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Chapter 1

Introduction, Aim and Outline of this

Thesis

Ronan P. McLaughlin!, Yinghui Zhang!, Bob van de Water!

I Department of Drug Discovery and Safety, Leiden Academic Centre
for Drug Research, Leiden University, 2300 RA Leiden, The

Netherlands.

This chapter is based on a manuscript in preparation



1. Triple-negative breast cancer

Triple-negative breast cancer continues to represent a significant problem for modern
oncology practice, the disease being associated with a particularly poor prognosis in
comparison to other subtypes of breast cancer. This review attempts to
comprehensively summarise potential molecular targets for this intractable iliness,
paying particular attention to the plethora of drug resistance mechanisms employed
by breast cancer cells to evade eradication and how these may be overcome.
Additionally, the molecular classification of breast cancer and its relation to the triple-
negative subtype is explained in detail. Particular emphasis is also placed on the
utility of targeting the basal transcriptional apparatus as a means of combating triple-
negative breast cancers as well as a method for subverting their resistance to other

targeted therapies.

1. _Aetiology. Pathophysiology & Cancer Stem Cells

Breast cancer is both the most commonly diagnosed cancer and the leading cause of
cancer-related death amongst women worldwide!. Breast cancer has a diverse
aetiology: exposure to tobacco or ionising radiation, consumption of alcohol, high
BMI, nulliparity or Cowden syndrome, all increase the risk of breast cancer
development2-6. Approximately 5-10% of breast tumours arise due to autosomal-
dominant mutations in BRCA1 and BRCA2 genes, genes which play a crucial role in
DNA repair by promoting checkpoint activation and homologous recombination,
respectively’. Histologically, breast tumours arise from the glandular, terminal duct
lobular units which contain branched, tubuloaveolar milk-producing glands centred
around a lumen. Tumours arise from either the basal, structurally-supportive,
contractile myoepithelial cells or the luminal epithelial cells responsible for milk

production, both of which are believed to be derived from a breast stem cell



population8. This breast stem cell population is thought to have the potential to
differentiate into either luminal-restricted progenitors, myoepithelial-restricted
progenitors or bipotent progenitor cells, the latter retaining developmental plasticity,
being capable of producing both luminal-restricted and myoepethelial-restricted
progenitor populations responsible for the generation of fully differentiated luminal
and myoepethelial cells, respectively®10. Moreover, evidence suggests that this
intricate hierarchy is also prone to oncogenic disruption at various levels, with
transformation of the breast stem and progenitor populations increasingly thought to
be responsible for the generation of breast cancer stem cells (BCSCs): self-renewing
cancer cells capable of maintaining tumours via differentiation into tumour bulk, from
which all tumour cells are, in theory, derived'!. This cancer-driving subpopulation of
cells is believed to be responsible for disease recurrence in later life and is
notoriously refractory to therapy in various tumour types'2-19. Various markers
specific for BCSCs have been identified, including a CD44+/CD24- phenotype and a
high ALDH1 activity20.21. However, the precise hierarchical origins of the CSC
population in breast cancer and other tumours remain somewhat elusive, due to
inconsistencies in marker expression and utility, discrepancies between mouse and
human tissue and the lack of validated in vivo assays to accurately determine their
abundance in human tumours?2. Furthermore, given the striking inter-and
intratumoural heterogeneity of breast cancers it is likely that the BCSC model may be
too simplistic to fully explain the pathophysiology of the disease. This intracellular
genetic variation may instead be explained by a “clonal evolution” model in which all
tumour cells retain a certain degree of developmental plasticity, with clonal
differences being attributed to epigenetic and genetic aberrations acquired during

tumourigenesis'. In essence, understanding the factors governing this plasticity, be



they epigenetic or microenvironmental, will be crucial in unravelling the complexities
of breast cancer tumourigenesis and heterogeneity. Typically, the most aggressive
forms of breast cancer are enriched in these CSC populations, with standard
cytotoxic chemotherapy against tumour bulk known to enhance this enrichment via
the induction of hypoxia, highlighting the therapeutic utility of specifically targeting
these tumourigenic cell populations and the influence of microenvironmental factors

on CSC behaviour27.28,

1.2 Histological Classification

The high degree of cellular heterogeneity in breast cancer translates to an equally
varied histological presentation. Two broad histological classifications exist for
terminal duct lobe-derived breast cancers: in situ breast carcinoma and invasive
breast carcinoma30-32. In situ breast carcinoma can be classified as either Ductal
Carcinoma In Situ (DCIS) or Lobular Carcinoma In Situ (LCIS), depending on its
anatomical origins30-32, DCIS can be further sub-divided, based on morphological
features, into Comedo, Cribiform, Micropapillary, Papillary and Solid forms30-32,
Invasive breast carcinomas on the other hand comprise a more heterogeneous group
of tumours similarly classified on the basis of histology. These include Invasive Ductal
Carcinoma (IDC), Invasive Lobular Carcinoma (ILC), Tubular Carcinoma, Mucinous
Carcinoma and Medullary Carcinoma, with IDC being the most common form of
breast cancer, comprising around 80% of all cases32. IDC and ILC are tumours which
have invaded the surrounding ductal or lobular tissue and have subsequently
penetrated the ductal or lobular walls, permitting further invasion and destruction of

stromal breast tissue and paving the way for metastasis to distant organs33.



1.3 Molecular Classification

Besides being categorised based on histological characteristics, breast cancer has
traditionally been broadly classified as either hormone receptor positive (HR+) or
hormone receptor negative (HR-), referring to the expression of oestrogen receptor-a
(ERa), progesterone receptor (PR) and human epidermal growth factor receptor 2
(HER2; ERBB2), with this classification influencing breast cancer management34.
Influential studies which profiled the gene expression patterns of multiple breast
tumours using DNA microarrays unveiled a greater degree of complexity to this
complicated disease3536. Based on these gene expression profiles, five main
transcriptional subtypes of breast cancer were identified: claudin-low, basal-like,
luminal A, luminal B and HER2-enriched (Figure 1)3536. Luminal-derived breast
tumours are more frequently HR+ than those derived from the basal myoepithelial
cells35. HR+ breast cancers are often dependent upon deranged hormone-mediated
signalling for their proliferation and progression, rendering these tumours amenable
to treatment with oestrogen antagonists such as tamoxifen34. Moreover, HR+
tumours frequently display gene amplification of HER2, resulting in these cancers
being dependent upon aberrant pro-proliferative signalling through constitutive
activation of the HER2 pathway. ATP-competitive inhibitors of HER2-tyrosine kinase
activity (e.g. lapatinib) and anti-HER2 monoclonal antibodies (e.g. trastuzumab) are
therefore appropriate for the treatment of these tumours37:38. In contrast to HR+
breast cancers, triple-negative breast cancer (TNBC) is characterised as lacking
gene expression or amplification of ERa, PR and HER2, respectively34.
Consequently, TNBC is not responsive to treatment with anti-hormonal therapeutics
nor to anti-HER2 agents. Compared to HR+ breast cancer, TNBC has a far poorer

prognosis, characterised by a lower 5-year survival rate post-diagnosis and although
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Figure 1. Molecular Classification of Breast Cancers. Diagram illustrating the association between
the intrinsic subtypes of breast cancer and their putative cells-of-origin. The intrinsic subtypes of breast
cancer are as follows: Claudin-low, basal-like, HER2-enriched, Luminal B and Luminal A. Each of these
intrinsic subtypes is believed to originate from different cell populations during normal mammary gland
development. Claudin-low tumours arise from mammary stem cells (MSCs) whilst basal-like tumours
may arise from bipotent progenitor cells, myoepithelial progenitor cells, or terminally differentiated
myoepithelial cells. As such, claudin-low tumours are frequently triple-negative, expressing high-levels of
EMT markers and stem cell-related genes, whilst basal-like tumours exhibit high expression of basal
cytokeratins (CK5, CK14, CK17) and EGFR, a minority of which may also show HER2 amplification35.53-
55, HER2-enriched tumours may be derived from late luminal progenitor cells which acquire HER2 gene
amplification. These tumours express high levels of HER2 and associated genes such as GRB736.
Luminal A and Luminal B tumour types may be a result of oncogenic transformation of differentiated
myoepithelial or luminal cells. Luminal A tumours are frequently ER+ PR+ and HER2-, whilst Luminal B
tumours are frequently “triple-positive”, though these definitions are not mutually exclusives6.57. Luminal
B tumours are often more highly enriched for pro-proliferative and cell cycle-related genes, compared
with Luminal A tumours58. Adapted from Prat & Perou (2009)%°.

it accounts for approximately 15-20% of total breast cancer cases, it is
disproportionately responsible for breast cancer-associated deaths35.39-41,

Epidemiologically speaking, TNBC is more prevalent in pre-menopausal African-



American women younger than 40 years of age+243. At diagnosis, TNBC often
presents as a poorly differentiated, highly proliferative, high grade IDC with a necrotic
core and varying levels of lymphocytic infiliration4244.45. The pattern of metastasis is
also markedly different for triple-negative tumours, with TNBC more likely to spread
to the lungs and brain than HR+ tumours, which instead show greater propensity to
spread to the bones?*47. Lehmann et al further sub-classified TNBC into six
molecular subtypes (TNBCType) using k-means and consensus clustering: Basal-like
1 (BL1), Basal-like 2 (BL2), Mesenchymal (M), Mesenchymal stem-like (MSL),
Immunomodulatory (IM) and Luminal Androgen Receptor (LAR)48. These subtypes
displayed unique gene expression profiles with BL1 and BL2 subtypes enriched for
expression of genes involved in cell cycle and growth factor signalling (specifically
EGFR, IGF1R, Wnt/B-catenin and MET), respectively. Contrastingly, genes involved
in regulation of cell motility and differentiation (e.g. Rho and TGF-B signalling
pathways) are prevalent in the M subtype. Whilst the MSL subtype shares this
enrichment, it is unique in also being enriched for genes linked to growth factor
signalling pathways. Unsurprisingly, the IM subtype shows enrichment in genes
linked to immune system regulation and cytokine signalling (e.g. IL-12, IL-7 and TH1/
TH2 pathways). Interestingly, the LAR subtype is strongly enriched in pathways
governing androgen/oestrogen metabolism and steroid synthesis. Moreover, the LAR
subtype expresses greater levels of androgen receptor (AR) than the other subtypes,
accompanied by up-regulation of signalling components or direct downstream targets
of AR. These profiles have also been borne out in clinical practice, being highly
relevant regarding drug sensitivity. Masuda et al analysed the response of 130 TNBC
patients, classified into Lehmann et al’s subtypes using gene expression microarrays,

to neoadjuvant chemotherapy5’. Basal-like TNBC is often the most sensitive to



standard chemotherapy, consistent with its enrichment in DNA-repair-related
pathways, however, BL2-type tumours are considerably less sensitive to
chemotherapeutic agents compared with BL1-type tumours, with pCR rates of 0%
versus 52%, respectively, indicating that Lehmann et al’s classifications have
important implications for the clinical management of TNBCS3'. Nonetheless, this
study was confounded by small sample sizes for certain tumour groups (particularly
for BL2), and the lack of perfect overlap between gene expression profiles obtained
from microarrays and those identified by Lehmann et al, precluding absolute
translation of clinical relevance. Further research conducted by Lehmann et al
reduced the original six subtypes to four (BL1, BL2, M, LAR), after refinement which
took the low cellularity of IM and MSL tumours into accounts2. A retrospective
analysis of 306 TNBC patients treated with neoadjuvant chemotherapy revealed
substantial differences between these four classifications with BL2-type and LAR-
type tumours again showing the lowest pCR rates, 18% and 23% respectively52,
signifying the need for targeted therapeutics in these instances, most likely receptor
tyrosine kinase (RTK) inhibitors or androgen antagonists to counteract dependence

on growth factor signalling and hormonally-regulated pathways51.

2. Current Therapeutic Strategies and Mechanisms of Resistance in TNBC

2.1. Current management of TNBC

First-line treatment for TNBC is usually tumour-reductive surgery which consists of
either simple or radical mastectomy or, if possible, breast-conserving surgery (BCS)
in the form of lumpectomy or quadrenectomy®0.6'. Post-operative administration of
radiotherapy is invariably given to patients receiving BCS and evidence suggests it is

also beneficial to those who have undergone mastectomy by reducing 15-year breast



cancer mortality ratest!. Given that TNBC is refractory to hormone antagonists such
as tamoxifen, the primary systemic treatment is adjuvant or neoadjuvant
chemotherapy. This typically consists of a combination of anthracyclines (e.g.
doxorubicin), taxanes (e.g. paclitaxel) and platinum-based agents (e.g.
carboplatin)3162, Paradoxically, TNBC patients usually display higher rates of pCR in
response to treatment with neoadjuvant chemotherapy compared to other BC
subtypes®3-66. However, only 30-45% of patients achieve pCR, with those who do not
respond often relapsing far more rapidly with metastatic disease#'.67-70, Upon
progression into Stage Ill or IV TNBC, survival drops substantially, with a median
survival of 2-3 years depending on location of the metastatic lesions®3.71.  The
development of metastatic disease is therefore frequently met with fatal
consequences and treatment is often palliative rather than curative®3.72, Patients who
present with inoperable metastatic disease are treated with neoadjuvant
chemotherapy to render tumours amenable to resection®’. Radiotherapy is used as a
last resort for tumours which remain inoperable post-systemic chemotherapy®!. The
primary issue underlying the lack of response to therapeutic intervention, eventually

leading to metastatic dissemination, is that of intrinsic or acquired drug resistance.

2.2. Mechanisms of drug resistance

Given the extensive molecular heterogeneity of TNBC, it is unsurprising that many of
these tumours are often recalcitrant to standard chemotherapeutic regimens89.73.74,
Drug resistance is pandemic amongst TNBC patients and proceeds via two broadly
defined mechanisms: intrinsic or acquired resistance’5.76. Intrinsic resistance denotes

the outright insensitivity of tumour cells to anti-cancer agents, this being mediated by



pre-existing factors which render the tumour bulk impervious to treatment with
chemotherapy or targeted agents’>-77. Overexpression of transmembrane ATP-
binding cassette (ABC) transporters, particularly BCRP and MDR1, promotes the
efflux of anti-cancer drugs, and has been described as a mechanism of intrinsic
resistance in breast cancer”®. Moreover, CSCs often express higher levels of these
drug pumps, including BCRP, thereby contributing to the insensitivity of this
aggressive tumour cell population to therapy7®-81. The quiescent state of CSCs also
renders these cells refractory to treatment with DNA-damaging chemotherapeutics,
since these agents preferentially target actively cycling cells82.83, Additionally, the
elevated level of DNA repair systems in CSC populations confers resistance to DNA-
damaging radiotherapy8485. As such, the quality and efficiency of DNA damage repair
in target cells is pivotal in determining the efficacy of DNA damaging agents76.86,
Acquired resistance refers to an adaptive response to previously effective
chemotherapeutics or targeted agents, which results in tumour cell survival in the
presence of these drugs and develops over the course of treatment”s. One such
mechanism of acquired resistance comprises alterations in drug targets, which
occurs in both solid and haematological malignancies alike’®. BRCA1/2-mutant,
homologous recombination-deficient breast cancers are sensitive to treatment with
poly (ADP-ribose) polymerase (PARP) inhibitors87.88. The success of this synthetic
lethal interaction is due to the inability of BRCA1/2-mutant cells to repair double-
stranded DNA breaks (DSBs) in the absence of PARP, since intact HR pathways can
overcome PARP inhibition8%-91, However, in-frame deletions of BRCA2 can render
cells insensitive to PARP inhibition by partially restoring BRCA2’s HR capability92.93.
Various cancers frequently become addicted to particular oncogenic kinases, as is

the case in EGFR-mutant lung cancer, HER2+ BC and chronic myeloid leukaemia
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(CML) driven by the BCR-ABL chromosomal translocation, in so-called “oncogene
addiction94-97", EGFR-mutant lung cancer cells are therefore sensitive to EGFR-
tyrosine kinase inhibitors (EGFR-TKI) such as lapatinib, erlotinib or gefitinib, by virtue
of a constitutively active EGFR pathway9.99. Initially, patients respond to EGFR-TKI
therapy but resistance to such agents is almost invariably acquired, with additional
mutations in EGFR often being responsible for the development of resistance00.101,
Similar responses are seen in CML in response to BCR-ABL inhibitor imatinib as well
as in HER2+ BC in response to anti-HER2 therapies such as trastuzumab or
lapatinib102.103, Besides alterations in the drug targets themselves, mutations
acquired in pathway components downstream of receptor tyrosine kinases (RTKs)
such as EGFR also contribute to acquisition of resistant phenotypes in multiple
cancers, as is the case in BRAF-mutant melanoma where mutations in KRAS or
MEK confer resistance to BRAF inhibitors104.105_ |n response to targeted agents which
inhibit the activation of oncogenic RTKs or other kinases, an adaptive transcriptional
response can be initiated which results in the up-regulation of other RTKs capable of
funnelling growth-factor mediated signal transduction through commonly regulated
downstream pathways. This aberrant reprogramming of cellular circuitry which
exploits pathway redundancy is known as “oncogenic bypass” since the drug target
remains inhibited whilst treatment promotes activation of alternative pathways
through which signalling may still occur, thereby circumventing the effects of
inhibiting the original oncogenic kinase or RTK (see Figure 2)7576. For example, in
HER2+ BC, up-regulation of HER3 (ERBB3) is seen in response to HER2-targeted
therapy cetuximab106-108, |n TNBC, inhibition of MEK1/2 leads to a rapid kinome
rewiring, resulting in the increased expression of platelet-derived growth factor

receptors (PDGFRs) and other RTKs, the crux of which involved the proteolytic
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Figure 2. Oncogenic Bypass. Diagram illustrating oncogenic bypass-mediated mechanisms of
resistance to RTK-targeted tyrosine kinase inhibitors in cancer. Inhibition of phosphorylation of the
intracellular domains of RTKs by tyrosine kinase inhibitors such as lapatinib, prevents the
downstream activation of signal transduction cascades responsible for controlling cell proliferation
and survival. Amongst the most prominent of these pathways are the RAS-RAF-MEK-ERK and
PI3K-AKT-mTOR pathways, which are frequently dysfunctional in multiple cancers. In cells with de
novo or acquired resistance to such targeted therapies, an adaptive transcriptional response
elicited by target kinase inhibition can promote the up-regulation of alternative RTKs which are
capable of activating similar pro-proliferative downstream signal transduction cascades in the
presence of inhibitor, despite complete inhibition of the originally targeted RTK, ultimately resulting
in evasion of cell death. Mutations in downstream components of the MAPK or PI3K pathways
which render certain kinases constitutively active, such as KRAS, BRAF or PIK3CA mutations as
well as deletions in AKT’s negative regulator PTEN can also contribute to oncogenic bypass since
their presence renders the inhibition of upstream RTKs futile. Adapted from Arteaga & Engelman?40,

degradation of c-MYC, allowing de-repression of PDGFR, AXL and VEGFR
expression, ultimately rescuing TNBC cells from MEK1/2 inhibitor-induced death?09,

