysis

RNA was isolated from mES cells grown on 6-well plates using Trizol (ThermoFisher Scientific
15596026) as per the manufacturer’s protocol. For each condition, 3 uyg RNA was treated with
RQ1 RNase-free DNase (Promega M6101) and cDNA was synthesized from 0,2 ug DNase-
treated RNA using hexamer primers (ThermoFisher Scientific N8080127) and SuperScript™
IV Reverse Transcriptase (ThermoFisher Scientific 18090050) as per the manufacturer’s
protocols. RT-qPCRs were carried out using GoTaq gPCR Master mix (Promega A6002), a
CFX384 Real-Time System (Bio-Rad) and the following gPCR primers directed at the mouse
Mdm2, p21 (Cdknia), or the mouse control gene Pim1: Mdm2-exon11-Fw 5-

GTCTATCAGACAGGAGAAAGCGATACAG-3', Mdm2-exon12-Rv 5-
GTCCAGCATCTTTTGCAGTGTGATGGAAG-3'. p21-exon2-Fw 5-
GCTGTCTTGCACTCTGGTGTCTGAG-3, p21-exon3-Rv 5-
GACCAATCTGCGCTTGGAGTGATAG-3. Pim1-exon4-Fw 5-
GCGGCGAAATCAAACTCATCGAC-3 and Pim1-exon5-Rv 5-

GTAGCGATGGTAGCGAATCCACTCTGG-3'.

Flow cytometry (FACS) analysis
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As for western blot analysis, Chek2X® mES cells expressing human CHEK2 variants
were generated and expanded. For phospho-Kap1 p.S473 FACS-based assays, 1x10°
mES cells were seeded on 60 mm dishes one day prior to exposure to 10 Gy of IR.
Two, four or six hours after IR, cells were trypsinized and fixed in 5 ml 2% formaldehyde
for 15 minutes. A volume of 2 ml 0,125 M glycine was added and cells were centrifuged
for 5 minutes at 1500 rpm. Cells were then washed in PBS and fixed for a second time
in 100% ice-cold methanol and incubated overnight at -20°C. After washing once in
PBS, fixed cells were permeabilized for 15 minutes using 0,25% Triton X-100 in PBS,
after which cells were stained in 200 ul PBS* (5 g/I BSA, 1,5 g/l glycine) with 1 yl mouse
anti-phospho-Kap1 p.S473 (0,5 ug/ul, Biolegend 654102) for 3 hours at room
temperature, with gentle resuspension every 30 minutes. Alexa-488 goat anti-mouse
(1:200 in 200 pl PBS; ThermoFisher Scientific A-21424) was used as a secondary
antibody, followed by a propidium iodide staining (25 ug/ml Pl, RNaseA 0,1 mg/ml,
0.05% Triton X-100). Phospho-Kap1 p.S473 intensity was analysed using the
Novocyte Flow Cytometer (ACEA Biosciences, Inc.). For FACS-based assays with
mES cells expressing EGFP-CHEK2-T2A-mCherry, phospho-Kap1 p.S473 was
stained with alexa-647 goat anti-mouse (1:200 in 200 yl PBS; ThermoFisher Scientific
A-21235), propidium iodide staining was not performed and Phospho-Kap1 p.S473
intensity was measured after gating for mCherry- or GFP-positive cells using a

Fortessa1 (BD Biosciences).

Exome sequencing in prostate cancer family members

Three brothers were diagnosed with prostate cancer >10 years earlier than the average age
of onset of sporadic prostate cancer, suggesting that they might be carriers of a germline
mutation responsible for predisposition to this type of cancer. Copy-number variations
(deletions or amplifications) in blood cell DNA from these four brothers and their sons were not
detected using the SNP6 microarray (Affymetrix). The Agilent SureSelect Human All Exon
V5+UTRs protocol was used to carry out targeted enrichment of all exonic sequences from
the total DNA material for each sample. Paired-end lllumina sequencing with 100 cycles was
performed to minimize the ambiguities of read alignment to the reference genome. Two
sequencing lanes resulted in an average of 20 million fragments per sample. All sequence
fragments were aligned to the reference human genome (version hg19) using BWA mem (v.
0.7.10), after quality and TruSeq adapter trimming using Cutadapt (v.1.5). Sam files were
manipulated using Samtools (v.1.1) and Picard tools (v.1.119) were used to run quality metrics

(insert size, hybridization quality) and mark PCR duplicates. VerifyBamID (v. 1.1) was used to
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estimate contamination. Samples were genotyped and variants jointly called using GATK (v.
3.5). For this purpose, padded targeted intervals were created based on Agilent targets.
Annotation was performed using wAnnovar, Oncotator (v.1.8) and WGSA (Amazon EC2 cloud,
AWS community instance: WGSA055-ubuntu-800G). Transcript annotation was taken from
the Oncotator pipeline using the transcript list giving priority to known clinical protein changes
(list downloaded in Feb 2016). GENCODE (Version 19 - July 2013 freeze, GRCh37 - Ensembl
74) was used as a reference transcript set. Unfiltered variants were jointly called over all
samples. Filtering was performed based on genotyping quality. All variants that did not have a
minimum read depth of 8 and genotype quality of 20 in all affected family members were
removed. Finally, all variants with MAF >1% (based on ExAc European non-Finnish cohort,
annotation from WGSA) were excluded. Variants classified as pathogenic by ClinVar were not
discarded even if MAF was >1%. Analysis of the remaining variants showed that all three
affected brothers, as well as one of their sons, carried the CHEK2 allele rs587781652
harbouring the c.485A>G/p.D162G VUS.

LOH assessment

Tumor DNA was isolated from formalin-fixed paraffin-embedded (FFPE) tissue blocks either
by taking three 0.6 mm tumor cores or by microdissection of tumor areas with at least 70%
tumor cells (10 mm slides). Fully automated DNA isolation was performed using the Tissue
Preparation System (Siemens Healthcare Diagnostics) as described previously (45). The
Qubit dsDNA HS Assay Kit was used for DNA quantification according to the manufacturer’s
protocol (Qubit 2.0 Fluorometer, Invitrogen, Waltham, MA USA, cat. Q32851). Next-generation
sequencing (NGS) was performed using 40 ng of tumor DNA per sample isolated from FFPE
tissue blocks. The custom Ampliseq HDR15v1-panel (Thermo Fisher) was used for variant
detection in CHEKZ2. LOH of CHEK?2 was determined by comparing the variant allele frequency
(VAF) of heterozygous c.485A>G/p.D162G and ¢.1100delC/p.T367Mfs in tumor and normal
tissue as described previously (45). LOH was considered present when the tumor cell
percentage was >20% and the germline CHEK2 variant allele frequency was >0.6. LOH was
considered inconclusive when the tumor cell percentage was <20% or considered absent
when the germline CHEK2 variant VAF was <0.6.

Ethics declaration

Individuals of the prostate cancer family were identified and evaluated at the University
Hospital Zurich. The study protocol was approved by the hospital’s research ethics committee,
and donors provided written consent to tissue collection, testing, and data publication. LOH
assessment was performed at Leiden University Medical Center under protocols approved by

hospital’s local ethics committee.
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Supplementary Table S$1*. Complete list of the predictions from Helix (version 4.2.0) for all

possible missense amino acid changes in human CHEKZ2.

*Go to the online published manuscript to access Supplementary Table S1

Supplementary Table S2. List of human CHEK2 missense VUS analyzed in this study and

their predicted splice effects using Alamut and SpliceAl.

Genomic location (on Protein SpliceAl score SpliceAl pre-mRNA position
Assembly GRCh37) change

Acceptor  Donor  Acceptor  Donor | Acceptor  Donor  Acceptor  Donor

Loss Loss Gain Gain Loss Loss Gain Gain

chr22_29130661_C_A A17S 0 0 0,01 0 -12 bp
chr22_29130520_C_T E64K 0 0 0 0
chr22_29121326_T_C R117G 0 0 0 0
chr22_29121301_A_G F125S8 0 0 0 0
chr22_29121256_C_T S140Q 0 0 0 0
chr22_29121253_T_G K141T 0 0 0 0,01 -26 bp
chr22_29121242_G_A R145W 0 0,01 0 0 -15bp
chr22_29121087_A_G 1157T 0 0 0,01 0 21 bp
chr22_29121087_A_C 11578 0 0 0 0
chr22_29121078_A_G 1160T 0 0 0,02 0 -3 bp
chr22_29121072_T_C D162G 0,05 0 0 0 36 bp
chr22_29121058_C_T G167R 0,06 0 0 0 50 bp
chr22_29121050_A_C F169L 0 0 0 0,08 0 bp
chr22_29121019_G_A R180C 0 0 0 0
chr22_29121015_C_T R181H 0 0 0 0
chr22_29121001_T_G N186H 0 0 0 0
chr22_29115467_A_G V200A 0,28 0 0,04 0 -21bp 6 bp
chr22_29115458_T_C D203G 0,05 0 0 0 -12 bp
chr22_29108004_C_T G229S8 0 0 0,66 0 -2 bp
chr22_29108001_C_G A230P 0 0 0 0
chr22_29107974_C_T E239K 0 0 0 0
chr22_29107962_A_G C243R 0 0 0 0
chr22_29107949_G_T A247D 0 0 0 0
chr22_29107943_T_C K249R 0 0 0 0
chr22_29107938_T_A 1251F 0 0 0 0
chr22_29106023_C_T E273K 0,03 0,04 0 0 24 bp -29 bp
chr22_29095917_C_T G306E 0 0 0 0
chr22_29095857_A_G L326P 0 0 0 0
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Supplementary Table S2. Continued

Genomic location (on Protein SpliceAl score SpliceAl pre-mRNA position
Assembly GRCh37) change

Acceptor  Donor  Acceptor  Donor | Acceptor  Donor  Acceptor  Donor

Loss Loss Gain Gain Loss Loss Gain Gain

chr22_29092947_C_T R346H 0,04 0 0 0 28 bp
chr22_29092945_C_T D347N 0,07 0 0 0 30 bp
chr22_29092944 T_G D347A 0,01 0 0 0 31bp
chr22_29092931_C_A E351D 0,04 0,01 0 0 44 bp -42 bp
chr22_29091846_G_A H371Y 0 0 0,02 0 -9 bp
chr22_29091801_C_G G386R 0,01 0 0 0 36 bp
chr22_29091788_T_C Y390C 0 0 0 0
chr22_29091788_T_G Y3908 0 0 0 0
chr22_29091782_G_A A392V 0 0 0 0
chr22_29091732_C_T D409N 0 0,01 0 0 -34 bp
chr22_29091721_A_ T S412R 0 0 0 0,01 -23 bp
chr22_29091716_C_T G414E 0 0 0 0,01 -18 bp
chr22_29091213_G_C | P426R 0,12 0 0,04 0 -16 bp 11bp
chr22_29091178_C_A D438Y 0,05 0 0,02 0 19 bp 46 bp
chr22_29091154_T_C N446D 0 0 0,01 0 43 bp
chr22_29091147_A_C 1448S 0 0 0 0
chr22_29090060_C_T R474H 0,01 0,01 0 0 45 bp -40 bp
chr22_29090060_C_A R474L 0,01 0,01 0 0 45 bp -40 bp
chr22_29090043_C_T A480T 0 0,01 0 0 -23 bp
chr22_29090028_A C W485G 0 0,01 0 0 -8 bp
chr22_29085140_G_A P509S 0 0 0 0,07 -5 bp
chr22_29083956_G_A R521W 0,01 0 0 0 18 bp

Only predictions from SpliceAl are shown in this table. Predictions using Alamut (i.e., from four
algorithms; SpliceSiteFinder-like, MaxEntScan, GeneSplicer and NNSPLICE) are available in the online
version of this table. SpliceAl scores range from 0-1 and can be interpreted as the probability that the
variant affects splicing at any position within a window of +/- 50 bp. For each variant, SpliceAl looks
within a window of +/- 50 bp to see how the variant affects the probabilities of different positions in the
pre-mRNA being splice acceptors or donors. The numbers in the pre-mRNA position column represent
the positions with the biggest change in probability within the window. Negative values are upstream

(5") of the variant and positive values are downstream (3') of the variant. n/a; not applicable.
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Supplementary Table S3. Complete list SDM primers for all human CHEK?2 variants analyzed