Up-regulation of MET is also known to promote resistance to EGFR-TKIs in a subset
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of EGFR-mutant lung cancer patients0. Downstream of RTK-controlled signal
transduction pathways, acquired resistance to targeted therapies can also be
attributed to dysfunctional regulation of the equilibrium between pro- and anti-
apoptotic factors. The resistance of tumour cells to apoptosis has previously been
described as one of the hallmarks of cancer, the interplay between BCL-2 family
proteins controlling whether a tumour cell undergoes apoptosis or not'1-114. This
family can be roughly sub-divided into two groups: anti-apoptotic members (e.g.
BCL-2, BCL-XL and MCL-1) and pro-apoptotic members (e.g. BAX, BAK, BIM, BAD,
BID and NOXA). Pro-survival BCL-2 family members such as MCL-1, BCL-2 and
BCL-xL bind to and antagonise the oligomerisation of pro-apoptotic BH3-only
proteins, thereby preventing loss of mitochondrial membrane integrity, leakage of
cytochrome c and subsequent cell death12.114-116_ |nhibitor of apoptosis proteins
(IAPs) (e.g. XIAP and Survivin) act in tandem with anti-apoptotic BCL-2 family
members by preventing the cleavage of caspases 3, 7, 8 and 9, hindering the
caspase-mediated induction of apoptosis'7-119.  Dependency upon multiple pro-
survival BCL-2 family member proteins, including MCL-1, BCL-2 and BCL-xL is
frequent in haematological malignancies where the equilibrium between pro- and
anti-apoptotic factors is skewed in favour of cell survival20.121, Expression of pro-
apoptotic BIM is also essential in regulating EGFR-TKI-induced apoptosis in NSCLC
patients, with deletions of this gene conferring resistance to such inhibitors122-124,
Consequently, multiple BH3-mimetics which interfere with the function of pro-survival,
BCL-2 family member proteins have been developed as potential cancer therapies
which have proven valuable as combination therapies. High levels of BCL-2
expression are also seen across breast cancer subtypes, with the highest levels seen

primarily in ER+ breast cancer, though a proportion of TNBCs also exhibit similar
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BCL-2 levels125.126, Additionally, MCL-1 is a key survival factor in TNBC cells, MCL-1
silencing proving more lethal than sole knockdown of BCL-xL alone with dual
silencing of MCL-1 and BCL-xL incompatible with TNBC cell survival'??. In TNBC
tumour xenografts, treatment with BH3-mimetic ABT-737 sensitised tumours
expressing high levels of BCL-2 to docetaxel, suggesting BCL-2 proteins contribute
to docetaxel insensitivity illustrating the utility of manipulating BCL-2 and other similar
proteins in overcoming resistance to chemotherapy?28. Interestingly, MCL-1 and
oncogene MYC have also been shown to cooperate in maintaining a BCSC
population in chemotherapy-resistant TNBC by promoting mitochondrial oxidative
phosphorylation-induced HIF-1a expression, a process upon which BCSCs are
dependent'29. Combining HIF-1a inhibition with chemotherapy dramatically reduced
expansion of the BCSC population, indicating that the oncogenic interaction between
BCL-2 family members, transcription factors and altered metabolism is amenable to
therapeutic intervention'30. Evidence increasingly suggests that the tumour
microenvironment is also critically involved in conferring resistance to anticancer
therapies in both solid and haematological tumours'31.132, Tumours interact with their
surroundings via integrin-mediated adhesion; integrins are large, cell surface proteins
which interact with tumour extracellular matrix (ECM) components and in turn control
a multitude of pro-proliferative pathways (e.g. PI3K-AKT and NF-kB) as well as
intrinsic and extrinsic apoptosis'3'. This is strictly controlled by integrin ligation status
and cooperation with RTKs. For example, avB3 integrin interacts with fibroblast
growth factor receptor (FGFR) to promote signal transduction via RAS-RAF pathway,
thereby exerting adhesion-dependent control over tumour cell proliferation?33.134, |n
HER2+ breast cancer, enhanced (1-integrin-mediated adhesion to extracellular

matrix (ECM) components causes resistance to anti-HER2 monoclonal antibody

14



trastuzumab35. The tumour stroma itself is composed of cancer-associated
fibroblasts (CAFs; fibroblasts which have been activated by tumour-derived growth
factors) which can communicate with tumour cells via paracrine signalling and the
secretion of cytokines and/or growth factors such as EGF, HGF or FGF136. Stromal-
derived cytokines and growth factors have clear roles in anticancer drug resistance
across a vast number of tumour types; CAF-regulated secretion of HGF confers
resistance to vemurafenib in melanoma, to lapatinib in HER2+ breast cancer and to
EGFR-TKIs in non-small cell lung cancer (NSCLC)'37. Immune evasion is another
property conferred to tumours by the microenvironment; CAFs recruit macrophages
and monocytes which can shift the immune microenvironment of the tumour towards
tolerance and immune suppression, thus concealing the tumour from cytotoxic T-cell

responses’38,139,

3. Possible therapeutic targets in TNBC

Despite the heterogeneous nature of TNBC tumours and the plethora of resistance
mechanisms they adopt in response to treatment, promising drug targets amenable
to pharmacological manipulation in TNBC do exist. Here, a number of these are
described, particular emphasis being placed on RTK inhibitors and cyclin-dependent

kinase (CDK) inhibitors as prospective therapies.

3.1. Epidermal Growth Factor Receptor (EGFR)

Epidermal Growth Factor Receptor (EGFR; also known as ERBB1/HER1) is a
transmembrane receptor tyrosine kinase (RTK) consisting of an extracellular ligand-
binding domain and an intracellular tyrosine kinase domain'4!. Epidermal growth

factor (EGF) binds to the extracellular domain, triggering homodimerisation of the
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receptor, followed by auto-phosphorylation of the intracellular tyrosine kinase domain,
resulting in the activation of many signalling cascades, most notably the PI3K-AKT
and RAS-RAF-MEK-ERK axes, which promote cell proliferation, migration,
differentiation and survival'42-146, EGFR expression varies considerably amongst
TNBC tumours, though it is frequently overexpressed in basal-like tumours where
high rates of EGFR gene amplification have also been reported’47-150, This
overexpression is also linked to a significantly poorer overall survival compared to
TNBC patients lacking EGFR overexpression'47.148, Contrastingly, EGFR is rarely
expressed in luminal, ER+ tumours'5!. Constitutive activation of pathways
downstream of EGFR is also common in TNBC tumours, particularly constitutive
activation of BRAF, suggesting some TNBC tumours depend upon EGFR-mediated
signalling pathways for their growth!20.152153 Furthermore, Lehmann et al*® also
demonstrated that EGF signalling is highly enriched in the BL2 and mesenchymal
TNBC subtypes identified in their expression analyses. However, the use of EGFR-
TKls or anti-EGFR monoclonal antibodies in a monotherapeutic context has yet to
deliver satisfactory results against TNBC in clinical trials. A Phase Il clinical trial for
gefitinib monotherapy demonstrated that disease progression occurred in 61.3% of
metastatic breast cancer patients with no complete or partial tumour responses
detected'®4. Despite clear inhibition of EGFR and downstream MAPK
phosphorylation, AKT phosphorylation was unaffected by treatment and no impact on
tumour proliferation markers (Ki67) was noted. Other Phase Il trials have
demonstrated similarly disappointing results, with Dickler et al'55 reporting a disease
progression rate of 87% amongst patients after Erlotinib treatment, with only two
confirmed partial responses identified. These trials did not, however, select for

tumours displaying EGFR overexpression or gene amplification, or which were

16



dependent upon active EGFR signalling. Nor did they assess potential genetic
aberrations present in the tumours which may allow constituent cells to bypass
inhibition of EGFR-related signalling, such as oncogenic RAS mutations or PTEN
deletions'56.157. Nuclear translocation of EGFR is also associated with resistance to
radiotherapy, chemotherapy and EGFR-targeted agents, since this protects the
receptor from tyrosine kinase inhibition occurring at the cell membrane58.159, Nuclear
EGFR acts as a transcription factor which can up-regulate the expression of cell
cycle-related genes such as Cyclin D1, thereby promoting proliferation and cell cycle
progression even in the presence of EGFR-TKIs or anti-EGFR monoclonal
antibodies'60-162, Moreover, these trials were not stratified according to breast cancer
subtype, with both HR+ and HR- breast cancer patients included. However, Phase ||
trials of second generation EGFR-TKI afatinib have proven equally unsuccessful in
patients stratified as TN or HER2-HR+ or in inflammatory breast cancer (IBC) treated
with  EGFR-TKI lapatinib163.164. Despite these disappointing results, combination
therapies including EGFR inhibitors have been moderately more successful. A Phase
Il trial evaluating neoadjuvant chemotherapy combined with panitumumab (EGFR-
mAb) showed pCR rates of 47% in cases of operable TNBC, whilst combining
cetuximab and docetaxel in another cohort of operable TNBC tumours resulted in
pCR rates of 24%7165166. Qverall response rates (ORR) after co-treatment of
metastatic TNBC tumours with irinotecan and cetuximab were approximately 11%,
indicating modest benefit of combining EGFR-targeted therapies with standard
chemotherapeutic regimens'¢7. The use of EGFR-targeted radioimmunotherapy in
the form of a radiolabelled anti-EGFR monoclonal antibody in combination with PARP
inhibitors and chemotherapy (docetaxel and doxorubicin) has also shown pre-clinical

benefit; this triple combination eliminated established metastases in xenograft
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models, induced tumour apoptosis in vivo and significantly reduced the amount of
CD44+ CD24- BCSCs present'68. Evidently, the future of EGFR-targeted therapies in
TNBC is dependent upon their efficacy when combined with other well-tolerated

agents.

3.2. Fibroblast growth factor receptors (FGFRS)

Fibroblast growth factor receptors (FGFRs), upon binding FGFs 1-10, transduce pro-
proliferative and pro-survival signals via downstream activation of PI3K-AKT and
MAPK pathways'6. Overexpression of FGFR1 and FGFR2 is less frequent than
EGFR amplification, with FGFR2 amplification occurring in approximately 4% of
TNBC cases'70. The expression of FGFR ligand FGF2 is significantly higher in basal-
like breast tumours, whilst RNAi-mediated silencing of FGF2 impedes the growth of
multiple TNBC cell lines, which are incidentally also sensitive to selective FGFR1
inhibitor PD173074171. Inhibition of FGFR-controlled signal transduction prevents
phosphorylation of both ERK1/2 and AKT, induces G1 cell cycle arrest and induces
apoptosis whilst also leading to a significant reduction in the growth of FGFR1-
expressing TNBC xenografts'”!. Furthermore, analysis of 782 TNBC tumours
revealed high-level FGFR1 expression is more frequent in basal-like tumours and is
associated with a significantly poorer overall survival (OS)'72. Dovitinib, an FGFR-TKI
with activity against FGFR1-3, has shown moderate efficacy against FGFR-amplified,
metastatic breast tumours in a Phase |l clinical trial, resulting in stable disease in a
subset of HR+ patients, though no complete responses (CRs) and few pCRs were
seen'73. |t therefore remains to be seen whether anti-FGFR therapies are of benefit

to TNBC patients.
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3.3. Platelet-derived growth factor receptors (PDGFRS)

Platelet-derived growth factors (PDGFs) PDGF-A, PDGF-B, PDGF-C, PDGF-D bind
to two either PDGFR-a or PDGFR- as hetero- or homodimers'74. Dimerisation of
PDGFR-a and/or PDGFR-B subsequently promotes autophosphorylation of their
intracellular tyrosine kinase domains, thereby triggering downstream signal
cascades'’4. PDGFR-a is expressed at higher levels in TNBC compared with HR+
breast cancer'75. Activation of PDGFR-a in inflammatory breast cancer (IBC) patients
is linked to a significantly poorer metastasis-free survival, suggesting PFGFR-a
activity is linked to metastasis formation and disease progression'76. The recruitment
of bone marrow-derived mesenchymal stem cells (BM-MSCs) to the TNBC tumour
microenvironment is a pivotal step in the metastatic cascade. Secretion of
inflammatory cytokines (e.g. CCL5) by BM-MSCs activates AKT via binding to CCR5,
thereby promoting tumour cell proliferation, subsequent extravasation into the
vasculature and distant organ colonisation'77. Additionally, BM-MSCs exhibit
remarkable plasticity and can reversibly differentiate into CAFs which secrete pro-
tumourigenic factors capable of inducing epithelial-to-mesenchymal transitions
(EMTs), facilitating a pro-metastatic environment'78. Tumour-secreted factors also
enhance the BM-MSC/CAF-mediated secretion of these factors, indicating the
presence of a signalling loop between the constituent cells of the primary tumour and
its microenvironment'78. PDGFR-f plays a fundamental role in regulating BM-MSC
recruitment to primary and metastatic tumour sites'7. PDGFR-B inhibition prevents
intravasation of BM-MSCs into primary TNBC xenografted tumours, and reduces the
number of lung metastases’”. However, clinical trial data for PDGFR-specific
inhibitors is scarce. Unfortunately, non-specific inhibitors of PDGFRs such as

sunitinib and sorafenib, which also inhibit vascular endothelial growth factor
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receptors, performed poorly in clinical trials either as single agents or in combination
with chemotherapy80.181. |n summary, targeting PDGFRs in TNBC may therefore be
of use in preventing metastasis of TNBC cells, though the utility of PDGFR-specific

inhibitors in a clinical context remains unknown.

3.4. PI3BK-AKT-mTOR and MAPK Pathways

Downstream of most RTK-mediated signal transduction pathways, both the PI3K-
AKT-mTOR and mitogen-activated protein kinase (MAPK) axes constitute vital pro-
proliferative, pro-survival cascades for tumour cells. Heterodimeric
phosphoinositide-3 kinases (PI3K) consist of regulatory (p85) and catalytic (p110)
subunits; activation of a multitude of RTKs (including EGFR) and downstream
adaptors induces recruitment of the regulatory p85 subunit, resulting in a
conformational change permitting p110-mediated phosphorylation of PIP2 to PIP3,
which subsequently activates AKT182-184, Negative feedback in the form of PTEN
counteracts activation of the pathway by dephosphorylating PIP3185. PI3K-AKT-
mediated regulation of mTOR activity controls cellular metabolism and protein
translation86.187, mTOR forms complexes with RAPTOR and RICTOR proteins to
form mTORC1 and mTORC2, respectively’82. mTORC1 phosphorylates 4E-BP1 and
S6K to enhance ribosomal biogenesis and protein translation whereas mTORC2 re-
inforces AKT-mediated signalling'87-1%0. Enhanced activation of the PI3K-AKT-mTOR
axis is frequent in TNBC, as are oncogenic PIK3CA (p110) mutations and PTEN
deletions which lead to constitutive activation of AKT191-194, PI3K inhibitors and
mTOR inhibitors have been extensively tested both pre-clinically and clinically in
TNBC with varying degrees of success’0.182, As single agents, mimimal efficacy has
been observed, whilst combination therapies appear to be of particular benefit. The

PI3K pathway is critical in maintaining stability of the HR complex during DNA
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repair'95.19, Silencing PIK3CA in TNBC cells reduces BRCA1 levels which can be
exploited by combining PI3K (p110)-selective inhibitor BKM120 with PARP inhibitor
olaparib197. This combination sensitised BRCA1/2-proficient TNBC cells to olaparib in
vitro and in TNBC patient-derived xenograft models'97. Enhanced PFS has been
observed in TNBC patients with PI3BK-AKT-mTOR pathway alterations treated with
combinations of PI3K-AKT-mTOR inhibitors and chemotherapy’98. Nonetheless,
adaptive resistance mechanisms due to the extensive functional overlap and cross-
inhibition observed between the PI3K-AKT-mTOR and MAPK axes, invariably arise.
MAPK signalling itself proceeds via activation of the RAS-RAF-MEK-ERK cascade;
growth factor-induced activation of RAS GTPase phosphorylates effector kinase RAF
which subsequently phosphorylates effector kinase MEK and finally ERK1/2, which
promotes the function of terminal transcription factors (e.g. c-MYC and c-FOS)
eventually leading to increased expression of pro-survival transcripts99-201. High
expression of ERK1/2 correlates with poorer survival in TNBC whilst increased copy
number of RAS or RAF leads to pathway overactivation, with mutations in RAS or
RAF uncommon events in TNBC69.152, MEK inhibitors induce up-regulation of the
PI3K-AKT-mTOR axis in TNBC xenografts and cell lines due to de-repression of
MEK-induced inhibition of this pathway, likely via prevention of ERK-mediated GAB1
phosphorylation202-204, The apoptosis-inducing effect of PI3K inhibitors has also been
attributed to their transient effects on the adjacent RAS-RAF-MEK-ERK pathway?202,
Intriguingly, pulsatile PI3K inhibition or combined MEK or AKT inhibition led to
enhanced apoptosis in multiple cancer cell lines, highlighting important implications

for the dosage of such targeted therapies202.
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3.5. DNA-Damaging Agents & Checkpoint Inhibitors

By their very nature, cancers display inherently high levels of genomic instability, a
known hallmark of cancer which underlies their proclivity for the accumulation of DNA
damage?05. Oncogene activation causes replication-linked DNA lesions as a result of
disproportionate replication origin firing due to excessive pro-proliferative signals, the
implication of this being that malignant cells possess more endogenous replication
errors than non-malignant cells206-208, Moreover, proteins involved in the DNA
damage response (DDR) and associated cell cycle arrest are often mutated or
dysfunctional in multiple cancers; tumour suppressor p53 being a prominent
example209.210, Radiotherapy and chemotherapy take advantage of these properties
by inducing exogenous DNA damage such that tumour cells can no longer repair the
damage, leading to cell cycle arrest and ultimately apoptosis208. DNA-damaging
agents induce this irreparable damage by various mechanisms: topoisomerase
poisons (e.g. etoposide and doxorubicin) act by preventing topoisomerase II-
mediated cutting of DNA double-helices and release of torsional strain, thereby
trapping obstructing DNA replication resulting in double-stranded breaks (DSBs)211-
213, Alkylating agents (e.g. cisplatin) bind to guanine residues in DNA, forming
damaging adducts and intra-strand crosslinks2'4. Antimetabolites (e.g. 5-fluorouracil
and gemcitabine) interfere with nucleotide metabolism by competing with other
nucleotides during DNA synthesis, thus preventing incorporation of the correct
nucleotides and inducing termination of chain elongation2'5. However, DNA-
damaging agents are associated with considerable dose-limiting, off-target toxicity
given their effects on non-malignant, rapidly dividing cells in the gastrointestinal
system and bone marrow2'6-218, The redundancy between various DNA repair

pathways is amenable to targeted therapy since cancer cells deficient for a particular
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form of repair often become addicted to another, as is the case with the use of PARP
inhibitors against BRCA1/2-deficient breast cancer and ovarian cancer8’.88,
Interfering with DNA damage checkpoints in the cell cycle is another strategy
whereby aberrant cell cycle progression can lead to apoptosis due to accumulation of
DNA lesions. These checkpoints are strictly controlled by ataxia telangiectasia
mutated (ATM) and ataxia telangiectasia Rad3-related (ATR) proteins which are
activated by DSBs and single-stranded breaks (SSBs), respectively219.220, |n
response to DSB detection, ATM phosphorylates histone H2AX which induces a
change in chromatin architecture permitting the recruitment of other repair factors
and ubiquitin ligases (e.g. MDC1, MRN and RNF8), ultimately leading to localisation
of BRCA1, p53 and other vital repair factors to the site of damage. ATM-mediated
phosphorylation of SMC1, MRN or KAP1 induces lesion repair, dissemination of
damage signals or chromatin relaxation, respectively221-223, Checkpoint kinases 1
and 2 (CHK1 and CHK2) are serine-threonine kinases downstream of ATM and ATR,
which act to halt cell cycle progression in the presence of DNA damage?24.
Phosphorylation of CHK2 (Thr68) and CHK1 (Ser345/Ser317) by ATM and ATR,
respectively, halts cell cycle progression via CHK2- or CHK1-mediated
phosphorylation of cdc25A or cdc25C, priming them for ubiquitination and
proteasome-mediated degradation225226,  Degradation of cdc25A inhibits cyclin-
dependent kinase 2 (CDK2) activity, thus arresting cell cycle progression in G1/S-
phase. Whilst cdc25C degradation obstructs CDK1-CyclinB function, leading to G2/M
arrest225.226, Activated CHK2 also phosphorylates substrates which amplify the DDR,
including BRCA1, BRCA2 and XRCC1227-229, BRCA1 and BRCA2 are also
substrates of ATM, indicating that CHK2 may also act to augment ATM function in

DNA repair227.228,  With respect to targeting CHK1 and CHK2 function in TNBC,
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CHK1 inhibitor MK-8776 improves the radiosensitivity of multiple TNBC cell lines and
xenografts by preventing CHK1-mediated activation of DNA repair and abrogating
damage-induced G2/M arrest230. P53-deficient TNBC cell lines and xenografts are
exquisitely sensitive to CHK1 inhibition, while p53 inhibition sensitises p53-proficient
TNBC cells to CHK1 inhibitors UCN-01 and AZD7762, suggesting that stratifying
patients based on p53 status may identify patients eligible for anti-CHK1/2 therapy231.
Extensive pre-clinical evaluation of combining CHK1/2 inhibitors with
chemotherapeutics has not necessarily been ftranslated into successful clinical
application, however?32, Co-treatment of metastatic TNBC tumours with UCN-01 and
irinotecan in a Phase | clinical trial was not associated with significant clinical benefit
due to pharmacodynamic issues with UCN-01 and tumour heterogeneity. Induction of
apoptosis markers in patients’ tumours was minimal, alluding to the existence of
possible bypass mechanisms233. The results of an ongoing clinical trial investigating
the effect of LY2606368, a relatively specific CHK1 inhibitor with weaker effects on
CHK2, in BRCA1/2-associated BC and TNBC on induction of complete and partial
responses are yet to be published but will be made available in 2019
(NCT02203513). Considering that repair of DNA damage requires the function of
multiple, often parallel, signalling pathways, the identification of novel synthetic lethal
combinations using DNA damage checkpoint inhibitors is likely to be invaluable in
designing efficacious, multi-faceted therapies which prevent tumour cell escape

facilitated by pathway redundancy in TNBC and other malignancies.
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3.6. Cyclin-dependent kinases