in this study.
Protein Forward SDM primer Reverse SDM primer
change
p.A17S 5'-agtctcatggcagcagttcctgttcacagec-3' 5'-ggctgtgaacaggaactgctgccatgagact-3'
p.H54= 5'-ctccagccagtectctcattccagetctg-3' 5'-cagagctggaatgagaggactggctggag-3'
p.E64K 5'-tctgggacactgagctccttaaagacagtgtce-3' 5'-ggacactgtctttaaggagctcagtgtcccaga-3'
p.W93Gfs 5'-tacccctgecccecgggcetegattatg-3' 5'-cataatcgagcccgggggeaggggta-3'
p.R117G 5'-acaactactggtttgggggggacaaaagctgtgaa-3' 5'-ttcacagcttttgtcccccccaaaccagtagttgt-3'
p.F1258 5'-caaaagctgtgaatattgctctgatgaaccactgetg-3' 5'-cagcagtggttcatcagagcaatattcacagcttttg-3'
p.K135Nfs | 5'-gaaccactgctgaaaagaacagataataccgaacatacag-3' 5'-ctgtatgttcggtattatctgttcttttcagcagtggttc-3'
p.R137= 5'-ctgaaaagaacac cgtacatacagcaagaaacactttcg-3' 5'-cgaaagtgtttctigctgtatgtacggtatttatctgttcttttcag-3'
p.S140N 5'-aacag cgaacatacaacaagaaacactttcggattttca-3' 5'-tgaaaatccgaaagtgtttcttgttgtatgttcggtatttatctgtt-3'
p.K141T 5'( cgaacatacagcacgaaacactttcggattttcagg-3' 5'-cctgaaaatccgaaagtgtttcgtgctgtatgttcggtatttate-3'
p.R145W 5'-ccgaacatacagcaagaaacacttttggattttcaggga-3' 5'-tccctgaaaatccaaaagtgtttcttgctgtatgttcgg-3'
p.1157T 5'-gggaagtgggtcctaaaaactcttacactgcatacatagaag-3' 5'-cttctatgtatgcagtgtaagagtttttaggacccacttcce-3'
p.11578 5'-gggaagtgggtcctaaaaactcttacagtgcatacatagaag-3' 5'-cttctatgtatgcactgtaagagtttttaggacccacttcce-3'
p.1160T 5'-tcctaaaaactcttacattgcatacacagaagatcacagtgge-3' 5'-gccactgtgatcttetgtgtatgce: jagtttttagga-3'
p.D162G 5'-cattgcatacatagaaggtcacagtggcaatggaac-3' 5'-gttccattgccactgtgaccttctatgtatgcaatg-3
p.G167R 5'-tgcatacatagaagatcacagtggcaatagaacctttgtaaataca-3' 5'-tgtatttacaaaggttctattgccactgtgatcttctatgtatgca-3'
p.F169Lfs 5'-acagtggcaatggaaccttgtaaatacagagcttgtag-3' 5'-ctacaagctctgtatttacaaggttccattgccactgt-3'
p.F169L 5'-acagtggcaatggaaccttggtaaatacagagcttgtag-3' 5'-ctacaagctctgtatttaccaaggttccattgccactgt-3'
p.R180C 5'-cagagcttgtagggaaaggaaaatgccgtectttga-3' 5'-tcaaaggacggcattttcctttccctacaagcetetg-3'
p.R181H 5'-tgtagggaaaggaaaacgccatcctttgaataacaattctg-3' 5'-cagaattgttattcaaaggatggcgttttcctttccctaca-3'
p.N186H 5'-acgccgtcctttgaataaccattctgaaattgcactgtc-3' 5'-gacagtgcaatttcagaatggttattcaaaggacggegt-3'
p.V200A 5'-cactaagcagaaataaagtttttgccttttttgatctgactgtagatga-3' 5'-tcatctacagtcagatc aaaaactttatttctgcttagtg-3'
p.D203G 5'-gaaataaagtttttgtcttttttggtctgactgtagatgatcagtcag-3' 5'-ctgactgatcatctacagtcagace yjacaaaaactttatttc-3'
p.G229S 5'-caaaaactcttggaagtagtgcctgtggagaggta-3' 5'-tacctctccacaggcactacttccaagagtttttg-3'
p.A230P 5'-aaaactcttggaagtggtccetgtggagaggtaaa-3' 5'-tttacctctccacagggaccacttccaagagtttt-3'
p.E239K 5'-gagaggtaaagctggctttcaac atg -3 5'-tttcttacatgttttcctcttgaaagccagcetttacctcte-3'
p.C243R 5'-tggctttcgac acy jtagccataaag-3' 5'-ctttatggctactttcttacgtgttttcctctcgaaagceca-3'
p.A247D 5'-gaggaaaacat jtagacataaagatcatcagcaaaagga-3' 5'-tecttttgctgatgatctttatgtctactttcttacatgttttccte-3'
p.K249R 5'-aacatgtaagaaagtagccataaggatcatcagcaaaaggaagttt-3' 5'-aaacttccttttgctgatgatecttatggctactttcttacatgtt-3'
p.1251F 5'-gtaagaaagtagccataaagatcttcagcaaaaggaagtttgctatt-3' 5'-aatagcaaacttccttttgctgaagatctttatggctactttcttac-3
p.K253X 5'-gtagccataaagatcatcagctaaaggaagtttgctattggtt-3 5'-aaccaatagcaaacttcctttagctgatgatctttatggctac-3'
p.E273K 5'-gacccagctctcaatgttgaaac Jjaaattttgaaaaagctaa-3' 5'-ttagctttttcaaaatttctatttttgtttcaacattgagagctgggtc-3'
p.1286= 5'-aattttgaaaaagctaaatcatccttgcatcataaac tittttgatgca-3' 5'-tgcatcaaaaaagtttttaatctttatgatgcaaggatgatttagctttticaaaatt-3'
p.G306E 5'-gttttggaattgatggaagagggagagctgtttgacaaa-3' 5'-tttgtcaaacagctctccctcttccatcaattccaaaac-3'
p.L326P 5'-aaagaagctacctgcaagccctatttttaccagatgctc-3' 5'-gagcatctgg jogcttgcaggtagettcttt-3'
p.R346H 5'-catgaaaacggtattatacaccatgacttaaagccagagaatgtt-3' 5'-aacattctctggctttaagtcatggtgtataataccgttttcatg-3'
p.D347N 5'-ccttcatgaaaacggtattatacaccgtaacttaaagccagaga-3' 5'-tctetggctttaagttacggtgtataataccgttttcatgaagg-3'
p.D347A 5'-gaaaacggtattatacaccgtggcttaaagccagagaatgtttta-3' 5' tctggctttaagccace cgttttc-3'
p.E351D 5'-caccgtgacttaaagcc atctca-3' 5'-tgagatgacagtaaaacattatctggctttaagtcacggtg-3'
p.T367Mfs | 5'-caagaagaggactgtcttataaagattatgattttgggcactc-3' 5'-gagtc ataatctttataagacagtcctcttcttg-3
p.T367= 5'-gaggactgtcttataaagattacagattttgggcactccaag-3' 5'-cttggagtgcecc yacagtcctc-3'
p.H371Y 5'-tataaagattactgattttgggtactccaagattttgggagagac-3' 5'-gtctctcccaaaatcttggagtacccaaaatcagtaatctttata-3'
p.G386R 5'-tetctcatgagaaccttatgtcgaacccecacctac-3' 5'-gtaggtgggggttcgacataaggttctcatgagaga-3'
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Supplementary Table S$3. Continued

Protein

change Forward SDM primer

Reverse SDM primer

p.Y390C 5'-ggaacccccacctgcettggegectgaa-3'
p.Y390S 5'-ggaacccccacctcettggegectgaa-3'

p.A392V 5 ttggtgcctgaagttcttgt-3'

p.D409N 5'-ggtataaccgtgctgtgaactgctggagtttagga-3'
p.S412R 5'-gtgctgtggactgctggagattaggagttattcttttta-3'
p.G414E 5'-tgtggactgctggagtttagaagttattctttttatctgce-3'
p.S422Vfs | 5'-ttaggagttattctttttatctgcctagtgggtatccace-3'
p.P426R 5'-ccttagtgggtatccacgtttctctgagcatagga-3'
p.S435= 5'-cataggactcaagtgtctctgaaggatcagatcac-3'
p.D438Y 5'-ctcaagtgtcactgaagtatcagatcaccagtgga-3'
p.N446D 5'-gatcaccagtggaaaatacgacttcattcctgaagtctg-3'
p.1448S 5'-atcaccagtggaaaatacaacttcagtcctgaagtctgg-3'
p.R474H 5'-tagtggatccaaaggcacattttacgacagaagaage-3'
p.R474L 5'-tagtggatccaaaggcactttttacgacagaagaagc-3'
p.R474= 5'-gtggatccaaaggcacgatttacgacagaagaage-3"
p.A480T 5'-aggcacgttttacgacagaagaaaccttaagacaccc-3'

p.W485G 5'-gccttaagacacccggggcttcaggatgaag-3'

p.P509S 5'-aaatgaatccacagctctatcccaggttctagecc-3'
p.R519X 5'-ccagcecttctactagttgaaagceggeccee-3'
p.R521W 5'-gccttctactagtcgaaagtggccccgtgaag-3'

5'-ttcaggcgccaagcaggtgggggttce-3'
5'-ttcaggcgccaaggaggtgggggttce-3'
5'-acaagaacttcaggcaccaagtaggtggggg-3'
5'-tcctaaactccagcagttcacagcacggttatace-3'
5'-taaaaagaataactcctaatctccagcagtccacagceac-3'

5'-ggca jaataacttctaaactccagcagtccaca-3'

5'-ggtggatacccactaggeac jaataactcctaa-3'

5'-tcctatgctcagagaaacgtggatacccactaagg-3'
5'-gtgatctgatccticagagacacttgagtcctatg-3'
5'-tccactggtgatctgatacttcagtgacacttgag-3'
5'-cagacttcaggaatgaagtcgtattttccactggtgatc-3'
5'-ccagacttcaggactgaagttgtattttccactggtgat-3'
5'-gcttcttctgtcgtaaaatgtgectttggatccacta-3"
5'-gcttcttctgtcgtaaaaagtgcectttggatccacta-3'

5'-gettcttctgtcgtaaategtgectttggatccac-3'

5'-gggtgtcttaaggttctictgtce ject-3'
5'-cttcatcctgaageccegggtgtettaagge-3'
5'-gggctagaacctgggatagagcetgtggattcattt-3
5'-ggggecgctttcaactagtagaaggetgg-3'

5'-cttcacggggccactttcgactagtagaagge-3'
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Supplementary Figure S1. Validation and functional analysis of Chek2° mES cells. a Sequence
alignment of a fragment of exon 3 of the Chek2 gene showing a -7 bp deletion. b TIDE analysis
confirming the -7 bp deletion in exon 3 of the Chek2 gene. ¢ Western blot analysis confirming the KO
of mouse Chek2 and subsequent complementation/expression of human CHEKZ2 in mES cells. Tubulin
was used as a loading control. d Analysis of the HR efficiency using the DR-GFP reporter in three
additional Chek2X° clones (left) and western blot analysis confirming the heterozygous or homozygous
KO (right). HR efficiency was examined after transient co-expression of I-Scel and mCherry. GFP
expression was monitored by FACS. Data represent mean percentages (+SEM) of GFP-positive cells
among the mCherry-positive cells relative to that for the wild type (WT), which was set to 100%, from
two independent experiments. e FACS-based analysis of cell cycle profiles from Chek2"T and WT cells
after BrdU and propidium iodide (PI) staining. A positive BrdU signal marks cells that are in S-phase.
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The bar graph represents the mean percentage of cell cycle phase distributions from 2 independent
measurements. f Analysis of the proliferation rate of WT and Chek2X® mES cells. On day 1, 0.5x108
cells were seeded for both conditions and on day 5, cell growth was assessed by cell counting. g
Phleomycin sensitivity assay using WT and Chek2® mES cells. Cells were exposed to the indicated
concentrations of phleomycin for two days. Cell viability was measured after one additional day of
incubation in drug-free medium using FACS (using only forward and sideways scatter). Data represent
the mean percentage of viability/resistance relative to untreated cells (+ SEM) from 2 independent
experiments. f RT-gPCR analysis of mouse Mdm2 (left) and p21 (right) transcripts in WT versus
Chek2*© mES cells after the indicated timepoints after IR. Data represent the mean transcript levels
(xSEM) from two independent RNA isolation experiments and are relative to the 0 hour timepoint, which
was set to 1.
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Supplementary Figure S2. Kap1 p.S473 phosphorylation in the absence or presence of DNA damage
induction. FACS-based analysis, without or 2 hours after IR, of Kap1 p.S473 phosphorylation in Chek2X°
mES cells complemented with WT CHEK2 or an empty vector. Cell cycle profiles are shown in the
bottom panels and confirm stalling of the cell cycle 2 hours after IR.
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Supplementary Figure S3. Human CHEK?2 variants and their effect on CHK2’s kinase activity toward
Kap1 p.S473. Quantitative FACS-based analysis, 2 hours after IR, of Kap1 p.S473 phosphorylation in
Chek2X© mES cells complemented with the indicated conditions. Variants/conditions are categorized by
color as either wild type (WT, black), synonymous variant (green), truncating variant (red), VUS (blue),
or empty vector (Ev, grey).
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Supplementary Figure S4. Human CHEK?2 variants and their effect on CHK2’s kinase activity toward
Kap1 p.S473. a Quantitative FACS-based analysis, 2 hours after IR, of Kap1 p.S473 phosphorylation
in Chek2*® mES cells complemented with the indicated conditions. Variants/conditions are categorized
by color as either wild type (WT, black), synonymous variant (green), truncating variant (red), VUS
(blue), or empty vector (Ev, grey). b Scatter plot showing the correlation between phospho-Kap1 p.S473
intensities at 2 hours after IR (10 Gy) in Chek2“° mES cells expressing untagged CHK2 measured by
either FACS and western blot analysis. For quantification of western blots as shown in Fig. 2, phospho-
Kap1 p.S473 levels were first normalized to the total Kap1 signals on each blot with its respective wild
type and empty vector control (demarcated by the dashed and continuous lines). For each blot, the
phospho-Kap1 p.S473 intensities for the CHEK2 variants were calculated relative to that of wild type
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CHEK2, which was set to a 100%. Datapoints representing CHEK2 variants are categorized by color
based on functional classification as shown in Fig. 3c (green is functional, orange is intermediate, red is
damaging). ¢ FACS-based analysis of Kap1 p.S473 phosphorylation at 2 hours after IR in Chek2X® mES
cells complemented with wild type (WT) untagged CHK2 or untagged CHK2 carrying the p.V200A
variant.

215



Chapter 6

a Single cell population R mCherry negative cells mCherry positive cells
% Taza Q22 S Tana air2
< [o77% 0,08% 93,55% 5,52%
mCherry = _
positive '9 H
g g Wild type
Q% Q
mCherry T [ . No IR
negative ° o [CRY
2 T
Q123 Q124 Q113 Q114
2 |9489% 4,26% :é. 0,90% 0,03%
°
252 80 120 160 2222 T1018 103 1047 1019 103 104 1048
FSC-A (10%) p-Kap1 S473 p-Kap1 S473
Single cell population mCherry negative cells mCherry positive cells
S Tam Q122 % Taim Qi1-2
o |042% 0,25% 073% 98,25%
\ mCherry ° ; R
positive q N - .
> g g ® Wild type
2 ] S
S Y ot
o a
E mCherry s e 2 hours after 10 Gy
# negative [O] o ','c-_
Q124 . a3’ Qt1-4
0,59% S |ose%; 036%
252 80 120 160 2222 1018 103 1041 T1010 103 104 1048
FSC-A (10%) p-Kap1 S473 p-Kap1 S473
b WT CHEK2
o
g : s
p-Kap1 + = & p-Kap1 +
@ 100% a 2. 100%
- 1 e
g° o, g
X e gl
a . Q.
2 2
191 40 80 120 160,7 —19‘1 40 80 120 160,7 191 40 80 120 1607 191 40 80 120 160,7
FSC-H (10°) FSC-H (10%) FSC-H (10%) FSC-H (10%)
E64K
© < _‘ GFP + o
> 5 ® 87.7% L
@ Dy pKap1 & @ o p-Kap1 £
S = 100% G e = 100%
] @ S ©
€ X GFP X
Qs S
19,1 40 80 120 160,7 19,1 40 80 120 160,7 19,1 40 80 120 160.7 19,1 40 80 120 160,7
FSC-H (10°) FSC-H (10°) FSC-H (10%) FSC-H (10%)
D162G
3 3
I < g
mCherry + Q e GFP + N
g Y 83.5% 5 . o 84.2% 5) <
r - 2 [ - 2
O 3 & p-Kap1 - O 3 5 p-Kap1 -
= i mCherry ] o0 = orp N 100%
T o T o
4% Qe
191 40 80 120 160,7 19,1 40 80 120 160,7 191 40 80 120 1607 191 40 80 120 160,7
FSC-H (10%) FSC-H (10%) FSC-H (10%) FSC-H (10%)