3.6.1. The role of cyclin-dependent kinases in controlling cell cycle progression

Cyclin-dependent kinases (CDKs) are serine/threonine protein kinases involved in
control of cell proliferation and transcription, the expression of which is strictly
controlled throughout the cell cycle and whose activity is dependent upon their
binding to specific cyclin molecules236-240, Progression through the various phases of
the cell cycle is governed by multiple CDKs and their corresponding cyclins with
specific CDK-Cyclin complexes regulating the passage of the cell from one specific
cell cycle phase to another?4!. During G1 phase, the transcriptional repressor Rb
binds chromatin-modifying enzymes (HDAC1) and transcription factors (E2F1) which
normally promote expression of genes necessary for transition into S phase242-244,
The CDK4/6-Cyclin D1 complex phosphorylates Rb, leading to dissociation of both
HDAC1 and E2F1 from Rb, thereby de-repressing E2F1’s transcriptional activity and
promoting S phase entry242-244_ Rising levels of Cyclin E1/E2 expression as a result
of enhanced E2F1-mediated transcription result in the formation of the CDK2-Cyclin
E complex which subsequently hyperphosphorylates Rb, leading to increased
expression of genes critical for DNA synthesis during S-phase245-247, The binding of
Cyclin A, the transcription of which is dependent upon E2F1 activity, to CDK2 then
terminates S phase by phosphorylating E2F1, thus abrogating its DNA-binding ability
and forming a negative feedback loop248-250, During late S phase, Cyclin A forms a
complex with CDK1 and is subsequently degraded upon entry into G2/M, resulting in
formation of CDK1-Cyclin B complexes which bind to, phosphorylate and enhance
the activity of FOXM1 transcription factors, thereby upregulating the expression of
genes indispensable for mitosis?51.252. Phosphorylation of the cytoplasmic-retention

sequence on Cyclin B during late prophase is a critical step in mitotic progression,
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resulting in rapid nuclear translocation253. The CDK1-Cyclin B complex subsequently
phosphorylates multiple nuclear-localised substrates resulting in reorganisation of the
nuclear architecture and eventual degradation of the nuclear membrane in
preparation for mitosis253-257. CDK1-Cyclin B1-mediated activation of APC eventually
promotes its own destruction, allowing chromosomal separation and cytokinesis252.
Protein phosphatase 1 (PP1) then dephosphorylates Rb, allowing it to once more
repress and bind E2F1 and HDACH1, thus preventing repetition of the cell cycle until

appropriate mitogenic stimulation is received258.259,

3.6.2. The role of CDKs in regulating transcriptional fidelity

Whilst CDKs are a vital mechanistic component in cell cycle regulation, they are
equally as important for the correct transcription of protein-coding genes by RNA
Polymerase Il (RNA II). The C-terminal domain (CTD) of RNA Il serves as a scaffold
for the recruitment of key transcriptional regulators, including various CDKs, and the
phosphorylation of numerous amino acid residues on this domain directly influences
the fidelity of transcriptional initiation, elongation and termination260.261, For
transcription to be initiated, RNA Il must be recruited to the promoter of the gene in
question and it must eventually vacate this position to permit transcriptional
elongation261. The first step in transcriptional initiation involves the formation of the
pre-initiation complex at the gene promoter. This process begins with the binding of
the TATA-box binding protein (TBP) domain of general transcription factor TFIID to
the core promoter and the subsequent association of RNA Il with the Mediator
complex by virtue of the affinity of its unmodified CTD for hydrophobic residues in the
latter262-264. The Mediator complex is a crucial transcriptional co-activator which
serves to recruit pro-elongation factors such as P-TEFb and to transduce signals

from transcription factors bound at gene enhancer regions to the pre-initiation
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complex machinery at gene promoters265-268, Mediator function is also governed by
CDKS8, which transiently associates with the Mediator complex and is therefore able
to directly phosphorylate and thus modify the function of transcription factors, an
event believed to be mutually exclusive with RNA [I-Mediator binding and a putative
transcriptional checkpoint269.270, The transition from initiation to elongation involves
the recruitment of TFIIH to the pre-initiation complex, its helicase component
inducing a conformational change in the DNA which facilitates the interaction of
single-stranded DNA with the active site of RNA [I1271.272. CDK7 is a catalytic
component of TFIIH and phosphorylates the CTD of RNA Il at Ser5 and Ser7,
thereby disrupting the interaction of RNA Il with the pre-initiation complex and
promoting the detachment of RNA Il from the gene promoter273.274, CDK7 also
possesses myriad functions other than transcriptional regulation, since it controls the
functions of cell cycle-regulatory CDKs by phosphorylating CDK1 and CDK2, thus
acting as a CDK-activating kinase (CAK) and linking transcription with cell cycle
progression275, Elegant work conducted by Larochelle et al (2007) demonstrated that
CDK?7 inhibition during G1 phase impeded CDK2 activation and consequently
hindered progression into S phase, whilst CDK7 inhibition during G2 phase and/or S
phase prevented the onset of mitosis and activation of CDK1, with co-
immunoprecipitation revealing disruption of the formation of CDK1-Cyclin B
complexes?76. Moreover, CDK7 has also been shown to regulate CDK4/6 function
and is therefore essential for G1/S phase transition; CDK7 inhibition lead to the
abrogation of Rb-kinase activity of both CDK4 and CDK®6, due to impaired CDK4/6
activation and not due to inhibition of CDK4/6-Rb complex formation277. Furthermore,
CDK7-mediated phosphorylation of the T-loops of CDK4 and CDK6 was required for

maintenance of their activity, not just their activation, reinforcing the idea of CDK7 as
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a master regulator of CDK function2’7. Intriguingly, apart from controlling
transcriptional elongation and the activation of cell cycle-regulatory CDKs, CDK7 may
also serve as a link between the transcriptional machinery and activation of the DNA
damage response by p53. In response to DNA damage, CDK7 has been shown to
phosphorylate and thereby activate p53, enhancing its binding with p53-responsive
DNA elements278.279, In return, p53 binding reduces the activity of CDK7 at both the
CTD of RNA Il and CDK2, potentially leading to inhibition of transcription and
subsequent cell cycle arrest280, CDK7-mediated CTD phosphorylation on Ser5 and
Ser7 leads to “proximal promoter pausing” in which RNA |l pauses approximately
20-100bps downstream of the transcriptional start site, thereby allowing mRNA
modification and the binding of negative elongation factor (NELF) and DRB
sensitivity-inducing factor (DSIF) to RNA II, preventing productive elongation of
mRNA transcripts281.282. For productive elongation to occur, positive transcription
elongation factor B (P-TEFb) which is composed of CDK9 and Cyclin T1, must be
recruited to promoters and the associated transcriptional machinery?283.284,
Bromodomain-containing protein 4 (BRD4) is a chromatin reader needed for the
transmission of epigenetic signatures during cell division. BRD4 binds to acetylated
histones in all cell cycle phases to promote the maintenance of acetylated chromatin
and its high-order architecture285-289, Crucially, BRD4 is required for both the
formation of P-TEFb and its recruitment to promoters; via its P-TEFb-interacting
domain (PID), BRD4 associates with P-TEFb and facilitates the dissociation of
negative regulators (e.g. 7SKsnRNA) from P-TEFb, thereby activating the complex.
CDK®9 then phosphorylates both NELF and DSIF, resulting in NELF dissociation and
conversion of DSIF into a positive elongation factor290-292, Concurrently, CDK9

phosphorylates the CTD of RNA Il at Ser2, allowing the recruitment of more
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elongation factors and the initiation of productive mRNA elongation. Additionally,
BRD4 has been shown to potentiate the kinase activity of P-TEFb at promoters
located in regions of highly acetylated chromatin, and render it less susceptible to
inhibition, despite lacking CTD kinase activity itself293-295, Notably, the recruitment of
P-TEFb, and thus CDK9-mediated Ser2 phosphorylation, is dependent upon the
presence of phosphorylated Ser5 and Ser7 residues in the CTD, also indicating
cross-talk between CDK7 and CDK9276.2%_ The presence of phosphorylated Ser2 on
the CTD of RNA Il also recruits factors required for termination of transcription and
polyadenylation of MRNA transcripts297.298; once a termination signal is recognised by
RNA Pol Il, the phosphatases CTDP1 and SSU72 remove CTD phosphorylation
marks at Ser2 and Ser5, restoring CTD phosphorylation to pre-initiation levels, whilst
SSU72 also promotes cleavage of pre-mRNA transcripts to complete the process,
allowing detachment of RNA Il from the promoter and termination of

transcription299.300.

3.6.3. Targeting transcriptional CDKs in oncology

Given their critical roles in the regulation of transcriptional elongation as well as the
regulation of cell cycle components in the case of CDK7, the pharmacological
inhibition of both CDK7 and CDK9 has been the subject of multiple investigations into
their potential utility as anticancer drug targets. Various studies have shown that
multiple cancers are indeed exquisitely sensitive to CDK7 inhibitors (e.g. THZ1) and/
or CDK9-specific inhibitors, including ovarian carcinoma, neuroblastoma, glioma,
non-small cell lung cancer (NSCLC) and T-cell lymphomas302-309.  Common to the
majority of these cases, CDK7/9 inhibition led to downregulation of MYC resulting in
decreased levels of short-lived, pro-survival, anti-apoptotic proteins such as MCL-1,

leading to reduced cell proliferation and apoptosis302.303,306,307,310, As a
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consequence, cells were also rendered more sensitive to BH3-mimetics such as
ABT-199, with strong synergy observed in both T-cell lymphomas and acute myeloid
leukaemia302311, Moreover, in MYC-addicted hepatocellular carcinoma, CDK9-
mediated transcription of MYC-regulated genes was found to be indispensable for
MY C-driven tumourigenesis3'2. Inhibition of transcriptional elongation, regulated by
CDK®9 via phosphorylation of RNA-Polymerase 1l (Ser2/5), using a pharmacological
cdc7/CDK9 inhibitor resulted in tumour regressions, abolition of tumour growth and
decreased proliferative markers3'2. Regarding TNBC specifically, Horiuchi et al
demonstrated that TNBC cells with elevated levels of MYC were particularly sensitive
to pan-CDK inhibitors such as Dinaciclib313. Taken together, the evidence suggests
that targeting currently non-druggable, master transcriptional regulators such as
MYC, which act as a downstream convergence point for signals transduced via RTK-
mediated signalling, through CDK7 or p-TEFb inhibition may represent a potent new
strategy to identify novel therapies for TNBC as well as other cancers, whilst also
identifying novel synergistic combinations with enhanced efficacy. Elaborate studies
conducted by Wang et al illustrated that TNBC cells are uniquely dependent on
transcriptional regulation, particularly by CDK7 and CDK93'4. Their research
demonstrated that a cluster of genes (including EGFR) whose transcription is
regulated by CDK7 and which are associated with super-enhancers (clusters of
enhancers with high transcriptional activity and which are characterised by
exceptionally high levels of master transcription factor and Mediator complex
binding315) was critical for the growth of TNBC cells3'4. Using multiple EGFR-TKIs, it
was shown that despite clear inhibition of phosphorylation of EGFR and of its
downstream components, cell proliferation was unaffected. However, CRISPR/Cas9-

mediated editing of EGFR was detrimental to cell proliferation, with similar results
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obtained using the CDK7 inhibitor THZ1, suggesting that eliminating EGFR
transcriptional activity represents a more effective approach3'4. Zawitowski et al have
recently demonstrated that TNBC tumours treated with Trametinib, a MEK inhibitor,
rapidly rewire their signalling circuitry in order to bypass the effects of drug treatment,
upregulating the levels of various RTKs such as PDGFR-B and FGFR2109.316,
Disrupting p-TEFb activation through BRD4 inhibition potently reversed this adaptive
transcriptional response, precluding RTK-upregulation and leading to durable
responses in xenograft models of TNBC316. Interestingly, combining lapatinib

treatment with BRD4 inhibitor JQ1 in HER2+ BC similarly led to abolition of an
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Figure 3: Drugging the transcriptional machinery in cancer. Possible ways of targeting the
transcriptional machinery in malignant cells are represented here. Interfering with TFIIH function by
inhibiting CDK7 would prevent phosphorylation of RNA Polymerase II's C-terminal domain (CTD) at
Serb, thereby precluding the initiation of transcription since TFIIH facilitates interaction of RNA
Polymerase Il with DNA. The TFIIH-dependent recruitment of the P-TEFb complex, a member of
the super elongation complex (SEC) whose CDK9-mediated phosphorylation of RNA Polymerase
I's CTD at Ser2 is vital for productive elongation of mRNA transcripts, would therefore also be
averted. P-TEFb itself and its various components are also amenable to pharmacological
manipulation. Kinase inhibitors which block the activity of CDK9 would obstruct CDK9-mediated
phosphorylation of RNA Polymerase II's CTD at Ser2, as well as the dissociation of negative
elongation factors NELF and DSIF, which induce proximal promoter pausing after CDK7-mediated
phosphorylation of CTD residue Ser5, ultimately preventing resumption of productive mRNA
transcription. Impeding BRD4 function by means of bromodomain inhibitors could also disrupt
activation of the kinase component of P-TEFb, as well as its subsequent recruitment to the
transcriptional machinery.
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adaptive kinome response and reversal of resistance to lapatinib317. This evidence
reiterates the utility of targeting the transcriptional program of cancer cells addicted to
growth factor receptor signalling pathways by halting enhancer remodelling and
transcriptional adaptation (see Figure 3). However, there is a paucity of information
regarding the possible use of EGFR-TKIs in combination inhibitors which interfere
with P-TEFb function in TNBCs resistant to EGFR-TKI monotherapy. Since EGFR-
TKlIs are notoriously ineffective as monotherapies against TNBC, despite the
dependence of these tumours on EGFR-mediated signalling, there is a clear
rationale to inhibit both RTK-mediated signalling at the source and the P-TEFb
complex which regulates the transcription of genes up-regulated via activation of
these growth factor-mediated pathways. This two-pronged approach would seek to
reverse the intrinsic resistance of TNBC cells to RTK-targeted therapies by
eliminating their propensity for transcriptional plasticity in response to therapy,

thereby sensitising them to EGFR-TKIs.

4. Conclusion

In summary, TNBC employs a vast arsenal of resistance mechanisms in order to
evade elimination. This arsenal primarily consists of subversion of cellular signalling
networks in response to kinase-targeted therapy, a testament to the plasticity of this
disease. Evidently, given the critical role of transcription in the conduction and
regulation of these adaptive responses, inhibition of such transcriptional machinery
therefore represents an attractive strategy for the reversal of resistance to targeted
therapies such as EGFR-tyrosine kinase inhibitors or PI3BK-AKT-mTOR inhibitors.
Notwithstanding the promising pre-clinical studies of transcriptional CDK inhibitors
described here, the development of highly efficacious, selective agents remains an

elusive prospect. This lack of specificity often results in undesirable or even life-
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threatening side-effects, thereby limiting the anti-cancer potential of such agents.
Future drug design programmes must therefore identify methods to circumvent the
structural similarity between the various CDKs in order to address these issues.
Moreover, whilst combining multiple kinase inhibitors as a means of depleting cancer
cells of options to rewire their survival signalling appears sensible, the importance of
practical considerations regarding dosage, toxicity and contraindications cannot be
understated. Altogether, multiple options exist regarding the use of molecular
targeted therapy against TNBC, including, but not limited to, DNA-damaging agents,
EGFR-tyrosine kinase inhibitors, PI3K-Akt-mTOR inhibitors, FGFR inhibitors and
CDK inhibitors. However, given the intricate and innumerable mechanisms of
resistance, thinking one step ahead in order to predict and subsequently target
possible pathways implicated in the development of resistance to such agents is

essential if progress is to be made in improving the clinical management of TNBC.

5. Aims and Outline of this Thesis

The primary objective of the research described in this thesis was to identify novel
therapeutic targets and synergistic combination treatments for TNBC. Primarily, this
research focused on profiling the response of TNBC to multiple kinase inhibitors (e.g.
MEK, AKT and EGFR inhibitors) and ascertaining which targeted agents were
capable of subverting the refractory response of TNBC thereto, by means of high-
throughput, compound library-based screening. Consequently, the potential of
prospective, novel targeted agents, specifically CDK inhibitors, either as
monotherapies or in combination with other kinase inhibitors was thoroughly
evaluated. Chapter 2 explores the differential sensitivity of TNBC cells to MEK and
AKT inhibitors, illustrating the heterogeneity in response to such targeted agents.

Here, the link between resistance to MEK/AKT inhibitors and cell cycle regulation is
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emphasised, as well as how this cell cycle dependency can be exploited
therapeutically in drug-resistant subtypes using potent CDK inhibitors. Chapter 3
delineates the potential of combined cdc7/CDK?9 inhibition as a means to overcome
resistance to multiple EGFR-TKIs in TNBC. Chapter 4 elaborates on these findings
by describing the evaluation of a panel of novel CDK inhibitors as potential
therapeutic agents in TNBC both in vitro and in vivo. Here, compound-based
screening coupled with proliferation and apoptosis assays demonstrates that a
selection of these novel CDK inhibitors are highly effective as anti-TNBC therapies.
The effect of these drugs on relevant signal transduction pathways such as CDK-
mediated transcription and the equilibrium between pro- and anti-apoptotic BCL-2
family members is extensively examined here. RNA Seg-based transcriptomic
analysis was employed to further clarify the mechanisms of action of these
compounds and define a set of transcription factors essential for TNBC proliferation,
and which are exquisitely sensitive to CDK inhibition. The utility of combining EGFR-
TKls and BET inhibitor JQ1 with one of these novel CDK inhibitors is described in
Chapter 5, in which it is shown that combining these agents is synergistic in
inhibiting the proliferation of TNBC cells and augments the inhibitory effect of the
CDK ' inhibitor on transcription and CDK-mediated signal transduction. Finally,
Chapter 6 provides a discussion and summary of the aforementioned results,
focusing on the key conclusions derived from this research and possible avenues for

future research.
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ABSTRACT

Background

Triple-negative breast cancer (TNBC) is a heterogeneous subtype of breast cancer,
defined by the absence of the estrogen, progesterone and human epidermal growth
factor 2 receptors. TNBC patients have a poor clinical prognosis due to the lack of
effective targeted therapies. Although TNBC tumours often display elevated MAPK
and PI3K pathway activity, the clinical benefit from inhibitors of these pathways is

limited.

Methods

In this study, we investigated the heterogeneity in cellular responses to MEK and Akt
inhibitors in TNBC cell lines. Mutations, phosphorylated proteins within the MAPK/
PI3K pathway and large-scale transcriptomics and proteomics data were utilised to
understand these differential responses. Gene set enrichment analysis was
performed to provide biological insight into differential genes or proteins.
Furthermore, clinical relevance of the discovered differential gene expression profile

was established in breast cancer patient gene expression data.

Results

Akt and MEK inhibitor treatment led to three different responses in TNBC cell lines:
Akt or MEK inhibitor resistance alone or Akt and MEK inhibitor double resistance. We
found that MEK inhibitor-resistant cell lines had PIK3CA/PIK3R1/PTEN mutations,
high p-Akt and low p-MEK levels and could thereby be discriminated from Akt
inhibitor-resistant ones. Moreover, we identified a group of cell cycle genes

associated with the Akt and MEK inhibitor double-resistant TNBC cells. A prominent
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group of these genes was also differentially expressed in primary breast cancer in
general as well as in TNBC patients. As an alternative to MEK or Akt inhibitors, we
found that cyclin-dependent kinase inhibitors targeting this signature are especially

effective in the Akt and MEK inhibitor double-resistant cells.

Conclusion

Together, these results unravel novel features of Akt and MEK independency in
TNBC that can be exploited for predicting resistance to Akt and MEK inhibitors and

provide possible alternative treatment options for this resistant group.

KEY WORDS

Triple-negative breast cancer, MEK inhibitors, Akt inhibitors, drug resistance, cell

cycle
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BACKGROUND

Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer that
is defined by the absence of the estrogen receptor (ER), progesterone receptor (PR)
and the lack of overexpression or gene amplification of the human epidermal growth
factor receptor 2 (HER2) [1]. TNBC comprises a clinically and molecularly
heterogeneous group of breast cancers and accounts for approximately 15% of all
breast cancer cases [2]. A subset of TNBC patients shows pathological complete
response after neo-adjuvant chemotherapy and surgery. Yet, >60% of patients do not
achieve complete remission and have poor event-free and overall survival rates [3].
As a result, TNBC accounts for a disproportionately high number of deaths compared
with other breast cancer subtypes [4]. Developing effective targeted therapies for
TNBC patients is thus crucial for reducing the mortality rate of this aggressive

subtype.

TNBC tumours commonly have either activating mutations or amplifications of
PIK3CA, BRAF, KRAS and/or EGFR and/or PTEN loss, causing abnormal activity of
the Raf/MAPK/ERK or PI3K/Akt/mTOR pathway [5, 6]. Inhibiting these pathways
using MEK and/or Akt inhibitors is thus an attractive strategy for treating TNBC [7].
However, resistance to these inhibitors is often observed in pre-clinical studies [8-11].
Efforts to overcome this resistance include reversing possible drug-induced loss of
negative feedback, by combining MEK and Akt or PI3K inhibitors, or one of these
with epidermal growth factor receptor (EGFR) inhibitors [8-14]. These strategies have
now reached clinical trials, but their benefits remain elusive [14, 15]. Another
challenge is the prediction of response to provide patients with optimal, personalised,
treatment strategies. Various studies demonstrate that mutations in RAS and BRAF

are associated with MEK inhibitor sensitivity and mutations in RAS, PIK3CA or PTEN
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are associated with Akt inhibitor sensitivity [8-10]. Yet, these features do not
completely correlate with sensitivity in (pre-)clinical studies in TNBC and other
malignancies [14]. Novel insights in predicting the response and providing
alternatives to drug-resistant tumours are thus essential in facilitating the clinical

development of such inhibitors in TNBC.

Here, by assessing TNBC cell line groups that were differentially sensitive to Akt and
MEK inhibitors, we have shown that Akt or MEK inhibitor sensitivity can be
distinguished by the presence of mutations in the PI3K pathway and activity of the
PI3K and MAPK pathway. By performing a large-scale gene set enrichment analysis,
we found that Akt and MEK inhibitor double resistance is associated with elevated
expression of cell cycle genes. On the other hand, MEK and Akt inhibitor double-
resistant cell lines were more, but not exclusively, sensitive to inhibitors of this
signature, such as dinaciclib and flavopiridol, which may constitute more appropriate
treatment options for this TNBC subgroup. Our results thus shed light on a novel
mechanism of resistance to MEK and Akt inhibitors and provide potential markers of

response as well as alternative treatments.
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MATERIALS AND METHODS

Cell culture

Twenty human TNBC cell lines were used including BT20, BT549, HCC1143,
HCC1806, HCC1937, HCC38, HCC70, Hs578T, MDA-MB-231, MDA-MB-435s,
MDA-MB-436, MDA-MB-453, MDA-MB-468, SKBR7, SUM1315M02, SUM149PT,
SUM159PT, SUM185PE, SUM229PE and SUM52PE. All cells were cultured in
RPMI-1640 medium containing L-glutamine and 25 mM HEPES (Gibco Fisher
Scientific, Landsmeer, The Netherlands) supplemented with 10% fetal bovine serum
(FBS), 25 U/mL penicillin and 25 pg/mL streptomycin (Fisher Scientific) in a

humidified incubator with 5% CO2 at 37°C.

Reagents and antibodies

For screening and primary validations with MEK and Akt inhibitors, a library of 378
kinase inhibitors was used (L1200 library; Selleckchem, Huissen, The Netherlands).
For further validation and other experiments, selumetinib (S1008), AZD8330 (S2134),
PD184352 (S1020), MK-2206 (S1078), AZD5363 (S8019) and ipatasertib

(GDC-0068; S2808) were purchased from Selleckchem.

The mouse antibody against MEK1/2 (4694S) and rabbit antibodies against phospho-
MEK1/2 (Ser217/221, 9120), phospho-Akt (Ser473, 9271), phospho-p44/42 MAPK
(ERK1/2, Thr202/Tyr204, 9101), phospho-mTOR (Ser2448, 5536S), Akt (9272),
p44/42 MAPK (Erk1/2, 4695) were purchased from Cell Signaling (Leiden, The
Netherlands). The mouse antibody against a-tubulin (T-9026) was from Sigma-
Aldrich. Secondary goat antibodies horseradish peroxidase (HRP)-linked anti-rabbit

(111-035-003) and anti-mouse (115-035-003) and Alexa-647-linked anti-mouse
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(115-605-146) were purchased from Jackson Immunoresearch (Bio-Connect,

Huissen, The Netherlands).

Cell proliferation assays

Cell proliferation was determined using a sulforhodamine B (SRB) colorimetric assay
as described previously [16]. TNBC cell lines were plated at optimal cell densities
ranging from 4,000 to 18,000 cells in 96-well plates and allowed to attach overnight
before treatment. Cells were treated with kinase inhibitors for 4 days and thereafter
fixed by adding 30 pL 50% trichloroacetic acid (TCA; Sigma-Aldrich). Cellular
proteins were stained with 0.4% SRB (Sigma-Aldrich) and unbound SRB was
removed with 1% acetic acid (VWR, Amsterdam, The Netherlands). Protein-bound
SRB was solubilised in 10 mM aqueous unbuffered Tris (Fischer Scientific) and SRB
absorbance was measured at 540 nm on an Infinite M1000 microplate reader (Tecan,
Giessen, The Netherlands). Dose response curves and IC50 values were generated

in GraphPad Prism (version 7.01).

Protein extraction and western blotting

Protein extraction and western blotting were conducted as described before [17].
Cellular proteins (20 pg/lane) were loaded on 7.5% polyacrylamide gels for SDS-
PAGE. After electrophoresis, proteins were transferred to polyvinylidene fluoride
(PVDF) membranes (Milipore, Amsterdam, The Netherlands) overnight and blocked
in 5% bovine serum albumin (BSA; Sigma Aldrich) in Tris-buffered saline with 0.05%
Tween (TBS-To.05). Primary and secondary antibodies were dissolved in 1% BSA in
TBS-To.os. Using an Amersham Imager 600 (GE Healthcare Life Sciences,
Eindhoven, The Netherlands) Alexa Fluor 647-conjugated antibodies were visualised

by Cy5 fluorescence and HRP-conjugated antibodies by chemiluminescence after
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staining with ECL (Prime) Western Blotting Detection Reagent (GE Healthcare Life

Sciences). Signal intensities were quantified using ImageJ.

Cell line annotation

TNBC cell lines were classified into TNBC subtypes as indicated by Lehmann et al

[18]. Mutations were derived from the COSMIC database cell line project [19].

Gene set enrichment analysis (GSEA) of TNBC cell lines

TNBC cell line mRNA microarray data were previously established [20]. In short, raw
data (.CEL files) were processed using the robust multi-array average (RMA) method
and data are available in the Gene Expression Omnibus data repository (GEO)
(Accession number: GSE41313). Protein abundance in the TNBC cell lines was
previously analysed using high-end proteomics (Manuscript in preparation, data
available upon request). Data were log-transformed (logz) and gene set enrichment
was evaluated using GSEA software [21, 22]. Enrichment of canonical pathways was
tested using the curated c2cp gene sets from KEGG and Reactome (1,000
permutations per gene set). To visualise the significantly enriched gene sets
(P<0.005, FDR Q-value<0.1) Cytoscape was used to organise these in enrichment
maps (similarity cut-off>0.7) [23]. For all the enriched gene sets involved in cell cycle,
the genes that were core enriched (signal-to-noise score>0.1) were collected and
used for plotting heatmaps of their expression in TNBC cell lines (mRNA and protein
expression) and breast cancer patients (MRNA). Overlapping networks of these
genes from mMRNA and protein expression were made by retrieving their network in
STRING (v10.0) and providing colour annotation in Cytoscape. Pathway mapping of
the core enriched genes was performed in Ingenuity Pathway Analysis (IPA) software

(QIAGEN Bioinformatics).
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Gene expression in breast cancer patients

RNA sequencing and clinical data of breast cancer patients were retrieved from the
TCGA database in R using the TCGAbiolinks package from Bioconductor [24].
Normalised RNA sequencing data from lllumina HiSeq platforms from primary solid
tumour samples of the TCGA-BRCA project were downloaded. Cell cycle genes that
were established as described in the previous section were used for generating
heatmaps for both all breast cancer (n=1093) and TNBC patients (n=120) specifically.
TNBC patients were selected on the absence of HER2, ER and PR, as annotated in

the TCGA data.

Statistical analysis

All heatmaps and hierarchical clusters were generated using the CRAN pheatmap
package in R studio (version 3.3.1) [25]. Statistical analysis of grouped western blot
outcomes with replicated measurements was performed using a two-way ANOVA in
GraphPad Prism (Version 7). Significance was set at P < 0.05. IC50 values were also

calculated in GraphPad Prism.
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RESULTS

TNBC cell lines cluster into three groups based on responses to MEK and Akt
inhibitors

To explore heterogeneity in targeted therapy responses, we evaluated the
proliferative responses to 378 kinase inhibitors in 20 TNBC cell lines using
unsupervised hierarchical clustering. The TNBC cell lines largely demonstrated
resistance to these inhibitors, but some inhibitors differentially affected the
proliferation of the cell lines (Figure 1A). In particular, the responses to inhibitors of
MEK and Akt were heterogeneous (Figure 1A, black box), classifying the TNBC cell
lines into three subgroups (Figure 1B): cell lines were either resistant to Akt inhibitors,
but sensitive to MEK inhibitors (Group 1, Akt-i resistant); resistant to MEK inhibitors,
but sensitive to Akt inhibitors (Group 2, MEK-i resistant); or resistant to both Akt and
MEK inhibitors (Group 3, Akt-i/MEK-i double-resistant). To further validate these
classifications, we treated the TNBC cell lines with a dose range of the various MEK
and Akt inhibitors (Figure 1C and Additional file 1: Figure S1). MEK inhibition
effectively reduced the growth of Akt-i-resistant Group 1 cells at low concentrations
(IC50s~10 nM, Additional file 2: Table S1), but not of MEK-i-resistant Group 2 or Akt-i/
MEK-i-resistant Group 3 cells. Whereas Akt inhibitors affected the cell proliferation of
MEK-i-resistant Group 2 cell lines (IC50s~0.1-1 uM), Akt-i-resistant Group 1 and Akt-
i/IMEK-i double-resistant Group 3 cell lines did not respond to these inhibitors

(IC50s>3.16 uM).
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Figure 1. Proliferation of TNBC cell lines in response to MEK and Akt inhibitors. (A) A heatmap
of proliferative responses of TNBC cell lines to kinase inhibitors (1 uM). Low Z-scores (red) indicate
reduced cell growth, whereas high Z-scores indicate resistance (blue). The black box highlights
multiple MEK and Akt inhibitors. (B) Clustering of responses to Akt and MEK inhibitors from this black
box of TNBC cell lines among Group 1 (Akt-i resistant), Group 2 (MEK-i resistant) and Group 3 (Akt-i/
MEK-i resistant) cell lines. (C) Dose responses of TNBC cell line groups to the Akt and MEK inhibitors
(0.01-3.16 uM). Data are expressed as means + SD from two independent experiments.
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Activity and mutations of PI3K-MAPK pathway members distinguish between

Akt-i-resistant and MEK-i-resistant cell lines

To understand the differential sensitivity to Akt and MEK inhibitors, we evaluated the
basal phosphorylation levels of signalling components involved in the PI3K and
MAPK pathways. Akt-i-resistant Group 1 cell lines expressed significantly higher
levels of p-MEK compared with MEK-i-resistant Group 2 cell lines (P=0.0003, Figure
2A and B and Additional file 3: Figure S2). In contrast, Group 2 cell lines expressed

higher levels of p-Akt compared with Group 1 cell lines (P=0.0072). Levels of p-Akt
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Figure 2. Basal levels of p-Akt and p-MEK in TNBC and drug resistance. (A) Western blot
analysis and (B) quantification of p-Akt and p-MEK levels in the Akt-i resistant, MEK-i resistant and
double-resistant cell lines. P-Akt and p-MEK levels were normalised to tubulin. Data are expressed
as means * SD of two independent experiments (two-way ANOVA, *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001).
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and p-MEK thus distinguish between Group 1 and 2 cell lines, suggesting that these
groups exhibit a greater dependence on MAPK- or PI3K-mediated signalling,
respectively, which may therefore account for the differential sensitivity of these
groups to MEK and AKT inhibitors. Akt-i/MEK-i-resistant cell lines showed an average
trend of increased p-Akt compared with Group 1 (P=0.0315) and increased p-MEK
compared with Group 2 (P<0.0001) cell lines, respectively. However, Akt-i/MEK-i-
resistant Group 3 cell line SUM159PT had low levels of p-MEK, indicating that this
average trend is not completely discriminative. Therefore, p-Akt and p-MEK levels
alone cannot discriminate between Akt-i/MEK-i-double-resistant and MEK- or AKT-i-

sensitive cell lines.

Next, we evaluated the mutations present in the relevant genes in the three groups to
further understand the differential phenotypes. All MEK-i-resistant Group 2 cell lines
with high levels of p-Akt had mutations in PTEN, PIK3CA and/or PIK3R1 (6/6)
(Additional file 4: Table S2). These mutations were completely absent in the Akt-i-
resistant Group 1 cell lines (0/7). Akt-i/MEK-i-resistant Group 3 cell lines had a mixed
mutational profile (5/7). In addition, Group 1 cell lines exhibited a higher frequency of
BRAF mutations upstream of MEK (2/7), whereas these were absent in both Group 2
(0/6) and Group 3 (0/7) cell lines. Mutations in KRAS or HRAS did not differentiate
between any of the groups (Group 1: 2/7, Group 2: 1/6 and Group 3: 2/7). Altogether,
these features could distinguish between Akt-i and MEK-i resistance, but do not

explain Akt-i/MEK-i double resistance.
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Crosstalk between Akt and MEK is not essential for Akt-i/MEK-i resistance

To further explore this Akt-i/MEK-i double-resistant phenotype, we investigated the
role of crosstalk between Akt and MEK pathways. Treatment with ATP non-
competitive MEK inhibitors selumetinib and PD184352 resulted in accumulation of p-
MEK accompanied by inhibition of ERK phosphorylation in all cell lines (Figure 3A).
The extent of inhibition of ERK phosphorylation was similar across the cell line panel,
indicating that MEK-i resistance is not related to lack of target inhibition. The
allosteric Akt1/2/3 inhibitor MK-2206 fully prevented Akt phosphorylation in all cell
lines, whilst ATP-competitive Akt1/2/3 inhibitor ipatasertib caused accumulation of p-
Akt, as binding of this inhibitor to the active site protects Ser473 phosphorylation
sites from phosphatases [26]. This implies that resistance to these agents is also not
due to lack of target inhibition. The Akt inhibitors reduced p-mTOR levels in some, but
not all cell lines, an event which was independent of Akt-i or MEK-i sensitivity status,
suggesting mTOR activity is not critical in conferring resistance to such inhibitors. Akt
inhibition slightly increased p-MEK levels in Akt-i-resistant Group 1 cell lines, but not

in Akt-i/MEK-i-resistant Group 3 cell lines.

Next, we evaluated whether combining MEK inhibitors with Akt inhibitors enhances
the growth-inhibitory effects of either drug. Cell lines were treated with a combination
of selumetinib (MEK-i) and ipatasertib (Akt-i). The combined treatment of a dose
range of selumetinib, together with a fixed concentration of ipatasertib (1 uM), and
vice versa, did not overtly enhance the anti-proliferative effects of either agent in
most cell lines (Figure 3B). The combination treatments moderately sensitised
SUM159PT to either selumetinib or ipatasertib. For all of the Akt-i/MEK-i-resistant
Group 3 cell lines, combination treatments were incapable of reducing cell

proliferation to the same extent as in the Group 1 or Group 2 cell lines. Altogether,
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Figure 3. Cooperation of Akt and MEK signalling in TNBC proliferation. (A) Western blot
analysis after inhibition by MEK inhibitors (selumetinib and PD184352) and Akt inhibitors
(ipatasertib and MK-2206). Cells were treated with inhibitors (1 uM) for 24 hours. Data are
representative of two independent experiments. (B) Combined inhibition by increasing
concentrations of selumetinib or ipatasertib (0.00316—-10 uM), together with a fixed concentration of
ipatasertib or selumetinib (1 uM), respectively. Data are expressed as means + SD from three
independent experiments.

these results suggest that crosstalk or additive ERK and AKT proliferation signalling
programs are not essential for the resistance observed in Akt-i/MEK-i-resistant Group

3 cell lines.
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Akt-i/MEK-i-resistant cell lines can be distinguished by an elevated cell cycle

gene expression signature

As a next step we explored the possible signalling pathways that contribute to the
double-resistant phenotype of a subgroup of the TNBC cell lines. Therefore, we
systematically compared the previously established transcriptomes and proteomes of
the three different TNBC cell panel groups. Gene set enrichment analysis (GSEA)
revealed enriched gene sets in Akt-i/MEK-i-resistant Group 3 cell lines compared with
both Akt-i-resistant Group 1 and MEK-i-resistant Group 2 cell lines (Figure 4A,
Additional file 5-7: Figure S3 and S4 and Table S3, respectively). The 37 and 62
significantly enriched gene sets (p<0.005, FDR g-value<0.1), based on mRNA and
protein expression respectively, predominantly consisted of cell cycle-related gene
sets. GSEA of protein expression data also revealed other enriched gene sets
involved in translation, RNA and protein metabolism and the immune system. Genes
related to this proteome-based analysis overlapped (in)directly with the cell cycle-
related gene sets. Within these significantly enriched cell cycle-related gene sets, we
selected and explored the genes that contributed to the enrichment result (signal-to-
noise ratio>0.1) for both the transcriptomics (142 genes) and proteomics (102 genes)
datasets (Figure 4B and 4C, Additional file 8: Table S4). These genes contribute to a
variety of cell cycle processes, such as G1/S transition, G2/M transition, cell cycle
regulation, ubiquitination and nuclear division, suggesting that the observed cell cycle
enrichment is not due to a prolonged state of one specific cell cycle phase. The
genes included, amongst others, cyclin-dependent kinases (CDK) 2, 4, 5, 6 and 9,

cell-division cycle (CDC) 25A and polo-like kinases (PLK) 1, 2 and 4.

Next, to examine whether the elevated mMRNA expression of these 142 selected cell

cycle-related genes was reflected in patient tumours, we exploited expression data
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from The Cancer Genome Atlas (TCGA). Hierarchical clustering uncovered a specific
set of 54 genes that was consistently expressed at higher levels in a subgroup of the
breast cancer patients (Figure 5A). This cluster mainly consisted of tumours from
basal-like, HER2-enriched and luminal B PAMS50 subtypes. Although most of the
TNBC tumours had high expression of these genes, also within the TNBC subset,
these genes were differentially expressed (Figure 5B). The hierarchical clustering
revealed three clusters of TNBC tumours, with either high (42%), intermediate (42%)
or low (16%) expression of the signature genes. The 54 genes selected from these
differential cluster in patients still also subdivide TNBC cell lines in a similar manner

as the original 142 genes (Additional File 9, Figure S5).
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Elevated cell cycle gene expression signature provides novel targets for

bypassing Akt-i/MEK-i resistance

Next, we investigated whether the aberrant cell cycle gene expression signature
found in Akt-i/MEK-i-resistant Group 3 cell lines could be an alternative target for this
subgroup. Pathway analysis of the overexpressed cell cycle genes visualised core
components, including CDC25A, CDK2 and CDK4 (Figure 6A). Moreover, elevated
E2F1 and DP1, together with low expression of RB1, were central in this pathway.
Targeting the downstream CDKs affected by these transcription factors and CDC25A
may therefore have detrimental direct and indirect effects on TNBC cell proliferation.
From our kinase inhibitor screen, we selected dinaciclib (CDK1/2/5/9 inhibitor) and
flavopiridol (CDK1/2/4/6 inhibitor) as CDK inhibitors that effectively reduced cell
proliferation in all the TNBC cell lines at 1 uM (black box, Figure 6B). Subsequent
validation showed that flavopiridol and dinaciclib strongly inhibited the growth of the
Akt-i/MEK-i-resistant Group 3 cell lines (Figure 6C). Contrastingly, Group 1 cell lines
HCC1806 and MDA-MB-435s showed a relatively reduced sensitivity to dinaciclib
and flavopiridol, with an average 2-3-fold increase in IC50 for both CDK inhibitors
(Figure 6C, Additional file 10: Table S5). Dinaciclib at 10 nM or 31.6 nM completely
inhibited phosphorylation of RB1 at Ser780, an event specifically mediated by the
CDK4/6-Cyclin D1 complex, in both HCC1806 and SUM159PT cells, indicative of cell
cycle arrest (Figure 6D). Flavopiridol at 100 nM moderately reduced RB1-Ser780
levels in double-resistant Group 3 cell line SUM159PT but not in Akt-i-resistant Group
1 HCC1806 cells (Figure 6D). Similarly, CDK9/CDK7-mediated phosphorylation of
RNA Polymerase II's C-terminal domain (POLR2A) at Ser2/5 was abolished by
dinaciclib in both cell lines whereas flavopiridol exclusively reduced POLR2A

phosphorylation in SUM159PT cells (Figure 6D). Dinaciclib induced cleavage of
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PARP1 in both cell lines, whilst flavopiridol-induced PARP1 cleavage was solely
visible in SUM159PT cells (Figure 6D). Concomitant depletion of BH3-only family
member MCL-1 and induction of H2AX phosphorylation at Ser139 in double-resistant
SUM159PT cells suggested induction of apoptosis and DNA damage response
signalling. These effects were absent in HCC1806 cells after exposure to flavopiridol
(Figure 6D). Cell death was clearly visible in SUM159PT cells 24 hours post-
exposure to either inhibitor, but to a lesser extent in HCC1806 cells (Figure 6E).
Notwithstanding this differential sensitivity, the Group 2 cell lines BT20 and HCC70
were equally as sensitive to the CDK inhibitors as Group 3 cell lines (Figure 6C).
These data therefore suggest that CDK inhibitors which target the aberrant cell cycle
profile are especially, but not exclusively, effective in Akt-i/MEK-i-resistant Group 3

cell lines.