Supplementary Figure S5. Phospho-Kap1 p.S473 FACS-based analysis after gating for CHEK2
expression. a FACS-based analysis, without or 2 hours after IR, of Kap1 p.S473 phosphorylation in
mES cells complemented with EGFP-CHEK2. Left panels show gates for mCherry positive and negative
cells, as mCherry is co-expressed from the same cDNA through to a T2A sequence. Middle panels
show signals negative for EGFP and phospho-Kap1 p.S473 after gating for mCherry negative cells.
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Right panels show positive signals for EGFP and phospho-Kap1 p.S473 after gating for mCherry
positive cells. b FACS-based analysis, 2 hours after IR, of Kap1 p.S473 phosphorylation in mES cells
complemented with EGFP-CHEK2. Results for three conditions (WT, functional; p.E64K, intermediate;
p.D162G, damaging) are shown and are quantified in Fig. 2d. Kap1 p.S473 phosphorylation can be
quantified after gating for the mCherry-positive signal (left 2 panels) or GFP-positive signal (right 2
panels).
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Supplementary Figure S6. CHK2 kinase activity in time after DNA damage induction. Quantitative
FACS-based analysis of Kap1 p.S473 phosphorylation in Chek2® mES cells complemented with the
indicated conditions. Cells were fixed and measured at the indicated times after IR. The red arrows
indicate the mean phospho-Kap1 S473 intensity.
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Supplementary Figure S7. Correlation between two previously published studies and our current
functional analysis of human CHEK?2 missense variants. a Table (top) and scatter plot (bottom) showing
the correlation between our current phospho-Kap1 p.S473 FACS-based readout as shown in Fig. 2c
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and two distinct and indicated functional assays from Kleiblova et al. (1). The scatter plot shows the
correlation between our data and the semi-quantitative microscopy-based phospho-Kap1 p.S473
quantification. In the scatter plot, datapoints are colored based on our current functional classification
(green is functional, orange is intermediate, red is damaging). b Table (left) and scatter plot (right)
showing the correlation between our current phospho-Kap1 p.S473 FACS-based readout as shown in
Fig. 2c and a yeast-based functional classification from Demilitsou et al. (2). The scatter plot shows the
correlation between our data and the yeast-based growth scores. In the scatter plot, datapoints are
colored as in a.
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Supplementary Figure S8. Correlation between in silico predictions and the outcome of
functional assays for missense variants in human CHEK2. a Scatter plots showing the
correlation between the indicated in silico predictions algorithms and results from the FACS-
based assay examining Kap1 p.S473 phosphorylation as shown in Fig. 2c. Datapoints are
colored based on their functional classification (green is functional, orange is intermediate, red

is damaging).
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FUTURE PERSPECTIVES

According to ClinVar (as of October 2022), a clinically oriented database for genetic variants,
around 75% of all germline variants in the coding sequences of PALB2 and CHEK2 are
missense variants, whereas 17% are frameshift and 8% are nonsense. Almost all (94%)
PALB2 (n=1987) and CHEK2 (n=1284) missense variants are classified as variants of
uncertain significance (VUS), which constitute variants that cannot be used for clinical
decision-making or cancer risk assessment due to insufficient available evidence that can be
used for clinical interpretation. Potential biochemical and structural alterations resulting from
missense VUS are often extremely challenging to predict, meaning that they cannot be used
for clinical interpretation of these variants. In contrast, the concerted efforts to functionally
characterize numerous PALB2 and CHEK2 missense VUS in distinct functional assays on a
variant-by-variant basis (as reviewed in Chapters 2 and 3), represent milestones for clinical
interpretation and clinical management of PALB2 and CHEK2 VUS carriers. However, some
challenges still remain, such as addressing the functional effects of an overwhelming number
of VUS in these genes that are yet to be functionally characterized. This also includes
addressing the functional impact of variants on RNA splicing as many missense or
synonymous variants that do not affect protein function in many of the cDNA-based
complementation systems that have been used for functional analysis of variants, may still
have a negative impact on protein function due to the potential introduction of cryptic splice
sites (1). A future outlook to address these challenges, as well as the challenge of

implementing functional evidence in clinical variant interpretation, is provided below.

Characterizing functional impact of genetic variants at scale

Sequencing hereditary breast cancer susceptibility genes has proven to be a powerful
diagnostic tool to identify individuals at increased risk for breast cancer (2). However, each
individual’s genome contains millions of sites where his or her DNA differs from the reference
sequence. Despite major advances in cataloging and this overwhelming number of genomic
variants (e.g., in ClinVar), current clinical and functional understanding of most of the identified
variants is insufficient. Even with the ongoing efforts in experimentally measuring the functional
consequences of variants in PALB2 and CHEK2, most missense variants in these genes are
still classified as VUS (3,4). This is mainly because variant-by-variant assays (as those
discussed in this thesis) are too time and resource intensive to keep up with the number of
identified variants. Also, functional assays are generally performed after a variant is identified
in a carrier. Results may then become available years later, when they may no longer be
relevant for deciding on preventive therapeutic strategies (at least for the carrier in which the

variant was identified first). Alternatively, to keep up with the large number of genetic variants
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that are being detected during genetic testing, high-throughput systems can be applied to
measure the functional consequences of all possible variants in disease-relevant loci, for a
variety of molecular and cellular phenotypes, simultaneously. The functional data obtained by
high-throughput approaches can then be presented in the form of comprehensive atlases that
do not only facilitate interpretation of variants that have already been identified in carriers, but
also variants that are yet to be identified during genetic testing.

For PALB2, we employed a cDNA-based complementation system, using a variant
library for the Coiled-Coil (CC) region of PALB2, to assess sensitivity to PARPI treatment in a
high-throughput manner (Chapter 5). Using this strategy, we functionally assessed 91.1% of
all possible missense variants in this region. Importantly, this strategy can be extended to the
WD40 domain of PALB2, or other regions, or even CHEK?2 (with phospho-Kap1 as a readout,
Chapter 6), with the use of additional variant libraries. An alternative approach to our high-
throughput assay may be to introduce variants endogenously. For instance, a saturation
genome editing technique that relies on CRISPR/Cas9-induced DNA breaks in combination
with the use of repair templates (each containing a distinct variant), was reported for BRCA1
(5). Using a similar approach for PALB2, introduction of a damaging PALB2 variant in the
human haploid cell line HAP1 (6) will result in cell death since this is an essential gene (5).
Thus, after introduction of a large number of variants in this cell line, cells expressing damaging
PALB2 variants should be depleted from the population and cell survival can be used as a
functional readout in a high-throughput manner. In contrast, HAP1 cells expressing damaging
CHEK?2 variants may gain a growth advantage, as was also evident in a recent base-editing
screen in which variants were introduced endogenously by direct modification of bases with a
nuclease-deficient Cas9 tethered to the cytosine deaminase APOBEC1 (7). Importantly, when
variants are introduced endogenously, their effects on multiple layers of gene function (such
as RNA splicing and stability, and protein stability and function), can be studied simultaneously.
Another option to address functional effects of variants en masse is by massively parallel
sequencing (VAMP-seq), which is an experimental strategy that can measure the effects of
thousands of missense variants on intracellular abundance simultaneously (8). In this
approach, a mixed population of cells is generated where each cell expresses one protein
variant fused to a fluorescent tag. Cells can be sorted by flow cytometry based on their levels
of fluorescence, which in turn corresponds to a certain degree of variant protein stability. As
many variants in the WD40 domain of PALB2, or throughout the entire CHEK2 sequence, have
been shown to affect protein stability (9-11), such a method may enable the identification of
many damaging variants. Collectively, large-scale functional data resulting from the above-
mentioned approaches can eventually result in lookup tables that will aid in a more accurate

ascertainment of the pathogenicity of many genetic variants.
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Despite the promising utility of high-throughput assays in large scale variant
interpretation, it should be noted that they can produce noisy data (12), hampering their use
for clinical classification. This issue may be addressed by performing, 1) high numbers of
replicate experiments, 2) cross validation with clinical data or other (high-throughput) functional
studies, and 3) single variant assays for proper validation of functional effects. In addition, to
further improve the clinical utility of high-throughput assays for missense variants, results can
be cross-correlated with in silico prediction tools such as the splice predictor SpliceAl (13),
which is generally valued for its accuracy and can easily provide evidence for variant
interpretation at a large scale (14,15). Such a correlation could provide important insights into
which missense variants affect protein function due to effects on RNA splicing or due the amino
acid substitution it causes.