76



DISCUSSION

Although various potential targets characterise TNBC tumours, no effective clinical
targeted therapy is available for this aggressive disease. The ERK and Akt signalling
programs are critical in various aspects of cancer biology, and MEK and Akt inhibitors
have entered the clinic for various types of cancer [27, 28]. Given the genetic
aberrations in upstream modulators of these pathways in TNBC, we addressed the
heterogeneity in responses of a broad panel of TNBC cell lines to both MEK and Akt
inhibitors. We here demonstrate that MEK and Akt double resistance is associated
with the elevated expression of a cell cycle gene signature, while inhibition thereof
effectively reduced cell proliferation in these MEK and Akt inhibitor double-resistant

cell lines.

Previous studies have indicated that MEK or Akt inhibitor resistance in cancer can be
caused by crosstalk between the PI3K/Akt/mTOR or RAF/MEK/ERK pathways [8, 9,
29]. Therefore, these studies suggest that combination therapy with MEK and Akt (or
PI3K) inhibitors will reverse this resistance. In this study, we did not observe
induction of the parallel pathways after Akt or MEK inhibition, with the exception of
SUM159PT cells. Combination therapy also did not sufficiently sensitise the Akt- and
MEK inhibitor-resistant cells to either therapy. These results suggest that crosstalk is
not an essential mechanism of combined Akt-i and MEK-i resistance in TNBC.
Indeed, even though various studies demonstrate synergistic effects of combination
therapy, these did not disrupt cell viability completely [8, 9, 29]. Importantly,
combination therapy with MEK and Akt inhibitors has also not shown promising
results in clinical trials, as beneficial effects over single treatment are hardly obtained,
instead causing more severe side effects [14, 15, 30]. For these reasons we sought

to find another strategy to overcome the resistance in MEK-i- and Akt-i-resistant cells.
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Our results demonstrate that Akt inhibitor-resistant cell lines can be distinguished
from MEK inhibitor-resistant lines by increased levels of p-MEK and low levels of p-
Akt. Additionally, mutations in PTEN, PISKCA and/or PI3KR1 characterise MEK
inhibitor-resistant but not Akt inhibitor-resistant cell lines. Similar observations were
made in other cancer types by others [8-10]. However, these features do not entirely
explain the observed resistance phenotypes in our panel of TNBC cell lines. Here,
we further explored the underlying mechanisms responsible for double resistance to
both Akt and MEK inhibitors. To this end, we took advantage of our unique
transcriptome and proteome dataset of the entire TNBC cell line panel. Using large-
scale gene set enrichment analysis, we revealed a 142-gene and 102-protein cell
cycle-enriched signature associated with Akt and MEK inhibitor double resistance.
Importantly, a signature of 54 of these genes subdivides all breast cancer patients, as
well as TNBC patients, into separate groups based on their gene expression. The
majority of TNBC patients had high expression of these genes, which is line with that
so far, most TNBC patients are not responsive to MEK and Akt inhibitor treatments
[8-11]. Yet, a minority of the TNBC patients may thus be sensitive to MEK or Akt
inhibitors, depending on their p-MEK/p-Akt levels. Thus, stratification of patients in
clinical trials of MEK or Akt inhibitors based on the features described in this study
may reveal beneficial effects that would otherwise be neglected. Nevertheless,
further studies are needed to translate the associations found here to patient

treatment responses.

The overexpression of the cell cycle genes may render signals from Akt and MEK
redundant. No studies have previously linked such a profile to Akt and MEK inhibitor
resistance in TNBC. However, various studies in other cancer types have recently

demonstrated the role of the cell cycle in this resistance by confirming synergy
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between inhibitors of the PISK/MAPK pathway and inhibitors of the cell cycle, such as
CDK and PLK inhibitors [31-37]. These findings suggest that the enhanced
expression and activity of cell cycle machinery components may have an important
role in resistance to Akt and MEK inhibitors, not only in TNBC, but also in other

cancer types.

Our data demonstrate that inhibition of CDKs that determine cell cycle progression
and transcription can effectively kill TNBC cells that are otherwise resistant to Akt-i/
MEK-i. For example, the pan-CDK inhibitors dinaciclib and flavopiridol inhibited
proliferation of SUM159T cells that were resistant to both Akt-i and MEK-i.
Interestingly, some, but not all, Akt or MEK inhibitor-sensitive cell lines were more
resistant to these compounds compared to MEK-i/Akt-i double-resistant cell lines.
Thus, these compounds are especially, but not exclusively, effective against this
group and provide possible alternative treatments for overcoming Akt and MEK
inhibitor double resistance. Notably, both lethal and sub-lethal concentrations of
dinaciclib inhibited RB1 and POLR2A phosphorylation in HCC1806 cells, confirming
that its relative insensitivity to this agent is not related to inefficient target inhibition,
unlike flavopiridol. The superior activity of dinaciclib compared to flavopiridol was also
evidenced by the complete abrogation of RB1 and POLR2A phosphorylation at
concentrations ten times lower than those required for flavopiridol to elicit a
moderately comparable effect, which was only visible in MEK-i/Akt-i double-resistant
SUM159PT cells. Elucidating whether dependence on CDKs that regulate
transcription (e.g. CDK7 and CDKO9), or those that control cell cycle progression (e.g.
CDK1, CDK2, CDK4 and CDK®), is responsible for the differential sensitivity of these
groups to CDK inhibitors is essential for further mechanistic deconvolution.

Additionally, considering that both dinaciclib and flavopiridol exhibit broad spectrum
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activity against multiple CDKs and their association with severe side-effects in clinical
trials, the development and subsequent evaluation of more specific CDK inhibitors in
this subgroup would be prudent. Nonetheless, the relative sensitivity of MEK-i/Akt-i
double-resistant TNBC cells to such agents could theoretically expand the
therapeutic window to circumvent unwanted side-effects and thereby allow the

combination of CDK inhibitors with other targeted therapies.

CONCLUSION

To conclude, we have been able to discriminate between Akt-i and MEK-i single
agent-sensitive subsets of TNBC cells as well as double agent-resistant TNBC cells.
For double-resistant cells we uncovered a high expression of a cell cycle gene
signature. Accordingly, these double-resistant cells are relatively sensitive to
inhibitors of CDKs. Importantly, a number of these genes are also differentially
expressed in TNBC patients. Since our study describes clinically relevant features
that can subdivide TNBC cells into their Akt and MEK inhibitor response profile, these
features may also facilitate the prediction of response in patients. Future mechanistic
studies may reveal the origin of the aberrant cell cycle signature, which could
supplement this study by providing additional alternative targets and simplified
biomarkers for clinical assessment. Altogether, this and future studies could therefore
lead to a biomarker-based therapeutic strategy for treating TNBC patients with Akt,

MEK and/or CDK inhibitors.
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LIST OF ABBREVIATIONS

Akt-i: Akt inhibitor

BSA: bovine serum albumin

CDC: cell-division cycle

CDK: cyclin-dependent kinase

EGFR: epidermal growth factor receptor

ER: estrogen receptor

FBS: fetal bovine serum

GSEA: gene set enrichment analysis

HER2: human epidermal growth factor receptor 2
HRP: horseradish peroxidase

IPA: Ingenuity Pathway Analysis

MAPK: mitogen-activated protein kinase

MEK-i: MEK inhibitor

PBS: phosphate-buffered saline

PI3K: phosphoinositide 3-Kinase

PLK: polo-like kinases

POLR2A: RNA Polymerase II's C-terminal domain
PR: progesterone receptor

PVDF: polyvinylidene fluoride

RMA: robust multi-array average

SRB: sulforhodamine B

TBS-To.0s: tris-buffered saline with 0.05% Tween 20
TCA: trichloroacetic acid

TCGA: The Cancer Genome Atlas

TNBC: triple negative breast cancer
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Additional file 1: Figure S1. Sensitivity profiling in TNBC cell lines. Validation of Akt-i/MEK-i
sensitivity classifications from primary screening (Figure 1B). Proliferative responses of cell lines to
increasing concentrations (0.001-10 uM) of selumetinib (MEK-i) and ipatasertib (Akt-i) are shown.
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Akt-i & MEK-i double

Akt-i resistant MEK-i resistant Ty

>3.16 >3.16 >3.16 030 =3.16

% >3.16 >3.16 >3.16 015 0.34 0.17

Selumetinib I i 3.16 >3.16 >3.16 >3.16

Akt inhibitors

Trametinib <0.01 <0.01 0.03 >3.16 >3.16

PD184352 i 2 >3.16 >3.16 >3.16

Pimasertib <0.01 <0.01 . 239 >3.16 >3.16
TAK-733 <0.01 <0.01 0.27 =>3.16 >3.16

MEK inhibitors

Additional file 2: Table S1. IC50s for Akt and MEK inhibitors. In order to validate the resistance to Akt and/
or MEK inhibitors, cells were treated with a dose range (0.01 — 3.16 puM) of inhibitors in three technical
replicates. Proliferation was evaluated using an SRB assay and IC50’s were calculated using GraphPad
Prism. If 50% of proliferation was not reached, IC50’s are noted as >3.16. For the case of more than 50%
reduction of growth at the lowest concentration, IC50’s were noted as <0.01.
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Additional file 3: Figure S2. Western blot quantifications of the Akt-i/MEK-i differentially resistant
cell lines. Phosphorylation levels of Akt (p-Akt) and MEK (p-MEK) normalised to tubulin or total Akt

and MEK respectively.

88



PI3K MAPK PISKI Cell cycl DNA damage
MAPK ell cycle

repair

HCCT70 PTEN TP53, RB1
MDA-MB453 | oCA. ROS1 CREBEP, ATM. " cressP, ATM
= PTEN STAG2
£ | sUM185PE PIK3CA TP53
2 ATM, CORNZC,
b= BT20 PIK3CA CDKN2A, RB1, MLH1
i TP53
=
= Hs578T PIK3R1 NF1 HRAS 1Po3, CLINER, POLE
POLE
CACNATD, TP53, CDKNZA,
MDA-MB-468 PTEN VAPIK13 RE1

3) Akt/MEK-i resistant

Additional file 4: Table S2. Common mutations in cell lines in components of the PI3K, MAPK, cell
cycle and DNA damage repair pathways. Mutations in Cancer Gene Census genes were obtained
from the COSMIC database (http://cancer.sanger.ac.uk/cosmic).
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Additional file 5: Figure S3. Gene set enrichment map for sets enriched in mMRNA expression for
Akt-i/MEK-i resistant Group 3 cell lines. This figure represents an enlarged version and annotated
version of Figure 4A (left part). mMRNA expression was compared between MEK and Akt inhibitor-
resistant Group 3 versus MEK or Akt inhibitor resistant Group 1 and 2 cell lines using gene set
enrichment analysis (GSEA). The enrichment map visualizes enriched gene sets (P<0.005, FDR Q-
value<0.1, overlap>0.7), among which cell cycle gene sets were most abundant. Every node (red)
represents a single overexpressed gene set and the size of the node indicates the size of the gene
set. Every line (green) represents overlap between gene sets.

Additional file 6: Figure S4. Gene set enrichment map for sets enriched in protein expression for
Akt-i/MEK-i resistant Group 3 cell lines. This figure represents an enlarged and annotated version of
Figure 4A (right part). Protein expression was compared between MEK and Akt inhibitor-resistant
Group 3 versus MEK or Akt inhibitor-resistant Group 1 and 2 cell lines using gene set enrichment
analysis (GSEA). The enrichment map visualizes enriched gene sets (P<0.005, FDR Q-value<0.1,
overlap>0.7), among which cell cycle gene sets were most abundant. Every node (red) represents
a single overexpressed gene set and the size of the node indicates the size of the gene set. Every
line (green) represents overlap between gene sets.
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Additional File 7: Table S3. Gene set enrichment analysis (GSEA) of Akt-i/MEK-i resistant cell lines. Results of gene set
enrichment analysis of mMRNA and proteomics data comparing Akt and MEK inhibitor double-resistant cell lines (Group 3) to
Akt inhibitor-resistant/MEK inhibitor-sensitive (Group 1) and MEK inhibitor-resistant/Akt inhibitor-sensitive cell lines (Group
2). The 37 and 62 significantly enriched gene sets (p<0.005, FDR g-value<0.1) based on mRNA expression data and
proteomics data, respectively, are highlighted in bold.
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Protein expression Shared

mRNA expression

1. PSMD1M1 0.447 0.631

3. KAT2B 0.530 | 3. PSMC4 0.737 | 3. SEC13 0.124 0.797
5. SGOL1 0.499 | 5. PSMA3 0.693 | 5. PSMD1 0.106 0.678

7. TUBB4A 0.448 7. PSMD12 0.103 0.611
9. CDC25A 0.425 9. PSMB? 0.117 0.571
11. PCM1 0.409 11. RPS27 0.108 0.545
15. NINL 0.360 15. GINS4 0.143 0.414
17. RFC3 0.316 17. cuL1 0.164 0.338

19. CENPO 0.298 | 19. RPS27 0.545 | 19. NDC80 0.104 0.360
21. RPA4 0.289 | 21. PSME2 0.526 | 21. CDK5RAP2 0.180 0.255

23. GTF2H2 0.283 23. SPC25 0.209 0.147
25. TUBA1A 0.274 25. ZWILCH 0.154 0.176
27. CDK6 0.269 27. KIF2A 0.117 0.143
29. LIN54 0.250 29. SYNE1 0.112 0.120

31. CEP250 0.244 | 31. RPS27A 0.443
33. CDCé 0.235 | 33. UBE2E1 0.440

0.232 | 35. DCTN3

35. MCMé
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37. TYMS 0.228 | 37. UBE2I 0.423

39. NUP43 0.222 | 39. CCNB1 0.415
41. BRCA1 0.218 | 41. PSMD7

43. E2F1 0.211 | 43. PAFAH1B1 0.365
45. SPC25 0.209 | 45. PSMC3

47. ERCC6 0.205 | 47. PSMD6

49. CCNE1 0.199 | 49. XPO1

51. TAOK1 0.192 | 51. cuUL1

53. HIST1H4J 0.187 | 53. ANAPC7

55. CCNA2 0.184 | 55. KIF2C

57. CDK5RAP 0.180 | 57. TUBGCP2 0.314
59. BTRC 0.178 | 59. CDC23 0.308
61. ERCC6L 0.175 | 61. DYNLL1 0.279

63. CCNB1 0.170 | 63. CDK5RAP2 0.255
65. CEP135 0.167 | 65. NUF2

67. RBBP4 0.163 | 67. CETN2

69. DIDO1 0.160 | 69. DYNC112 0.232
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71. CEP72 0.156 | 71. RPA1 0.226

105.BIRC5
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141.MCM2 0.100

142.MCM8 0.100

Additional file 8: Table S4. Enriched cell cycle genes in Akt-i/MEK-i resistant group 3 cell lines. From
the significantly enriched, cell cycle-associated gene sets, enriched genes (signal-to-noise < 0.1) were
merged for further analysis.
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Additional file 9: Figure S5. Expression of 142 cell cycle genes and 52-gene signature
derived from gene expression in patients in TNBC cell lines.

Group 1 (Akt-i-resistant) Group 2 (MEK-i- Group 3 (Akt-i/MEK-i-resistant)
resistant)
IC50 (uM) HCC1806 | MDA-MB-435s | BT20 | HCC70 | SKBR7 | MDA-MB-436 | SUM159PT
Dinaciclib 0.2973 0.3121 0.2069 | 0.1371 0.1465 | 0.1095 0.1543
Flavopiridol 0.4887 0.2758 0.149 |0.1246 | 0.09521 | 0.1775 0.1768

Additional file 10: Table S5. Differential sensitivity of group 3 cell lines to CDK inhibitors dinaciclib
and flavopiridol. IC50 values for selected cell lines from Group 1 (Akt-i-resistant), Group 2 (MEK-i-
resistant) and Group 3 (Akt-i/MEK-i double-resistant) for pan-CDK inhibitors dinaciclib and flavopiridol.
IC50 values were calculated using non-linear regression fitting in GraphPad Prism (version 7.01).
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Blockage of ede7/CDK9 signalling sensitises
triple-negative breast cancer to EGFR-
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ABSTRACT

Background

The effective treatment of triple-negative breast cancer (TNBC) remains a profound
clinical challenge. Despite frequent EGFR overexpression and reliance on
downstream signalling pathways in TNBC, resistance to EGFR-tyrosine kinase
inhibitors (TKIls) remains endemic. Therefore, the identification of targeted agents,

which synergise with current therapeutic options, is paramount.

Methods

Compound-based, high-throughput, proliferation screening was used to profile the
response of TNBC cell lines to EGFR-TKIs; western blotting and siRNA transfection
being used to examine the effect of inhibitors on EGFR-mediated signal transduction
and cellular dependence on such pathways, respectively. A kinase inhibitor
combination screen was used to identify compounds that synergised with EGFR-TKIs
in TNBC, utilising sulphorhodamine B (SRB) assay as read-out for proliferation. The
impact of drug combinations on cell cycle arrest, apoptosis and signal transduction
was assessed using flow cytometry, automated live-cell imaging and western blotting,
respectively. RNA-sequencing was employed to unravel transcriptomic changes
elicited by this synergistic combination and to permit identification of the signalling

networks most sensitive to co-inhibition.

Results

We demonstrate that dual Cdc7/CDK9 inhibitor PHA-767491 synergises with multiple
EGFR-TKIs (lapatinib, erlotinib and gefitinib) to overcome resistance to EGFR-

targeted therapy in various TNBC cell lines. Combined inhibition of EGFR and Cdc7/
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CDKO resulted in reduced cell proliferation, accompanied by induction of apoptosis,
G2-M cell cycle-arrest, inhibition of DNA replication and abrogation of CDK9-
mediated transcriptional elongation, in contrast to mono-inhibition. Moreover, high
expression of cdc7 and RNA polymerase |l Subunit A (POLR2A), the direct target of
CDK®9, is significantly correlated with poor metastasis-free survival in a cohort of
breast cancer patients. RNA-sequencing revealed marked down-regulation of
pathways governing proliferation, transcription and cell survival in TNBC cells treated
with the combination of an EGFR-TKI and a dual Cdc7/CDKS inhibitor. A number of

genes enriched in these down-regulated pathways are associated with poor

metastasis-free survival in TNBC.

Conclusions

Our results highlight that dual inhibition of Cdc7 and CDK®9 is a potential strategy for

targeting TNBC resistant to EGFR-TKIs.

Key words: CDK9/Cdc7 inhibition, EGFR-targeted therapy, drug resistance, triple-

negative breast cancer
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BACKGROUND

Triple-negative breast cancer (TNBC) is a notoriously aggressive, heterogeneous
disease defined as lacking expression of oestrogen receptor (ER) and/or
progesterone receptor (PR) as well as amplification of human epidermal growth
factor receptor 2 (HER2), respectively’. Although TNBC only constitutes
approximately 15-20% of breast cancer cases, it is disproportionately responsible for
breast cancer-associated deaths and carries a dismal prognosis, compared with
hormone receptor-positive (HR+) breast cancers24. For patients with HR+ breast
cancer, endocrine therapy targeting ER is available in the form of aromatase
inhibitors and selective oestrogen receptor modulators (e.g. tamoxifen) and other
antagonists®. Contrastingly, no effective targeted therapy which exploits the
molecular properties of tumour cells exists for TNBC patients; clinical trials of
targeted agents in TNBC have been disappointing®6. Consequently, aggressive
chemotherapy, radiotherapy and surgery remain the mainstay treatments’.
Furthermore, patients who develop resistance to treatment, or who do not respond to
treatment whatsoever, follow an aggressive clinical course characterised by
metastasis and a higher 5-year mortality post-diagnosis8. Further complicating the
treatment of TNBC is the degree of genetic heterogeneity observed in this disease.
By analysing the gene expression profiles of TNBC cases, Lehmann et al sub-
classified TNBC into six different molecular subtypes: mesenchymal (M),
mesenchymal stem-like (MSL), Iluminal androgen receptor-positive (LAR),
immunomodulatory (IM), basal-like 1 (BL1) and basal-like 2 (BL2)°. Most importantly,
these subtypes exhibit dissimilar drug-sensitivity profiles, resulting in varied clinical
responses®10. The nature of TNBC clearly necessitates a more tailored approach to

treatment, one which exploits the unique oncogenic addictions present. For

103



chemotherapy-resistant TNBC patients, the development of targeted therapeutics
which synergise with current treatment options to overcome resistance is therefore

paramount.

Epidermal growth factor receptor (EGFR; also known as ERBB1/HER1) is often
expressed at higher levels in triple-negative tumours than in HR+ tumours™!, though
expression levels vary, with up to ~80% of TNBC cases reported as being EGFR+12.
EGFR amplification has also been reported to occur in a substantial proportion of
TNBC cases'3-15 with EGFR overexpression associated with a much poorer
prognosis in general8. Furthermore, EGF signalling is highly enriched in the basal
and mesenchymal TNBC subtypes®. EGFR therefore represents a bona fide drug
target in triple-negative tumours. Various EGFR inhibitors have been developed,
most notably anti-EGFR monoclonal antibodies (e.g. cetuximab) and EGFR-tyrosine
kinase inhibitors (EGFR-TKIs) (e.g. erlotinib, gefitinib and lapatinib)'é. Despite these
efforts, EGFR-TKI single treatment has performed poorly in clinical trials for TNBC
patients with advanced or metastatic breast cancer, despite clear inhibition of
EGFR'7.18 suggesting bypass inhibition of EGFR-related signalling in TNBC
tumors'9.20, Nonetheless, EGFR-TKIs have shown more promising results as
combination therapies in TNBC2', perhaps indicating that monotherapeutic inhibition
of EGFR is insufficient to shut down the myriad signalling pathways responsible for

promoting aberrant proliferation and survival.

Here we demonstrate that multiple EGFR-TKIs synergise with the dual cdc7/CDK9
inhibitor PHA-767491 in a panel of TNBC cell lines resistant to EGFR-TKIs. This
combination inhibited cell proliferation, induced apoptosis and G2-M arrest and
down-regulated components critical to cell cycle progression, DNA-replication and

transcription, thereby reversing resistance to EGFR-TKIls. Therefore, targeting
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deficiencies in regulation of the cell cycle and DNA-replication in conjunction with
transcriptional addiction downstream of growth factor pathways may constitute a

powerful therapeutic opportunity for this difficult-to-treat breast cancer subtype.

MATERIALS & METHODS

Cell culture

All cell lines were maintained in RPMI-1640 medium (Gibco, ThermoFisher
Scientific, Breda, The Netherlands) supplemented with 10% FBS (Thermo Fisher
Scientific; 10270106) and 25 IU/ml Penicillin and 25 pg/ml Streptomycin
(ThermoFisher Scientific; 15070-063). Cells were cultured in a humidified incubator

at 37°C, 5% COx.

Antibodies and kinase inhibitors

The primary antibodies against pEGFR (Y1173, #4407), pERK1/2 (T202/Y204,
#9101), ERK1/2 (#4695), pAKT (S473, #9271), AKT (#9272), MCM2 (#3619), pRNA-
Il (S2/5; #4735), RNA-Il (#2629), p-pRb (S780, # 9307) were commercially supplied
from Cell Signaling TECHNOLOGY®, EGFR (sc-03), pRb (sc-102), CDK4 (sc-601),
Cyclin D1 (sc-20044) from Santa Cruz BIOTECHNOLOGY®, Cdc7 (ab10535) and
pMCM2 (S40/41; ab70371) from Abcam®, and Tubulin (T-9026) from Sigma®.
Secondary antibodies included Cy5-conjugated anti-mouse and horseradish
peroxidase (HRP) anti-mouse or anti-rabbit (Jackson ImmunoResearch). Individual
kinase inhibitors lapatinib (S2111), gefitinib (S1025), erlotinib (S7786) and
PHA-767491 (S2742), plus the 273 kinase inhibitor library (L1200) were purchased

from Selleckchem® and dissolved in DMSO solution at 10mM.
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Kinase inhibitor treatment and drug combination screen

Cells were seeded into 96-well plates at the appropriate densities. The following day,
cells were treated with individual kinase inhibitors in dose range as indicated. Vehicle
DMSO (1:1000) was used as control. For the kinase inhibitor library screen, cells
were screened in duplicate against the kinase inhibitor library containing 273 kinase
inhibitors at concentration of 1 uM alone, or the 1uM library inhibitors in combination
with lapatinib at 3.16 pM, since this concentration effectively inhibited EGFR
phosphorylation in all cell lines tested and since studies have shown that levels of
lapatinib in patient tumours vary between 1-12 uM depending on dosing schedule22.
After 4-day treatment, proliferation was evaluated by sulphorhodamine B (SRB)
colorimetric assay?3, and analysed by % of control cell growth = (mean sample OD —
mean 0-day OD) / (mean control OD — mean 0-day OD) x 100. To assess synergistic
interaction of combined drugs, combination index (Cl) analysis2425 was performed,
using the formula ‘Cl = (D)1/(Dx)1 + (D)2/(Dx)2’. (D)1 and (D)2 are respective
combination doses of two compounds that yield an effect of 50% of proliferation
inhibition, with (Dx)1 and (Dx)2 being the corresponding single doses for either
compound that results in the same effect, which is by definition the IC50 of each
compound. Cl values less than 1 (Cl < 1), equal to 1 (Cl = 1) or greater than 1 (Cl >

1), indicate synergy, additivity or antagonism, respectively.

Western blotting

Cells were seeded in 6-well plates at the appropriate density. For stimulation/
starvation assays, medium was refreshed with serum-free medium (SFM) the
following day and cells were starved overnight. Thereafter, cells were pre-treated with

drug solutions for 4 hours, then stimulated with 100 ng/ml EGF (Sigma; E9644) for 5
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minutes in SFM. For time-course exposures to drugs, cells were treated with drug
solutions prepared in complete medium. Cell lysates were harvested at the indicated
time points in RIPA lysis buffer with 1:100 Protease Inhibitor Cocktail (Sigma; P8340).
Cellular proteins were denatured in sample buffer containing 10% pB-
mercaptoethanol, loaded with 30 pg/lane into 7.5% polyacrylamide gels, resolved
using SDS-PAGE and subsequently transferred to PVDF membranes (Merck
Chemicals; IPVH00010) overnight. PVDF membranes were then blocked with 5%
BSA-TBST (Tris-buffered saline 0.05 % Tween-20) and subsequently incubated at
40C overnight with appropriate primary antibodies. The following day, membranes
were incubated for 1 hour with HRP- or Cy5-conjugated secondary antibodies and
chemiluminescence or fluorescence was detected using the Las4000 (GE

Healthcare).

Annexin-V staining

Cells were seeded overnight in 96-well yCLEAR plates (Corning) at appropriate
densities, then treated with drug solutions at indicated concentrations. At 24, 48 or 72
hours post-treatment, cells were stained with Hoechst 33258 (1:10,000) and Annexin-
V (1:1000) for 45 minutes at 37°C, 5% CO:2 before being imaged using BD Pathway
855 Microscope (BD Biosciences). Annexin-V staining was quantified using Cell

Profiler software.

Cell cycle flow cytometry analysis
Cells were seeded in 6-well plates at the appropriate density. 24 or 48 hours post-
treatment all cells were harvested, re-suspended in ice-cold 200 pl 1 mM EDTA-PBS

and 800 pl 100% Ethanol, and stored at -20°C before being centrifuged at 1000 rpm
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at 4°C. Cells were then re-suspended in 1 ml PBS and rehydrated for 15 minutes.
After being spun at 1000rpm for 5 minutes at room temperature, the pellet was re-
suspended in 250yl 3mM DAPI (Sigma, 10236276001) staining buffer (100 uM Tris
pH7.4, 150 mM NaCl, 1 mM CaClz, 0.5 mM MgCl2), incubated for 15 minutes at room
temperature in the dark, followed by filtration through 70um EASYstrainer filters and
analysed using FACS Conto Il (BD Biosciences). Data were analysed using FlowJo

V10.

SsiRNA transfection

Cells were seeded in 96-well plates at the appropriate density. For each siRNA
transfection, 50 nM siGENOME siRNAs (Dharmacon) were transfected into cells
per 96-well using INTERFERIn transfection reagent (Polyplus; 409-50). The
following day medium was refreshed. 48 hours post-transfection, cells were either
lysed for western blot to confirm knockdown or treated with drugs for the appropriate

duration as described, then fixed for SRB proliferation assay.

Clinical evaluation of candidate target genes

The clinical relevance of CDC7, POLR2A and CDK9 was evaluated using in-house
gene expression and metastasis-free survival data of 123 lymph node-negative, non-
neoadjuvantly treated, oestrogen receptor-negative (ER-neg) primary breast cancer
patients. The clinical relevance of synergy-related candidate genes was evaluated
using in-house as well as publicly available gene expression and MFS data of lymph
node-negative, non-neoadjuvantly treated primary breast cancer patients, leading to
a cohort of 142 triple-negative patients. Data were gathered from Gene Expression

Omnibus (http://www.ncbi.nlm.nih,gov/geo/) entries GSE2034, GSE5327, GSE2990,
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GE7390 and GSE11121, with all data available on Affymetrix U133A chip. Raw.cel
files were processed using fRMA parameters (median polish)26 after which batch

effects were corrected using ComBat?7.

Transcriptome RNA-Sequencing and pathway integration analysis

Cells were seeded overnight in 6-well plates and treated in triplicate for 6 hours with
individual or combined kinase inhibitors at indicated concentrations, or vehicle. RNA
was isolated with RNeasy Plus Mini Kit as described by manufacturer (QIAGEN, Cat.
74136). Transcriptome RNA-Sequencing (RNA-Seq) was performed using lllumina
high-throughput RNA sequencing. DNA libraries were prepared from the samples
with the TruSeq Stranded mRNA Library Prep Kit. The DNA libraries were sequenced
according to the lllumina TruSeq v3 protocol on an lllumina HiSeq2500 sequencer.
Paired-end reads were generated of 100 base-pairs in length were generated.
Alignment was performed against the human GRCh38 reference genome using the
STAR aligner (version 2.4.2a). Marking duplicates, sorting and indexing were
performed using Sambamba (version 0.6.6). Gene expression was quantified using
the FeatureCounts software (version 1.4.6) based on the ENSEMBL gene annotation
for GRCH38 (release 84). RNA-Seq data were normalised by TMM using EdgeR’s
normalisation-factor28, followed by quantile normalisation and presented in Log2 fold
change (Log2 FC) scales. Genes with significant down- or up-regulation (Log2 FC = |
0.5|) under indicated conditions were analysed by web-based functional analysis tool
Ingenuity Pathway Analysis (IPA, QIAGEN®) to visualise and annotate their

biological functions and pathways.
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Statistical Analyses

All statistical analyses, where appropriate, were performed in GraphPad Prism
software version 7.0. One-way ANOVA multiple comparison test with Tukey’s post-
hoc test was applied with p-values less than 0.05 considered as statistically

significant.

RESULTS

TNBC cells are resistant to EGFR-TKIs

EGFR is expressed at higher levels in TNBC tumours compared to ER-positive BC
tumours (Figure 1a); also in human basal A and basal B TNBC cell lines there is
higher EGFR expression than in human luminal cell lines (Figure 1b). Therefore, we
sought to systematically elucidate the response of TNBC to a broad range of different
EGFR kinase inhibitors. A panel of TNBC cell lines with varying EGFR expression
(Figure 1c) was screened against 24 EGFR-TKIs (Figure 1d). 12 cell lines (> 57%)
could be classified as refractory to almost all 24 EGFR-TKIs; only HCC1806 was
highly sensitive to most EGFR-TKIs, the remainder having variable sensitivity to
EGFR-TKIs (Figure 1d). Next, three TNBC cell lines highly resistant to EGFR-TKIs,
Hs578T, BT549 and SKBR7, and one sensitive cell line, HCC1806, were selected for
further evaluation. The proliferation of Hs578T, BT549 and SKBR7 cells was
unaffected by dual EGFR-HER?2 inhibitor lapatinib, up to the concentration of 10 yM
(Figure 1e). Concordantly, lapatinib failed to significantly induce apoptosis in these
cell lines at 3.16 pyM (Figure S1a). In contrast, HCC1806 cells displayed enhanced
growth inhibition in response to lapatinib (IC50 ~100 nM; Figure 1e) with significantly
increased Annexin-V apoptotic signal (Figure S1a). Regardless of their response to

lapatinib, all these cell lines maintained functional EGFR-mediated signal
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transduction, with prominent phosphorylation of EGFR (Y1173) and downstream
components AKT (S473) and ERK1/2 (T202/Y204) in response to EGF stimulation
(Figure 1f), indicating that resistance was not due to absence of a functionally intact
EGFR pathway. In response to lapatinib, EGFR phosphorylation was completely
inhibited in all cell lines (Figure 1f). However, EGF-induced ERK activation persisted
in all lapatinib-resistant cell lines, with AKT phosphorylation also unaffected in
Hs578T and BT549 cells. These data suggest that these resistant cells are capable
of bypassing EGFR-kinase inhibition through the activation of downstream pro-
proliferative pathways. Despite the lack of impact of EGFR-TKIs on TNBC
proliferation, siRNA-mediated silencing of EGFR and downstream components,
including ERK2 and FRAP1 (mTOR), led to a significant reduction in cell proliferation,
supporting the notion TNBC cells depend to a certain extent on EGFR-mediated

signalling for their proliferation (Figure S1b).

111



EGFRi-Refractory

a i EGFR ; b d EGFRi (1nM)
8 : 5 3
Sz 52
2 @
0
£ ‘ 8 e
g8 g8 g
o * o
4 24 l|
ot | . =
M Lapatinib 0
ER+ TNBC Basal A BasalB Luminal ::t);ctinibvr o
BC tumor types BC cell line subtypes AEETaE -1
(o ‘Wz8040
5 Tyrphostin 9 I-z
>16 = EGFR
2
g2 Varlitinib
‘D 8 HER2-Inhibitor-1
2 AG-18
95’_ 4 Butein
X 0 Igmwwg::ggmmwmg::gzw
& 5gzegfuzaziiesseegee 8ps8=P0882=22828888¢
D $S928%9890¥q83¥FS¥=2 253 Bsgzzsieg i aegSg
S 5 BEYS Bi5°°E55gisdn I3 RIVCIgmag I3
3 m "
P58 0 NS RIRSsIRS A L 8
3 8 32788
TNBC cell lines
f Hs578T BT549 SKBR7 HCC1806
r Ll 17 T 1
& & & &
e Fr Fr Fr
-+ 4+ - -+ + EGF
é -.a .!E EGFR
z Y, —
= — Hs578T . !
S 404 — SKBR7 . --EE E—— ERK
® — BT549 1\
ES=Bas s .
--- HCC1806 R
: : : ' et [ P EE P
0.0001 0.01 1 100
--q. pp— I;-' -‘a tubulin
Lap (mM)

Figure 1. Resistance of TNBC cells to EGFR-TKIs. a. RNA-Seg-based log2 EGFR expression
levels in oestrogen receptor-positive (ER+) breast cancer (991 cases) and TNBC tumours (116
cases) derived from 1107 cases in The Cancer Genome Atlas (TCGA) database. Graphs show data
distribution, the mean, and the lower and upper quartiles. Error bars represent standard deviation.
b. RNA-Seq based log2 EGFR expression in basal-like and luminal-like BC cell line subtypes (total
50 BC cell lines, in-house). Graphs show data distribution, the mean, and the lower and upper
quartiles. Error bars represent standard deviation c. EGFR expression in 20 TNBC cell lines. d.
Resistance of TNBC cells to EGFR inhibitors (EGFRI). Cells were treated with 1uM inhibitor for 4
days. Proliferation was assessed using sulphorhodamine B (SRB) assay. Z-score was represented
by normalising raw values to those of DMSO control. e. Dose response of EGFRi-resistant TNBC
cell lines (Hs578T, BT549 & SKBRY7) and an EGFRi-sensitive cell line (HCC1806) to lapatinib.
Percentage of proliferation was normalised to DMSO control. Data shown as mean +/- standard
deviation for two independent experiments performed in triplicate. f. EGFR pathway functionality in
TNBC cell lines Hs578T, BT549 & SKBR7 and HCC1806. Cells were starved for 24h in serum-free
medium, treated with drug solutions prepared in serum-free medium for 4 hours, then stimulated
with 100ng/ml EGF for 5 minutes.
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Kinase inhibitor combination screening identifies a dual Cdc7/CDK9 inhibitor
PHA-767491 which synergises with lapatinib in TNBC.

Next, we sought to identify compounds which synergise with lapatinib by performing
a combinatorial kinase inhibitor screen in Hs578T cells treated with 273 kinase
inhibitors at 1 yM with or without 3.16 yM lapatinib. Most notably, amongst a number
of compounds which augmented the response of TNBC cells to EGFR inhibition, the
dual Cdc7/CDK9 inhibitor PHA-767491 inhibited proliferation by >90% compared to
control or either monotherapy (Figure 2a). Subsequent dose response experiments
revealed that combinations of 1-3.16 yM PHA-767491 with 0.0316-3.16 uM lapatinib
greatly enhanced inhibition of Hs578T growth compared to either monotherapy
(Figure 2b), indicative of synergy. To confirm this interaction was not cell line-specific,
17 TNBC cell lines were screened with a dose range of lapatinib or PHA-767491
(0.0316-3.16 uM) or with a dose-range of lapatinib in combination with either 1 uM or
3.16uM PHA-767491. These TNBC cell lines were generally resistant to both
monotherapies at doses equal to or less than 1 pM, but lapatinib and PHA-767491
co-treatment strongly inhibited proliferation (Figure 2c). Combining lapatinib (3.16
uM) with PHA-767491 at either 1 uM or 3.16 uM led to strong synergistic responses
in the vast majority of TNBC cell lines (with some additive responses also evident),
yielding Cl values well below 1 (Figure 2d), thus confirming the synergistic nature of

this interaction.
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Dual pharmacological inhibition of EGFR and Cdc7/CDK9 suppresses
components of the transcriptional machinery and DNA-replicative program

Having confirmed the synergistic effect of PHA-767491 and lapatinib on TNBC
proliferation, we elucidated the impact of co-treatment on EGFR, cdc7 and CDKO-
mediated signalling transduction. 48 hours post-exposure, lapatinib in combination
with PHA-767491 at synergistic concentrations led to depletion of Cdc7,
accompanied by decreased phosphorylation of its downstream target MCM2
(Ser40/41), a critical component of DNA helicase, suggesting an inhibitory effect on
initiation of DNA-replication in Hs578T, BT549 and SKBR7 cells (Figure 2e). The
combination therapy also decreased CDK9-mediated phosphorylation of Ser2/5
residues in the C-terminal domain of RNA Polymerase Il (RNAIl), implying
impairment of CDK9 and/or CDK7-mediated productive transcriptional elongation
(Figure 2e). These data indicate that co-treatment of TNBC cells with lapatinib and a
dual Cdc7/CDK9 inhibitor blocks components essential for initiation of DNA

replication and RNA polymerase Il-mediated transcription.
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Figure 2: Kinase inhibitor combination screening identifies compounds which synergise
with EGFR-TKIs in TNBC. a. EGFRI lapatinib (Lap) and kinase inhibitor (KI) combination screen in
EGFRi-resistant Hs578T cells. Cells (8,000/well) were treated with 1 uM of 273 individual Kls alone,
or in combination with lapatinib at 3.16 pM, for 4 days. The dual Cdc7/CDK9 inhibitor PHA-767491,
one of the Kls which most strongly synergised with lapatinib is singled out, as indicated. b. Dose
response curves for Hs578T cells. Cells were treated with a dose range of PHA-767491 or lapatinib
(0.0316-3.16uM) or lapatinib combined with 0.316, 1 or 3.16 yM PHA-767491. Data shown as
mean +/- standard deviation for two independent experiments. c. Validation screen of lapatinib/
PHA-767491 synergistic effect in a panel of 17 TNBC cell lines, under indicated combinations. Cells
were treated with dose ranges of lapatinib or PHA-767491 (0.0316-3.16 puM) or the indicated
combinations. d. Combination Indices (Cl) for Lapatinib (3.16 pM) combined with either 1 uM or
3.16 pM PHA-767491. Log CI is shown. e. Initiation of DNA replication and productive
transcriptional elongation in Hs578T, BT549 and SKBR7 cells treated with lapatinib and/or
PHA-767491 as indicated, for 48h. TKI refers to lapatinib at 3.16 uM.
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Selective EGFR-TKIs erlotinib and gefitinib also synergise with PHA-767491 in