The possibility of examining a specific phenotype of interest at scale, such as PALB2’s
function in HR, in high-throughput functional assays, is a prerequisite for the ability to test large
numbers of variants in a gene. However, despite the recent development of different types of
high-throughput functional assays, many disease-associated genes still remain beyond reach
owing to a lack of assays with a suitable read-out. Consequently, an important question is:
what do we need in order to apply high-throughput functional assays to all disease-associated
genes in the genome? Alternative to the aforementioned functional readouts, recent advances
in microscopy-based cell sorting now allows for high-throughput examination of visual cellular
phenotypes as a result of genomic variation (i.e., Visual Cell Sorting) (16). For example, this
technique enables the sorting of hundreds of thousands of cells according to the nuclear
localization of a fluorescently tagged protein (variant) (16). As PALB2 localizes to the nucleus
in order to perform its DNA repair function, and mis-localization in the cytoplasm has been
associated with impaired PALB2 protein function (11,17,18), this technique may enable the
identification of damaging PALB2 variants at a large scale. This is only one example of a
technique that will strongly expand the repertoire of disease-associated genes for which
genetic variants can be functionally characterized. Based on this, it may be expected that high-
throughput assays will soon be further adapted and optimized, allowing for an expansion of
the repertoire of genes for which large-scale variant analysis is desired.

Functional analysis of splice variants

Splicing of precursor messenger RNA (pre-mRNA) is an extremely complex process, and the
clinical interpretation of variants that affect splicing can take into account predictions from both
computational algorithms, as well as experimental data. When these variants occur at
canonical splice sites, i.e., at the ‘GT’ splice donor and the ‘AG’ splice acceptor site, they are
often easy to classify. This is because predictive models, nowadays based on deep learning,

perform reasonably well (13). For instance, these variants are generally considered pathogenic
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when loss of function of a gene (e.g., due to expected skipping of an entire exon that may
encode a region essential for protein function), is known to be causative of disease (19).
However, there are many caveats that must be considered for these types of variants, as there
are several scenarios in which a functional protein can be produced despite the presence of a
variant in a canonical splice site. Therefore, these variants can be most problematic for clinical
interpretation

Splicing assays that assess the impact of variants at the mRNA level can be highly
informative and can include direct analysis of RNA, or in vitro minigene splicing assays (20).
These assays have been shown to be useful for the interpretation of splice variants occurring
at canonical splice sites, in coding sequences, or even in deeper intronic regions (21).
However, unlike a functional readout for protein function itself, an effect on splicing (e.g., exon
skipping, or intron retention) does not necessarily translate to an impact on protein function. In
general, aberrant splicing can result in multiple outcomes with respect to mRNA fate and the
protein-reading frame. Although it is often assumed that abnormally spliced transcripts
resulting in a premature stop codon will undergo nonsense-mediated decay, this is not always
the case as exemplified by normal protein levels observed for the Fanconi anemia-associated
PALB2 p.Y551X truncating variant (22). Consequently, some abnormal transcripts can lead to
expression of a truncated protein with or without functional consequences (23). Thus, accurate
clinical classification of variants that affect RNA splicing requires that alternative transcripts
are identified, quantified, and functionally characterized.

With regards to clinical interpretation, a functional evaluation of genetic variants that
includes potential effects on RNA processing, is most valuable. An advantage of the haploid
HAP1 cell-based system where genome editing can be employed to introduce variants at
endogenous loci (5,7), is that the effect of variants on regulatory mechanisms such as splicing
can be included (24). Alternatively, complementation with a bacterial artificial chromosome
(BAC) containing the complete human gene of interest (GOI), can also allow for evaluation of
any type of variant. This method was, for instance, used to evaluate numerous BRCA2 variants
for their effects on splicing and their capacity to express functional BRCA2 protein isoforms
after loss of the endogenous gene in mES cells. Importantly, multiple alternative transcripts
encoding (partially) functional protein isoforms were identified and their altered expression
attenuated the functional effects of several predicted BRCAZ2 loss-of-function canonical splice
variants (25). Additionally, several BRCA2 nonsense variants in exon 12, that were initially
assumed to be pathogenic, have been shown to result in enhanced expression of an
alternative transcript lacking exon 12, which encodes a (partially) functional protein isoform
(26). Consequently, these and other assumed loss-of-function variants in exon 12 of BRCA2,
constitute variants for which further studies are required to estimate their associated cancer

risk. These findings highlight the need of examining the effects of genetic variants on RNA
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splicing and protein function. To date, however, it has been difficult to identify all the different
transcripts that are expressed due to a genetic variant. Moreover, the quantification of all these
distinct transcripts is extremely challenging. The advent of PacBio-based Next Generation
Sequencing, however, may be able to provide a complete RNA transcript profile as it allows
for the analysis of long reads up to 25kb (27). For many genes, all RNA transcripts ranging
from the first to the last exon can then be captured in a quantitative manner and linked to a
functional phenotype. Overall, such techniques will result in more detailed understanding of

how variants can affect RNA splicing, and also a better clinical classification of these variants.

The use of functional data for clinical interpretation of variants

Most variants identified in the breast cancer susceptibility genes are exceedingly rare and it
will require extremely large case-control association studies (i.e., >1 million individuals) to
accurately quantify cancer risk for specific variants. Validated functional assays, are
considered by the American College of Medical Genetics and Genomics (ACMG) and the
Association for Molecular Pathology (AMP) guidelines, as strong evidence for or against the
pathogenicity of rare missense variants (28,29). Accordingly, a strong concordance was
observed between two high-throughput functional studies for BRCA71 and ClinVar
classifications of pathogenicity for variants with expert panel evaluations (5,30). This supports
the claim that functional characterization of genetic variants is extremely useful for clinical
interpretation of variants and assessment of cancer risk. Furthermore, as shown for both
PALB2 and CHEK?2 (Chapter 5 and Chapter 6, respectively), results from functional assays
quantitatively correlate with the degree of breast cancer risk, as calculated based on variant
frequency data from the Breast Cancer Association Consortium (BCAC) (31). That is, the
degree of breast cancer risk that is associated with a certain level of PALB2 or CHK2 protein
function, was established using a burden-type association analysis. In this analysis, variants
are grouped based on similar impact on protein function and joint frequencies of these variants
in cases and controls are used to derive odds ratios per variant group (representing a level of
protein functionality). However, as especially damaging PALB2 variants are extremely rare in
occurrence, it is (for this variant group particularly) difficult to obtain high enough case-control
frequencies and establish an odds ratio with a narrow confidence interval that is statistically
meaningful (e.g., p-value <0.01). Thus, to make these associations more conclusive, and the
burden-type association analysis more valuable, high-throughput functional assays need to be
performed for (nearly) all PALB2 and CHEK2, variants. Even then, it may be challenging to
identify enough damaging PALB2 missense variants to warrant an accurate association with
breast cancer risk. Accordingly, there is also an urgent need for more clinical data from large
case control association studies, such as that from BCAC (31), that can ultimately be combined

with other large case control studies, such as for instance CARRIERS (32), in order to improve
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our understanding of the quantitative relationship between PALB2 protein function and cancer
risk.

Although variants in CHEKZ2 occur more frequently in the general population relative to
variants in PALB2 (33), the fact that it constitutes gene that is associated with moderate risk
(~2 fold increased) excludes the use of genetic approaches such as co-segregation analysis
to determine the pathogenicity for variants as is done in genes with high penetrance like
BRCA1 or BRCA2. To date, there are no CHEK2 missense variants that are classified as
benign or pathogenic based on clinical data. As a consequence, setting a functional threshold
for benignity is very complicated. In contrast, although known pathogenic missense variants
cannot be used, the residual functionality seen for truncating variants can be used to calibrate
a functional threshold for pathogenicity. Similar to PALB2, it is pivotal that more CHEK2
missense variants are functionally characterized, with for instance, high-throughput
approaches. Ultimately, it may even be possible to generate a ‘continuous risk model’ that
allows for the calculation of a variant-specific risk. For example, based on the data presented
in Chapter 6, we could reason that the damaging CHEK2 missense variants, for which the
functional impact is similar to that of the truncating variants, are associated with a similar breast
cancer risk. Relative to that, the average decrease in protein function that we observed for
intermediate missense variants is 60%, while the average decrease of the functional variants
is 10%. Because we associated these variant groups with odds ratios in the burden type
association analysis, we can also deduct a simplified continuous risk model from this data (Fig.
1). Assuming that the odds ratio is a function of the functional score (i.e., a decrease in CHK2
protein function inversely correlates with breast cancer risk), we can then for example calculate
that CHEK2 p.D203G, for which we could not calculate an odds ratio specifically and which
showed a decrease in protein function of ~50%, associates with an odds ratio of ~1.55. This
continuous risk model is currently based on only 44 out of the 388 CHEK?2 missense variants
that were identified the BCAC studies (31) and that were functionally characterized as
functional, intermediate or damaging in Chapter 6. Several relatively frequent CHEK2
missense variants for which cancer risk estimates are already available, such as those
mentioned in Chapter 3 (Table 2), could be added as individual datapoints (i.e., not being part
of the functional, intermediate or damaging variant groups) to improve the linear regression
analysis. In addition, high-throughput functional analysis of CHEK2 missense variants should
allow for functional characterization of nearly all 388 CHEK2 missense variants and should
therefore results in an even more accurate estimation of the correlation between residual
functionality and associated cancer risk.

With an optimistic view to the future, it is foreseeable that additional high-throughput
functional and clinical studies will ultimately result in the establishment of a quantitative

relationship between protein function (e.g., functional, intermediate and damaging), and the
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degree of associated cancer risk. This will be a major step towards the use of functional data

in personalized risk prediction and clinical decision making.
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Figure 1. Quantitative relationship between CHK2 function and cancer risk. The functional defect of
damaging missense variants (MVs) compares to that of truncating CHEK2 variants and the average
impact of this variant group on Kap1 S474 phosphorylation is therefore set to a 100% decrease in CHK2
protein function. The average impact of the functional and intermediate variant groups on Kap1 S474
phosphorylation are presented relative to that of the damaging CHEKZ2 variant group. In Chapter 6,
odds ratios were calculated for the three CHEK2 variant groups (i.e., functional, intermediate and
damaging). The dotted line represents the correlation between CHK2 function and associated breast
cancer risk. Once the impact on CHK2 function has been established for a VUS, the OR of the variant

can be estimated.
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Borstkanker is wereldwijd de meest voorkomende oorzaak van sterfte bij vrouwen. De
ontwikkeling van borstkanker ontstaat in veel gevallen waarschijnlijk door een combinatie van
risico factoren die afhankelijk kunnen zijn van gedrag, afkomst en/of omgeving. Bij ruwweg
10% van de vrouwelijke borstkanker patiénten is er echter sprake van een erfelijke/genetische
aanleg om deze vorm van kanker te ontwikkelen. Binnen families waar borstkanker veel
voorkomt, en/of op jonge leeftijd is ontstaan, kunnen vrouwen doorverwezen worden naar een
klinisch geneticus voor een erfelijkheidsonderzoek. Er wordt dan onderzoek gedaan naar een
klein aantal genen, waarvan de meeste betrokken zijn bij de ‘DNA damage response’ (een
reactie binnen een cel die plaats vindt na het detecteren van DNA-schade). Deze reactie is
enorm belangrijk voor een cel, aangezien deze nodig is om de genomische stabiliteit te
bewaken. Een afwijking in deze reactie, bijvoorbeeld als gevolg van een genetische
verandering, kan er dan ook voor zorgen dat iemand een sterk verhoogd risico heeft om
borstkanker te ontwikkelen.

Bij een erfelijkheidsonderzoek zijn er een aantal uitslagen mogelijk. Het kan zo zijn dat
er geen genetische veranderingen (ofwel varianten) gevonden worden, of varianten waarvan
bekend is dat ze benigne zijn (niet ziekmakend). In dergelijke gevallen lijkt de persoon geen
verhoogd risico op borstkanker te lopen, of dit te kunnen overdragen aan eventuele kinderen
(althans op basis van de onderzochte genen). Daartegenover is het mogelijk dat er een
duidelijke pathogene (ofwel ziekmakende) variant gevonden wordt. In deze gevallen worden
de dragers hiervan zo adequaat mogelijk geadviseerd over, bijvoorbeeld, de preventieve
maatregelen die genomen kunnen worden. Tot slot is het mogelijk dat er varianten gevonden
worden waarvan het effect onzeker is. Deze varianten worden ook wel ‘variants of uncertain
significance’ (VUS) genoemd, en voor dragers hiervan is het dus compleet onduidelijk of ze
een verhoogd risico lopen om borstkanker te ontwikkelen en of er bijvoorbeeld ingrijpende
maatregelen, zoals risico verlagende chirurgische ingrepen, aanbevolen moeten worden. Als
gevolg hiervan kunnen deze varianten voor veel stress zorgen bij dragers, en frustratie bij
klinisch genetici.

Om inzicht te krijgen in de pathogeniciteit van een VUS kan er gebruik gemaakt worden
van klinische gegevens, bijvoorbeeld data die laat zien of de variant binnen een familie wel of
niet segregeert met het voorkomen van kanker. Een dergelijke waarneming moet echter
statistisch onderbouwd worden om een toevalsbevinding uit te sluiten en daarvoor zijn in het
algemeen te weinig families met dezelfde variant beschikbaar. In dat soort gevallen is er dus
een ander soort onderzoek nodig om deze VUSsen te interpreteren.

Voor de meeste genen zorgt een pathogene variant voor verlies van eiwitfunctie. Dus
een functioneel onderzoek, waarbij er gekeken wordt of een variant effect heeft op de functie

van het geproduceerde eiwit in de cel, kan de uitkomst bieden voor het inschatten van de
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pathogeniciteit van veel zeldzame VUSsen. In dit proefschrift presenteren we de ontwikkeling
en toepassing van een dergelijke functionele analyse, waarbij de focus ligt op twee ‘DNA
damage response’ genen die beide geassocieerd zijn met borstkanker; namelijk PALB2 (een
hoog risico gen voor borstkanker) en CHEK2 (een gematigd verhoogd risico gen voor
borstkanker).

Het PALB2 eiwit heeft een belangrijke functie in een specifieke vorm van DNA-schade
herstel, namelijk de homologe recombinatie (HR). HR zorgt ervoor dat dubbelstrengs DNA-
breuken op een foutloze manier gerepareerd worden. Wanneer de functie van het PALB2 eiwit
verstoord wordt door de aanwezigheid van een pathogene variant, kunnen dubbelstrengs
DNA-breuken niet goed hersteld worden en kan er dus genomische instabiliteit optreden. Het
CHK2 eiwit, geproduceerd door het CHEK2 gen, bewaakt de genomische stabiliteit van cellen
op een andere manier, namelijk door celdelingen een halt toe te roepen wanneer er DNA-
schade is gedetecteerd. Dit geeft een cel de tijd om de DNA-schade te repareren voordat deze
definitief de celdeling afrondt. Daarnaast kan CHK2 in sommige gevallen ervoor zorgen dat
een cel in apoptose gaat (geprogrammeerde celdood) wanneer de DNA-schade onherstelbaar
is of in te grote mate aanwezig is in het genoom van de cel. Een verstoring in de functie van
het CHK2 eiwit (als gevolg van een pathogene CHEK2 variant), kan dus op een andere manier
leiden tot genomische instabiliteit. Deze genomische instabiliteit, die dus kan optreden als
gevolg van een defect in PALB2 of CHK2 eiwit functie, kan uiteindelijk resulteren in
ongecontroleerde celdelingen en een verhoogd risico om borstkanker te ontwikkelen. In het
geval van een defect in PALB2 eiwit functie (als gevolg van een pathogene variant), gaat het
dan om een sterk verhoogd risico. In het geval van een defect in CHK2 eiwit functie (als gevolg
van een pathogene variant), gaat het om een gematigd verhoogd risico.