TNBC

To verify whether synergy between lapatinib and PHA-767491 represents a general
EGFR-TKI-related phenomenon, TNBC cells were treated with other selective EGFR-
TKis, erlotinib and gefitinib29, in combination with PHA-767491. At a concentration of
3.16 pM, erlotinib and gefitinib inhibited EGF-mediated activation of EGFR
phosphorylation and downstream phosphorylation of ERK1/2 and AKT in Hs578T and
SKBRY cells (Figure 3a), perhaps reflective of their increased potency compared to
lapatinib in eliciting EGFR inhibition. However, proliferation of all cell lines tested was
refractory to erlotinib and gefitinib monotherapy up to 3.16 uM (Figure 3b). Strikingly,
at concentrations of 0.1 uM or above, erlotinib and gefitinib strongly synergised with 1
UM and 3.16 M PHA-767491, almost completely inhibiting the proliferation of
Hs578T and SKBRY7 cells (Figure 3b-c). The effect of combining erlotinib or gefitinib
with PHA-767491 on DNA-replication and transcription-related signal transduction
largely resembled that of lapatinib combined with PHA-767491 (Figure 3d). Only
combinations of erlotinib or gefitinib and PHA-767491 were capable of decreasing
Cdc7 levels and consequently phosphorylation of MCM2 (Ser40/41). Similarly,
inhibition of CDK9-mediated RNA-II (S2/S5) phosphorylation was most prominent
after co-treatment. To validate the hypothesis that EGFR inhibition is critical for the
synergistic interaction between EGFR-TKIs and PHA-767491, an EGFR-negative
triple-negative cell line, SUM185PE (Figure S2a), was treated with this combination.
Neither AKT nor ERK1/2 was activated in response to stimulation with EGF,
confirming EGF-mediated signalling is redundant in SUM185PE (Figure S2b). As
expected, lapatinib and PHA-767491 did not synergise in EGFR-negative

SUM185PE cells (Figure S2c).
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Figure 3: Selective EGFR-TKIs Erlotinib and Gefitinib also synergise with PHA-767491 in TNBC. a.
Inhibitory impact of erlotinib and gefitinib on EGFR-mediated signal transduction in Hs578T and SKBR7
cells. b. Dose response of Hs578T and SKBR? cells to gefitinib or erlotinib (0.0316-3.16 uM) combined with
0.316, 1 or 3.16 yM PHA-767491. Data shown as mean +/- standard deviation. Each graph shows one
representative of two independent experiments performed in triplicate. Combination Indices (Cl) of gefitinib
(3.16 uM) or erlotinib (3.16 pM) with PHA-767491 (1 pM or 3.16 pM) in Hs578T, BT549 and SKBR?7 cells.
d. Initiation of DNA replication and productive transcriptional elongation in Hs578T cells treated with
erlotinib or gefitinib and/or PHA-767491 as indicated, for 48h. TKI refers to either erlotinib or gefitinib at

3.16 pM.
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Dual treatment of TNBC cells with EGFR-TKIs and PHA-767491 induces G2/M

cell cycle arrest and apoptosis

Whilst PHA-767491 at 3.16 uM inhibits cdc7 and phosphorylation of MCM2 and RNA
polymerase Il, parallel inhibition of EGFR was necessary for eliciting a similar effect
on cell cycle components. Decreased levels of CDK4, Cyclin D1 and phosphorylated-
pRb were observed 48 hours post-exposure to co-treatment (Figure 4a), suggesting
concomitant inhibition of EGFR, Cdc7 and CDK9 obstructs cell cycle progression in
TNBC cells. Flow cytometric analysis confirmed that G2-M cell cycle arrest occurred
only when lapatinib, erlotinib or gefitinib were combined with 3.16 yM PHA-767491 in
Hs578T and SKBR7 cells (Figure 4b; Figure S3a). Accordingly, Annexin-V staining
indicated that monotherapies failed to induce appreciable levels of apoptosis in
lapatinib-resistant TNBC cells, whilst combination treatments enhanced apoptosis

(Figure 4c; Figure S3b).

Expression of CDC7 and RNAIl (POLR2A) is linked to poor prognosis in breast

cancer

Next, in relation to an in-house cohort of lymph node-negative, non-neoadjuvantly
treated 123 oestrogen receptor-negative (ER-neg) breast cancer patients, high
expression of CDC7 was significantly associated with a poor metastasis-free survival
(MFS) (Figure 5a). Interestingly, high expression of POLR2A (RNA-II), the essential
downstream target of CDK9, was also significantly associated with a poor
metastasis-free survival in this patient group (Figure 5b), though CDK9 expression

level was not.
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Figure 4: EGFR-TKIs and PHA-767491

synergise to induce G2/M cell cycle

arrest and

apoptosis. a. Inhibition of cell cycle components by co-treatment with EGFR-TKIs (lapatinib,
erlotinib or gefitinib) and PHA-767491. Hs578T and SKBR? cells were treated with EGFR-TKI alone
(3.16 uM) or combined with PHA-767491 (1 uM or 3.16 uM) for 48 hours as indicated. b. Cell cycle
distribution of Hs578T and SKBRY7 cells after 48h treatment with EGFR-TKIs (3.16uM) alone or
combined with PHA-767491 (1 pyM or 3.16 pM), as indicated. Data shown as mean of two
independent experiments +/- standard deviation. c. Induction of apoptosis by EGFR-TKI and
PHA-767491 co-treatment. Hs578T and BT549 cells were treated with lapatinib (3.16 pM),
PHA-767491 (3.16 puM), alone or combined, as indicated, for 24h, 48h or 72h, respectively, and
then stained with Annexin-V and Hoechst, followed by imaging and image quantification. Data
shown as mean +/- standard deviation of two independent experiments. Relative cell death was
quantified by normalising the intensity of Annexin-V signal to that of DMSO control. One-way
ANOVA **** P £ 0.0001, *** P < 0.001, ** P <0.01, * P < 0.05.
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Co-treatment of TNBC cells with lapatinib and PHA-767491 inhibits crucial

signalling networks and the expression of genes linked to poor survival in

TNBC

To investigate how combined EGFR-TKI and PHA-767491 treatment distorts the
global transcriptional signature of TNBC cells, we performed RNA sequencing in
Hs578T and SKBRY cells treated with monotherapies or combination therapy (Figure
6a). We identified 2614 genes up-regulated by co-treatment in Hs578T cells, with 243
genes being up-regulated in SKBR7 cells under the same conditions (Figure 6b).
1387 and 2747 genes were down-regulated in co-treated Hs578T and SKBR7 cells,
respectively (Figure 6b). Amongst these genes, 141 up- and 704 down-regulated
genes (845 transcripts) were commonly responsive to co-treatment in both Hs578T
and SKBR?7 cells (Figure 6c¢). Integrated pathway analysis of these 845 synergy-
related genes revealed striking disturbance of pro-proliferative pathways mediated by
growth factors such as TGF-B, EGF and insulin, as well as pathways governing
angiogenesis, stem cell pluripotency and metastatic signalling (Figure 6d). More
specifically, an enrichment of genes related to biological networks governing cell
survival, viability, migration, RNA transcription, cytokinesis, mitosis, and cell cycle
progression, was found amongst the genes commonly down-regulated by co-
treatment (Figure 6e). 34 (2 up- and 32 down-regulated) genes out of the 845
lapatinib and PHA-767491 co-targeted genes were significantly correlated with
metastasis-free survival (MFS) in 142 lymph node-negative, non-neoadjuvantly
treated TNBC patients, including LMBR1L, APAF1, DDX3X and GCNT3, with hazard
ratios >2 (Figure 7a and Supplementary Table 1). These 34 clinically relevant genes
were present in the main biological networks of apoptosis, transcription and

proliferation (Figure 7b), in which MITF, HOXC6 and ROCK2 were all involved. MITF
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Figure 5. Expression of cdc7 and RNAIl (POLR2A) is linked to poor prognosis in breast
cancer patients. Metastasis-free survival curves illustrating the relationship between expression of
cdc7 or RNAII (POLR2A) and prognosis in ER-negative breast cancer patients. Curves derived
from gene expression and available survival data for 123 lymph node-negative, non-neoadjuvantly
treated, ER-negative breast cancer patients at Erasmus MC Rotterdam.
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was defined as a regulator known to influence the levels of anti-apoptotic protein
BCL-2 as well as transcriptional regulators (ZNF114), G2/M regulators (CDC25B),
mitotic regulators (DSN1) and DNA replication/repair proteins (TDG and PIF-1) these

being down-regulated in response to MITF inhibition (Figure 7c).
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Figure 6: Co-treatment of TNBC cells with lapatinib and PHA-767491 inhibits crucial
signalling networks in TNBC. a. Global transcriptomic signature in SKBR7 and Hs578T cells after
6h of treatment with lapatinib (3.16 uM), PHA-767491 (1 uM) or a combination of these two doses.
Logz Fold Change (FC) normalised to DMSO control shown. b. Venn diagrams showing the number
of genes significantly (Log2 FC =0.5) up- or down-regulated after monotherapy and combination
therapy in Hs578T and SKBRY7 cells. c. Venn diagrams showing the number of genes commonly
and significantly (Log2 FC 20.5) up-or down-regulated after combination therapy in both Hs578T
and SKBRY7 cells. d. Top canonical pathways enriched in 845 significantly differentially expressed
genes in combination therapy as predicted by IPA online analysis. Z-score indicates activation
(orange) or inhibition (blue) of the pathway under indicated conditions, respectively. e. Top bio-
functions enriched in 845 significantly differentially expressed genes in combination therapy
conditions as predicted by IPA software.
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Figure 7: RNA-Seq reveals genes linked to poor survival in TNBC which are involved in
regulation of transcription, apoptosis, and proliferation. a. 34 genes specifically down-
regulated by combination therapy whose expression is significantly correlated with
metastasis-free survival in 142 lymph node-negative, non-neoadjuvantly treated, TNBC
patients (data derived from in-house cohort as well as from publicly available datasets). HR:
Hazard Ratio. b. Presence of aforementioned clinically relevant, down-regulated genes in the
top biological networks inhibited by combination therapy. c. MITF, an upstream regulator of
genes which are down-regulated in response to inhibition of MITF under combination therapy.



DISCUSSION

EGFR is highly expressed in both TNBC tumours and cell lines, supporting a role for
EGFR as an oncogenic driver in TNBC. However, clinical trials suggest single
inhibition of EGFR signalling is incapable of eliminating TNBC cells!7.18.21.30,
Consistently, our results demonstrated that targeting EGFR kinase activity by EGFR-
TKis, including lapatinib, erlotinib and gefitinib, insufficiently inhibits TNBC cell
proliferation, despite inhibition of EGFR phosphorylation. Our kinase inhibitor
combination screen demonstrated that targeting Cdc7/CDK9 signalling pathways in
tandem enables EGFR-TKIs to inhibit proliferation, induce G2-M cell cycle arrest and
promote apoptosis in various TNBC cell lines expressing high levels of EGFR. This
synergistic drug interaction down-regulates the activity of components of the
transcription apparatus and the DNA replication programme, including Cdc7, CDKO,
pMCM2 (S40/41), p-RNAII (S2/5), CDK4, cyclin D1 and Rb, making the combination
of EGFR and Cdc7/CDK9 molecular-targeted therapies promising for this subgroup

of breast cancer.

CDK®9 is a member of positive elongation factor P-TEFb, and together with CDK?7 is
vital for gene transcription since CDK7 and CDK9 sequentially phosphorylate the C-
terminal domain (CTD) of RNA Polymerase Il (RNA Il) at Ser5/Ser7 and Ser2,
respectively, allowing dissociation of negative elongation factors and subsequent
elongation of mMRNA transcripts3'-33. CDK9 is essential for growth of both HR+ and
TNBC cell lines, whilst EGFR is one of many “Achilles’cluster” genes sensitive to
CDKY7 inhibition and vital for TNBC survival34. Consistently, we showed that despite
being resistant to inhibition of EGFR kinase activity by various EGFR-TKIs, complete
silencing of EGFR is detrimental to TNBC cell growth.. In addition, EGFR is capable

of acting as a transcription factor3536. The nuclear translocation of EGFR is
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associated with resistance to chemotherapeutics in TNBC3537-39 and shields the
RTK from the effects of TKIs limited to the cell membrane, permitting EGFR to
enhance transcription of genes which govern cell cycle progression, such as Cyclin
D1 and Aurora Kinase3640, Cdc7 kinase is itself indispensable for correct regulation
of cell cycle progression, exerting control over both initiation of DNA replication and
the DNA damage response#'42. By phosphorylating mini-chromosome maintenance
proteins (MCM2-7) present in pre-replicative complexes formed during G1 phase,
Cdc7 activates the helicase activity of these proteins, leading to unwinding of DNA
strands and thereby initiating DNA replication at the G1-S phase checkpoint4344, |t
also has been reported that EGFR indirectly influences the initiation of DNA
replication by eliciting phosphorylation of MCM7 in a Lyn kinase-dependent fashion,
thereby delineating possible functional overlap between Cdc7 and EGFR#5. TNBC
cells often possess p53-inactivating mutations which abolish the DNA replication
origin activation checkpoint, rendering them susceptible to the induction of
replicative-stress#6. Induction of G2-M arrest in our TNBC cell lines after combined
inhibition of EGFR and Cdc7/CDK9 is consistent with data from other studies which
demonstrated that a p53-dependent checkpoint is critical for mitigating aberrant cell

cycle progression after cdc7 depletion47:48.

The CDK4/Cyclin D1 complex phosphorylates Rb at Ser780/795 thereby inactivating
Rb in G1/S checkpoint regulation49.50. Consistently, co-inhibition of Cdc7/CDK9 and
EGFR signalling in our TNBC cell lines reduces CDK4 and Cyclin D1 levels
accompanied by reduced phosphorylation of Rb, thereby resulting in G2-M arrest and
ultimately apoptosis. Whether the down-regulation of Cyclin D1 and CDK4 by EGFR-
TKlIs and PHA-767491 represents a global decrease in the transcription of rapidly

expressed, immediate response genes due to inhibition of CDK9-mediated
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transcriptional elongation, a decrease in the transcriptional activity of EGFR, or a by-
product of the cell cycle arrest induced by Cdc7 depletion, merits further
investigation. Taken together, these results identify possible functional links between
signalling downstream of EGFR and the function of both Cdc7 and CDK9, which may
to some extent explain the observed synergy between EGFR-TKIs and PHA-767491.
Additionally, silencing of cell cycle-regulatory or transcriptional CDKs in combination
with a Cdc7-specific inhibitor (XL413) in breast cancer cells has been shown to mimic
the cell cycle disruption caused by PHA-76749151. Silencing of CDK9 led to
negligible impact on progression of MCF10A cells through S-phase, whilst CDK9-
depleted cells treated with XL413 accumulated in late S-phase, suggesting that the
profound cell cycle arrest in TNBC cells caused by PHA-767491 or cdc7 depletion
may be somewhat dependent on CDK9 or can at least be augmented by inhibiting

CDKao.

RNA-seq transcriptomics identified genes specifically down-regulated by co-
treatment with EGFR-TKIs and PHA-767491, which were involved in pathways
regulating survival, transcription and cell cycle progression. The decreased
expression of these genes (a number of them associated with poorer MFS in TNBC)
by co-inhibition of EGFR and Cdc7/CDK?9 leads to apoptosis and down-regulation of
transcription and proliferation. Interestingly, the transcription factor MITF
(microphthalamia-associated transcription factor), a major upstream regulator of
pathways governing apoptosis, proliferation and transcription, was decreased
together with its downstream targets pro-survival BCL-2 and cell cycle-regulatory
CDC25B as a result of combining lapatinib and PHA-767491. With regards to TNBC,
little is known about MITF’s contribution to EGFRi-resistant phenotypes. Further

research is therefore required to validate whether targeting of MITF function
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constitutes a logical therapeutic avenue in TNBC, or whether MITF inhibition is

sufficient to reverse the resistance of TNBC cells to EGFR targeted therapies.

CONCLUSIONS

In summary, we show that multiple EGFR-TKIs synergise with the dual Cdc7/CDK9
inhibitor PHA-767491 in various EGFR-TKI-resistant TNBC cell lines resulting in
decreased proliferation, induction of apoptosis and G2/M cell cycle arrest.
Combination therapy leads to inhibition of proteins crucial for accurate DNA-
replication and CDK9/RNAIlI-mediated gene transcription. This combination also
leads to inhibition of crucial pro-oncogenic networks and reduces the expression of
genes linked to ERK/mTOR signalling and poor progression-free survival in TNBC
patients, perhaps identifying possible candidate genes for further research into the

mechanism of this synergy and as therapeutic targets.

LIST OF ABBREVIATIONS

AKT: v-akt murine thymoma viral oncogene homologue
BL1: Basal-like 1 subtype

BL2: Basal-like 2 subtype

Cdc7: cell division cycle 7-related protein kinase
CDK4: Cyclin-dependent kinase 4

CDKY7: Cyclin-dependent kinase 7

CDK®9: Cyclin-dependent kinase 9

CI: Combination index

CTD: C-terminal domain

EGFR: Epidermal growth factor receptor

EGFR-TKI: Epdiermal growth factor receptor tyrosine kinase inhibitor

ERK1/2: Extracellular signal-regulated kinase 1/2
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HER2: human epidermal growth factor receptor 2
HR+/-: Hormone receptor-positive/negative

IM: Immunomodulatory subtype

LAR: Luminal androgen receptor-positive subtype

M: Mesenchymal subtype

MCM2: Mini-chromosome maintenance protein 2
MEK: Mitogen-activated protein kinase kinase

MITF: Microphthalamia-associated transcription factor
MSL: Mesenchymal stem-like subtype

POLR2A: RNA Polymerase Il subunit 2A

P-TEFb: Positive transcription elongation factor b

Rb: Retinoblastoma protein

RNA 1I: RNA Polymerase I

S2/5: Serine 2/5 of RNA polymerase |l subunit 2A’s C-terminal domain
SRB: Sulphorhodamine B

TNBC: triple-negative breast cancer
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Lapatinib-induced apoptosis in TNBC cell lines

£
E
s 4
c
c
< 3
£
©
[
o 2
3
& 1
=
kS
o 0
i4 @I £iE O B0 £ Q15 S L @5 L &
233703372338 238¢
§S==s3s8§ss3ss35ss3s33:=s553
= = 3. == 2. = - =T i = B
BEE S @SS ©pEo
O B o 8 0 0 B O ‘O Q Qo Qo
© @© © © © @© ®© © @© @ © @©
- ] -] - ] — ol Pl . R |
Hs578T  SKBR7 BT549 HCC1806
b Silencing of EGFR pathway (Hs578T)
*kkk
*kkk
200+
- *kkk
3
- @ 1504
s 8
s C
£ < 1004
ce
20
X .2
® 504
S
0_
S & o & N
9 N
S L
RN A

Additional File 1. Figure S1. Resistance of TNBC cells to EGFR-TKIs. a. Effect of Lapatinib
on induction of apoptosis in selected lapatinib-resistant and sensitive TNBC cell lines. Hs578T,
BT549, SKBR7 and HCC1806 cells were treated with lapatinib (3.16 uM) as indicated, for 24,
48 or 72 hrs, respectively, stained with Annexin-V and Hoechst, followed by imaging and image
quantification. Relative cell death was quantified by normalising the intensity of Annexin-V
signal to that of DMSO control. One-way ANOVA **** P < 0.0001, *** P < 0.001, ** P <0.01, * P
< 0.05. b. Impact of silencing EGFR and downstream components of EGFR signalling pathway
on the proliferation of Hs578T cells. Hs578T cells were transfected with siRNAs targeting
EGFR, ERK2 and FRAP1 as well as positive (siKIF11) and negative controls (siGAPDH and
siKinase Pool) as described and grown for 4 days. Proliferation was then assessed using
sulphorhodamine B assay. Results were normalised to Kinase Pool using the % control
method as described in materials and methods.
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Additional File 2. Figure S2: EGFR-negative TNBC cell line SUM185PE is insensitive to co-treatment with
lapatinib and PHA-767491. a. Immunofluorescence imaging of EGFR-positive (SKBR7) and EGFR-negative
(SUM185PE) TNBC cell lines. Cells were fixed using 1% paraformaldehyde and 0.1% Triton-X for 15 minutes
before being washed thrice with 1x PBS and blocked with 0.5% bovine serum albumin in PBS for 30 minutes.
EGFR antibody (sc-03; Santa Cruz Biotechnology ®) was used to stain EGFR overnight at 4°C. Fixed cells were
then incubated with anti-rabbit Alexa 488-conjugated secondary antibody (A11008; Molecular Probes ®) or
Hoechst (nuclear stain; 1:10,000) for 1 hour at room temperature in the dark before being imaged at 20x
magnification. b. Impact of EGF-stimulation on EGFR-mediated signal transduction in EGFR-negative cell line
SUM185PE. Cells were starved overnight in serum-free medium before being treated with lapatinib (3.16 uM) for
4 hours and subsequently stimulated with EGF (100 ng/ml) for 5 minutes. Cells were then lysed and protein
samples subjected to SDS-PAGE and immunoblotting with indicated antibodies. ¢. Dose-response experiment
combining lapatinib and PHA-767491 in SUM185PE cells. Upper graph shows response of SUM185PE cells to
lapatinib and PHA-767491 monotherapies. Lower graph displays proliferation of SUM185PE cells after combining
lapatinib (3.16 pM) with dose range (0.01-10 pM) of PHA-767491. Proliferation was assessed using
sulphorhodamine B assay and results were normalised to DMSO using the % control method as outlined in
materials and methods.
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Additional File 3. Figure S3. EGFR-TKIs and PHA-767491 synergise to induce G2/M cell
cycle arrest and apoptosis. a. Cell cycle distribution histograms of Hs578T and SKBR7 cells
after 48h treatment with EGFR-TKIs (lapatinib, erlotinib or gefitinib at 3.16 yM) alone or
combined with PHA-767491 (1uM or 3.16uM), as indicated. b. Induction of apoptosis by
EGFR-TKI and PHA-767491 co-treatment. SKBR7 and SUM149PT cells were treated with
lapatinib (3.16 pM), PHA-767491 (3.16 uM), alone or combined, as indicated, for 24h, 48h or
72h, respectively, and then stained with Annexin-V and Hoechst, followed by imaging and
image quantification. Relative cell death was quantified by normalising the intensity of Annexin-
V signal to that of DMSO control. One-way ANOVA **** P < 0.0001, *** P < 0.001, ** P <0.01, *
P <0.05.
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Table S1 (Related to Figure 6)