Voor het interpreteren van VUSsen in zowel het PALB2 als het CHEK2 gen, hebben
wij functionele in vitro testsystemen opgezet waarvoor we muis embryonale stamcellen
(mESC) gebruiken. In deze cellen is het muis gen voor Palb2 of Chek2 onbruikbaar gemaakt
en kan, respectievelijk, het humane PALB2 of CHEK2 gen (eventueel inclusief variant)
geintroduceerd worden om dit verlies te compenseren. Voor PALB2 kunnen we dan
(voornamelijk) naar de efficiéntie in HR kijken, en het effect van PALB2 varianten daarop
bestuderen. Voor CHEKZ2 varianten daarentegen, kijken we voornamelijk naar de fosforylatie
van een doeleiwit van CHK2, i.e., Kap1, die op het serine 473 residu specifiek door CHK2
gefosforyleerd wordt na de detectie van DNA-schade (bijvoorbeeld na réntgenbestraling van
cellen). De uitlezing van beide testsystemen (i.e., de mate van DNA-schadeherstel, dan wel
de mate van Kap1-fosforylering) zegt iets over de functionaliteit van een PALB2 of CHEK2
VUS en kan op een kwantitatieve of semi-kwantitatieve manier gebruikt worden bij het

inschatten of een VUS pathogeen of benigne is.
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In de Hoofdstukken 2 en 3 worden twee literatuurstudies gepresenteerd voor,
respectievelijk, PALB2 en CHEK2, waarin verscheidene gepubliceerde functionele analyses
voor beide genen beschreven worden en op een kritische manier met elkaar worden
vergeleken. In de opvolgende onderzoek hoofdstukken wordt in Hoofdstuk 4 het testsysteem
voor PALB2 gevalideerd door het gebruik van 9 bekende functionele varianten en 12 bekende
pathogene (niet functionele) varianten. Vervolgens wordt de functionaliteit van 48 PALB2
VUSsen geanalyseerd, wat duidelijk laat zien dat er 5 VUSsen, functioneel gezien net zo
schadelijk zijn als de 12 pathogene controle varianten. Tevens zien we dat de VUSsen die een
functioneel defect laten zien, zich bevinden in het coiled-coil (CC) domein en het WD40 domein
van het PALB2 gen. De schadelijke VUSsen in het CC domein verstoren de interactie tussen
het PALB2 eiwit en het BRCA1 eiwit, en daarmee als gevolg de HR-efficiéntie. Schadelijke
VUSsen in het WD40 domein daarentegen, verstoren de stabiliteit van het PALB2 eiwit en als
gevolg dus ook HR. In Hoofdstuk 5 worden deze mechanistische bevindingen verder
bevestigd met de analyse een nieuwe groep PALBZ2 varianten, waarbij tevens nog een aantal
schadelijke PALB2 VUSsen worden geidentificeerd. Zo laten de resultaten in dit hoofdstuk ook
zien dat volledige verwijdering van andere functionele domeinen dan het CC- of WD40-domein
(i.e., het ChAM of MRG15 domein) van PALB2, geen effect heeft op de functie van het PALB2
eiwit in HR. Hierdoor is het dus aannemelijk dat VUSsen die zich in deze domeinen bevinden,
minder snel een effect zullen hebben op de functie van PALB2 binnen HR. Daarnaast wordt
er een methode gepresenteerd die de functionele karakterisatie van honderden PALB2
varianten binnen een enkel experiment mogelijk maakt, wat o.a. van groot belang zal zijn voor
de interpretatie van het grote aantal PALB2 varianten dat momenteel (nog) als VUS
geclassificeerd is. Tot slot, worden in hoofdstuk 5 onze functionele resultaten geassocieerd
met borstkankerrisico middels een ‘burden-type’ associatie analyse. Hiervoor wordt gebruik
gemaakt van de gegevens uit een grote ‘case-control’ studie van het Borstkanker Associatie
Consortium (BCAC), die voor sommige PALB2 varianten heeft laten zien hoe vaak de variant
gevonden is in een borstkanker patiént (i.e., case) en/of in een gezonde controle (i.e., control).
Deze ‘burden-type’ associatie analyse laat duidelijk zien dat een verlaagde HR-efficiéntie
inderdaad correleert met een verhoogd borstkankerrisico. Deze bevinding vergroot de
klinische waarde van de functionele analyse van PALB2 VUSsen, omdat de varianten die
schadelijk zijn met betrekking tot eiwit functie (en al gevolg het risico voor borstkanker
verhogen), direct vertaald kunnen worden naar klinisch handelen, vergelijkbaar met hoe het
nu voor pathogene varianten gebeurt.

Het onderzoek in Hoofdstuk 6 is gericht op de validatie van het functionele
testsysteem voor CHEK2 varianten en vervolgens het functioneel testen van 50 CHEK2
VUSsen. Voor de validatie gebruiken we hier 6 functionele controle varianten en 6 bekende

pathogene varianten. Voor deze varianten zien we een duidelijke scheiding in het vermogen
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van het CHK2 eiwit om een downstream target, Kap1, te fosforyleren. Terwijl de functionele
varianten, als reactie op het voordoen van DNA schade, prima in staat zijn om Kap1 te
fosforyleren op serine 473, zijn de pathogene varianten hiertoe niet meer in staat. Wat betreft
de 50 CHEK2 VUSsen zien we vervolgens dat er maar liefst 31 net zo schadelijk zijn als de
bekende pathogene varianten en dat er 9 een middelmatig functioneel defect laten zien. Al
deze VUSsen lijken verspreid te liggen over de hele sequentie van het CHEK2 gen (in
tegenstelling dus tot PALB2 waar ze alleen in het CC- en WD40-domein zaten) en hebben
voornamelijk een effect op de stabiliteit van het CHK2 eiwit. Een klein aantal CHEK2 VUSsen
lijkt echter schadelijk te zijn door een defect te veroorzaken in de autofosforylatie van CHK2
en/of mogelijk de binding van ATP. Tot slot associéren we in dit hoofdstuk ook de functionele
resultaten met borstkankerrisico middels een ‘burden-type’ associatie analyse, wat laat zien
dat de schadelijke CHEK2 VUSsen met eenzelfde mate van risico geassocieerd zijn als de
bekende pathogene CHEK2 varianten; namelijk een gematigd verhoogd risico voor
borstkanker. De VUSsen die resulteren in een middelmatig functioneel defect lijken
geassocieerd te zijn met een iets lager maar nog steeds significant verhoogd risico, terwijl de
functionele VUSsen niet geassocieerd zijn met een verhoogd risico. Deze associatie analyse
is een verdere validatie van ons test systeem en benadrukt wederom het belang van de
functionele analyse van VUSsen. Deze informatie blijkt namelijk duidelijk van waarde te zijn
voor het interpreteren van deze varianten en het bepalen of deze varianten pathogeen of
benigne zijn.

Kortom, dit proefschrift laat zien dat we robuuste testsystemen hebben ontwikkeld die
het mogelijk maken om de functionaliteit van PALB2 en CHEK?2 varianten te bepalen. Deze
functionaliteit correleert met de mate van borstkankerrisico en kan dus van enorme waarde
zijn bij het bepalen van welke VUSsen pathogeen of benigne zijn. Wanneer dit op een
betrouwbare manier bepaald kan worden, kunnen dragers van deze varianten dus beter
geadviseerd worden met betrekking tot preventieve maatregelen, of in sommige gevallen
(wanneer het al een drager met borstkanker betreft) over de behandelmogelijkheden. Zo kan
hopelijk de zorg voor deze VUS-dragers uiteindelijk verbeterd worden.
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