Genes HR p-value 95% CI low 95% CI high
MOCS3 0.11 0.00 0.031 0.415
SNIP1 0.28 0.01 0.099 0.778
CTGF 1.33 0.02 1.047 1.683
ZCCHC24 1.40 0.05 1.001 1.963
TIMP3 1.43 0.03 1.031 1.989
HEGI 1.44 0.03 1.032 2.013
N4BP2L2 1.44 0.05 0.997 2.092
PRKD3 1.53 0.05 1.009 2.328
LBH 1.54 0.05 1.002 2.353
HOXC6 1.54 0.01 1.106 2.157
ANGPTL4 1.55 0.04 1.015 2.378
TNSI 1.56 0.01 1.128 2.163
PMP22 1.58 0.01 1.132 2.211
ROCK2 1.61 0.05 0.998 2.583
SHOX2 1.69 0.03 1.049 2.715
MITF 1.71 0.04 1.031 2.821
ACAP2 1.75 0.03 1.044 2.950
RANBP2 1.76 0.04 1.032 3.000
JRKL 1.76 0.00 1.200 2.583
SLC38A2 1.84 0.04 1.038 3.254
ZFYVEIl6 1.84 0.03 1.071 3.154
LPCATI 1.84 0.01 1.154 2.931
MLXIP 1.89 0.01 1.164 3.076
TSC22D1 1.93 0.01 1.158 3.231
RASALI 1.95 0.00 1.236 3.074
DIP2C 2.04 0.05 1.015 4.095
CRYBG3 2.04 0.04 1.046 3.994
SMAD6 2.07 0.04 1.023 4.177
ARID4A 2.23 0.03 1.096 4.530
C170rf85 2.27 0.02 1.152 4.471
GCNT3 2.31 0.00 1.361 3.926
DDX3X 2.32 0.05 0.982 5.492
APAF1 2.94 0.04 1.026 8.414
LMBRIL 3.06 0.03 1.099 8.491

Additional File 5. Supplementary Table 1. 34 clinically relevant genes specifically down-
regulated after co-treatment with Lapatinib and PHA-767491 in Hs578T and SKBR?7 cells.
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ABSTRACT

Positive transcription elongation factor b (P-TEFb) complex is composed of cyclin-
dependent kinase 9 (CDK9), Cyclin T1, Cyclin T2, and Cyclin K. The function of P-
TEFb is crucial for the elongation of MRNA transcripts. Increasing evidence indicates
the CDK9-dependent transcriptional addiction in cancer. Thus, disruption of P-TEFb
has evolved into an attractive therapeutic strategy for cancer treatment. Here, using a
selection of CDK inhibitors, we demonstrate that targeting CDK9 dramatically
reduces proliferation and concomitantly induces apoptosis in a large panel of triple-
negative breast cancer (TNBC) cell lines, suggesting CDK9 is a potent target for
TNBC. Blockage of P-TEFb-mediated signal transduction prevents phosphorylation
of RNA Polymerase 1l (RNAPII), thereby reducing levels of short-ived mRNA
transcripts of various pro-survival factors such as MCL1, BCL-xL, Survivin and XIAP,
involving proteasome-mediated degradation. Transcriptomic profiling of the effect of
CDK®9 inhibition on regulation of global gene expression in TNBC cells revealed
down-regulation of genes enriched for pathways governing transcription, cell cycle
progression, TGF-B, Wnt/B-catenin and BMP oncogenic signalling. RNAi-mediated
silencing further uncovered a cluster of vital CDK9-dependent transcription factors
(EN1, SOX9, and PLAG1) essential for the proliferation of TNBC cells, whose
expression is significantly higher in TNBC tumours. Altogether, our data highlight the
utility of targeting the P-TEFb-mediated transcriptional machinery as a novel

approach for combating TNBC.

Key words: TNBC, P-TEFb, CDK9, RNAPII, MCL1, CDKS9 inhibitors, transcriptional

addiction
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INTRODUCTION

Triple-negative breast cancer (TNBC) is a particularly aggressive subtype of breast
cancer which lacks expression of targetable oncogenic receptors such as the
oestrogen receptor (ER), the progesterone receptor (PR), and the human epidermal
growth factor receptor 2 (HER2)'. The apparent lack of targetable disease drivers in
TNBC is currently responsible for the far poorer prognosis of patients with this
disease, compared to those with ER+ or HER2+ breast cancer2. TNBC can be
divided into multiple subtypes based on gene expression, each with their own drug
response profile. This heterogeneity has further confounded efforts to improve
targeted therapy for this devastating disease'3. Despite multiple efforts, the
identification of TNBC-specific weaknesses and effective targeted therapies has yet

to be translated into clinical benefit.

Genetic changes in cancer cells lead to dysregulated transcriptional programmes
which render cancer cells highly dependent upon exceptionally high rates of
transcription of certain oncogenes critical to promoting proliferation (e.g. MYC)45. The
expression of short-lived pro-survival genes is therefore exquisitely sensitive to
disruption of the complexes which regulate transcription®?. Consequently, targeting
transcriptional addiction has thus emerged as an important therapeutic strategy in
cancer. Rather than targeting pharmacologically intractable, disease-driving
oncogenes such as MYC, attention has turned to the complexes which govern mRNA
transcription in cancer cells. To this end, blocking the activity of a subgroup of cyclin-
dependent kinases (CDKs), which are critical for productive mRNA transcription, may

represent a valuable tool in combating TNBC.
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The positive transcription elongation factor b (P-TEFb) complex, in conjunction with
CDK?7, is indispensable for ensuring transcriptional initiation and overcoming
promoter-proximal pausing of RNA Polymerase Il (RNAPII, or Pol Il)8°. P-TEFb is
composed of catalytic CDK9 and its regulatory cyclins; Cyclin T1, Cyclin T2 and
Cyclin K&9. Phosphorylation of RNAPII's C-terminal domain (CTD) at Ser5 by CDK?7,
the catalytic component of master transcription factor TFIIH, initiates transcription but
also recruits negative elongation factors (e.g. NELF and DSIF) which pause RNAPII
during this process'0.11. Relief of promoter-proximal pausing is provided by P-TEFb/
CDK9-mediated phosphorylation of RNAPII's CTD at Ser2 and of DSIF upon
activation by the bromodomain containing protein 4 (BRD4), facilitating the
dissociation of NELF and thereby permitting productive mRNA elongation'2.13. Since
P-TEFb is a pre-requisite for efficient transcription, it is unsurprising that high levels
of P-TEFb recruitment are found at super-enhancer regions'4. Super-enhancers are
clusters of enhancers with high transcriptional activity and which are characterised by
exceptionally high levels of bound transcription factors to drive transcription of one or
multiple genes'4. Evidence suggests that super-enhancers are responsible for
maintaining the oncogenic state in multiple malignancies, since they often regulate
super-enhancer-associated genes involved in cancer progression, such as the
oncogene MYC1'4. Moreover, they are also frequently acquired at key oncogenes
where they impart enhanced responsiveness to upstream signalling, thereby acting
as conduits for dysregulated signal transduction pathways and their terminal
transcription factors's. Cancers may therefore be addicted to aberrant transcriptional
programmes fuelled by super-enhancer-driven expression of key transcriptional
regulators, which renders them susceptible to disruption of P-TEFb function.

Previously published data, using CDK?7 inhibitor THZ1 in TNBC, non-small cell lung
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cancer and T-cell lymphomas, identified CDK7-mediated super-enhancer regulation
as a targetable cancer-specific dependency’®-18. Recent data have also
demonstrated that broad spectrum CDK inhibitors with potent activity against CDK9
are effective at inhibiting the growth of various cancer cells including leukaemia,
lymphoma, and NUT midline carcinoma cells as well as breast tumour cells9-22,
Altogether, the current data suggest that targeting master transcriptional regulators,
such as CDK7 or P-TEFb/CDK9, may represent a potent new strategy to identify

novel therapies for TNBC as well as other cancers.

Thus far, however, the effect of more specific P-TEFb/CDK9 inhibitors on TNBC cells
is largely unknown. Here we explored the efficacy of a broad panel of CDK9
inhibitors with potent activity against P-TEFb function in TNBC cells. We
demonstrated the exceptional sensitivity of TNBC cell lines to CDK9 inhibition,
defining the effect of these inhibitors on global gene expression, the balance of pro-
and anti-apoptotic factors, and oncogenic signalling in TNBC cells. These
compounds inhibited P-TEFb-mediated signal transduction, shutting down key
oncogenic pathways such as TGF-B, Wnt/B-catenin and BMP signalling in TNBC
cells as well as drastically reducing overall transcription factor function. Silencing of
the most strongly down-regulated transcription factors identified by RNA-Seq
revealed that TNBC cells depend on a number of these factors for survival, thus
identifying a group of transcription regulators as novel prospective therapeutic targets

likely associated with essential dysfunctional transcriptional programmes in TNBC.
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MATERIALS & METHODS

Inhibitors and antibodies

CDK4/6 inhibitors T2-58, T2-104, T2-106 and T2-112, as well as CDK9 inhibitors |-73
(also named CDKI-7323), D10-81, D11-36, D11-69, Y3-21 and Y3-29 were
synthesised as reported?4. Pan-CDK inhibitors dinaciclib (S2768), flavopiridol
(S1230), P276-00 (S8058) and roscovitine (S1153), CDK7 inhibitor THZ1 (S7549),
and CDK4/6 inhibitors abemaciclib (S7158) and palbociclib (S1579), were purchased
at Selleckchem®. All compounds were prepared in DMSO at 10 mM concentration.
All primary antibodies used were commercially available, including phospho-CDK9
(T186; CST #2549), CDK9 (CST #2316), phospho-RNAPII Ser2/Ser5 (CST #4735),
RNAPII (CST #2629), BCL-xL (CST #2764), XIAP (CST #2045), MCL1 (CST #5453),
survivin (CST #2808), y-H2AX (S139; CST #2577), c-MYC (Santa Cruz sc-789),

BRD4 (Bethyl Laboratories A301-985A-M) and tubulin (Sigma Aldrich T-9026).

Cell culture and compound screening

TNBC cell lines used were representative for different TNBC subtypes?, including
basal-like 1 (BL1) HCC38, HCC1143, HCC1937 and MDA-MB-468, basal-like 2 (BL2)
HCC70, HCC1806 and SUM149PT, mesenchymal (M) BT549 and Hs578T,
mesenchymal stem-like (MSL) MDA-MB-157, MDA-MB-231, MDA-MB-436 and
SUM159PT, Iluminal androgen receptor (LAR) MDA-MB-453, and unclassified
SKBR7, SUM52PE, SUM229PE and SUM1315MO2. All TNBC cell lines were
maintained in RPMI-1640 medium (Gibco, ThermoFisher Scientific) supplemented
with 10% FBS (Thermo Fisher Scientific; 10270106) and 25IU/ml Penicillin and
25ug/ml Streptomycin (ThermoFisher Scientific; 15070-063). Cells were cultured in a

humidified incubator at 37°C, 5% CO.. For drug screening, cells were seeded at the
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appropriate densities (90 pl/well) in 2x 96-w plates (Greiner; 655162) or 2x 96-w
UCLEAR plates (Greiner; 655090) and incubated overnight at 37°C, 5% CO: for drug
treatment. Final treatment concentrations were 0.0316 yM, 0.1 uM, 0.316 pM, 1 uM
and 3.16 pM (i.e. -1.5, -1, -0.5, 0, and 0.5 Log pM, respectively) with final 0.01% v/v
DMSO in all conditions; doxorubicin (1 yM) was used as positive control where

appropriate.

Automated imaging

72 hours post-exposure to inhibitors and prior to sulphorhodamine B proliferation
assay, cells were stained with 1:1000 Annexin-V (0.9 mg/ml) and 1:10,000 Hoechst
33258 (2 mg/ml) for 45 minutes at 37°C, 5% CO.. Cells were subsequently imaged
using BD Pathway 855 microscope (BD Biosciences). An image analysis pipeline
was created in Cell Profiler involving segmentation based on Hoechst 33258 staining
to identify the primary cell objects followed by secondary Annexin V-positive objects.
Annexin V-positive cells were defined based on an intensity threshold. This threshold
was set based on the negative (DMSO) and positive (doxorubicin) controls. For each
image the sum of all nuclei and the sum of the Annexin V-positive cells was

determined followed by calculation of the percentage of Annexin V-positive cells.

Cell proliferation assay

96 hours post-exposure to inhibitors cells were fixed by adding 30 pl/well of 50% w/v
trichloroacetic acid (Sigma; T9159). Plates were incubated at 4°C for 1 hour before
being washed five times in H2O and dried overnight at room temperature. The
following day, cells per well were stained with 60 pl of 0.4% w/v sulphorhodamine B

(SRB)/1% v/v acetic acid solution (Sigma; 341738) for 2 hours before being washed
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four times with 1% v/v acetic acid and dried overnight at room temperature. SRB was
subsequently dissolved by adding 150 pl/well of 10 mM Tris and plates were placed
on a shaker for 2 hours at room temperature. Absorbance at 540 nm was then
measured using TECAN Infinite ® M1000 (Tecan Trading AG, Switzerland). Data
were normalised to DMSO control values and percentage of proliferation relative to

DMSO was presented.

Cell cycle analysis

Cells were seeded in 6-well plates at the appropriate density. The following day cells
were treated with drugs for 48h. Detached cells and attached cells were collected
during trypsinisation and collected through centrifugation (1000 rpm, 5 minutes, 4°C).
Pelleted cells were re-suspended in 200 pl ice-cold 1 mM EDTA in PBS and fixed by
adding 800 pl ice-cold 100% ethanol (-20°C). Cells were washed by two wash steps
in PBS (1000 rpm, 5 minutes, room temperature) and pellet was re-suspended in 250
pl of 3 uM DAPI (Sigma Aldrich, 10236276001) in staining buffer (100 uM Tris pH 7.4,
150 mM NaCl, 1 mM CaCl> and 0.5 mM MgCl2). After 15 min cells were filtered
through 70 um EASYstrainer filters followed by FACS Conto Il analysis (BD

Biosciences). Data were analysed using FlowJo V10.

Random cell migration assay

50 pl of collagen solution (Type 1; 20 pg/ml) was added to 96-well Screenstar®
plates (Greiner) and incubated at 37°C, 5% CO2 for 1 hour followed by washing
thrice with PBS. Cells were seeded at the appropriate density and grown overnight
at 37°C, 5% CO2. The following day, cells were stained with Hoechst 33258

(1:10,000, 2 mg/ml) and treated with drug solutions and DMSO vehicle control

146



(1:1000) at the appropriate concentrations immediately prior to imaging. Cells were
then imaged on a Nikon Eclipse Ti confocal microscope at 37°C, 5% CO:2 for 16
hours. Data were analysed using NIS Elements Analysis software 4.3. Nuclei were
first segmented using in-house macros after which cells were tracked based on
image overlap. Tracking data were then analysed using Microsoft Excel-based in-
house macros to calculate the average speed (um/h) of all cells per well over the

duration of drug treatment.

Western blotting

Cell lysates were harvested in RIPA lysis buffer with 1:100 protease inhibitor cocktail
(Sigma; P8340). Cellular proteins were denatured in sample buffer containing 10% [3-
mercaptoethanol (Acros Organics 125472500). Equal amounts of proteins were
subsequently loaded into polyacrylamide gels (7.5-15% depending on desired
resolution), resolved using SDS-PAGE and subsequently transferred to PVDF
membranes (Merck Chemicals; IPVH00010) overnight. PVDF membranes were then
blocked with 5% bovine serum albumin (Sigma Aldrich A9647) in Tris-buffered saline
containing 0.05% Tween20 and incubated overnight with the appropriate primary

antibodies.

Proteasomal degradation of MCL1

Cells were seeded into 6-well plates at the appropriate density and allowed to attach
overnight. MG-132 (Selleckchem S2619) at 10 yM was prepared in RPMI-1640 with
all aforementioned supplements. Medium was aspirated from cells and replaced with

10 yM MG-132 for 2 hours. Immediately after removing MG-132, cells were treated
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with 0.316 uM of the appropriate CDK9 inhibitor for 6 hours, followed by Western Blot

assays.

RNA sequencing

Hs578T cells seeded into 6-well plates were treated with CDK9 inhibitors D10-81 (0.1
pM) and Y3-21 (0.1 uM) or 173 (0.316 uM) for 6 hours followed by extraction of RNA
using RNeasy Plus Mini Kit (QIAGEN 74136) and stored at -80°C. Transcriptome
RNA-Sequencing (RNA-Seq) was performed using lllumina high-throughput RNA
sequencing. DNA libraries were prepared from the samples with the TruSeq Stranded
mRNA Library Prep Kit. The DNA libraries were sequenced according to the Illlumina
TruSeq v3 protocol on an lllumina HiSeq2500 sequencer. Paired-end reads were
generated of 100 base-pairs in length. Alignment was performed using the STAR
aligner (version 2.4.2a) against the human GRCh38 reference genome. Marking
duplicates, sorting and indexing were performed using Sambamba (version 0.6.6).
Gene expression was quantified using the FeatureCounts software (version 1.4.6)
based on the ENSEMBL gene annotation for GRCH38 (release 84). RNA-Seq data
were normalised by TMM using EdgeR’s normalisation-factor, followed by quantile
normalisation and presented in Log2 fold change (Log2 FC) scales?5. Genes with
significant down- or up-regulation (Log2 FC = |1.0]) under indicated conditions were
analysed by web-based functional analysis tools Ingenuity Pathway Analysis (IPA,

QIAGEN®).

SiRNA transfection
Cells were seeded in 96-well plates at the appropriate density. For each siRNA
transfection, 50 nM siGENOME siRNAs (Dharmacon) were transfected into cells

per 96-well using INTERFERIn transfection reagent (Polyplus; 409-50). The
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following day medium was refreshed. 48 hours post-transfection, cells were lysed for
western blot to confirm knockdown efficiency. 96 hours post-transfection cells were

fixed for SRB proliferation assay.

Clinical evaluation of candidate genes

The clinical relevance of candidate genes was evaluated using in-house and publicly
available gene expression data of lymph-node negative (LNN) primary breast cancer
patients who did not receive adjuvant or neo-adjuvant systemic therapy, as well as
available metastasis-free survival data, leading to a cohort of 867 patients. 625 of
these were ER+, whilst 242 were ER-. Of the 242 ER-patients, 142 were classified as
TNBC. Data were gathered from Gene Expression Omnibus (http://
www.ncbi.nlm.nih.gov/geo/) entries GSE2034, GSE5327, GSE2990, GE7390 and
GSE11121, with all data available on Affymetrix U133A chip. Raw.cel files were
processed using fRMA parameters (median polish) after which batch effects were

corrected using ComBat.

Primary breast cancer tissues and derived tissue micro-arrays for CDK9/
pCDKO9 analysis by IHC

The tissue microarray used here has been described previously?s. Briefly, to
construct TMAs a total of 412 primary breast cancer tissues were collected from
Erasmus Medical Center pathology archive, and subsequently reviewed by a trained
pathologist (CvD; MAdB). The TMAs were prepared using an ATA 27 (Beecher
Instruments, Sun Prairie, WI, USA). For every tissue, a specialised breast pathologist
(CvD; MAdB) marked the tumour area, from which three different cores (diameter:

0.6 mm) were taken as biological replicates and transferred in a TMA recipient block.
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Tissue cores of 0.6 mm were taken from each tissue paraffin block and transferred in
triplicate into a TMA recipient block. Stained TMA slides were digitalised and
analysed using Slidepath software (Leica Microsystems, Solms, Germany).
Expression of ER, PR and Her2 proteins was determined by IHC staining, and
fluorescence in situ hybridization was performed when staining of Her2 was scored
as 2+ (i.e. uncertain amplification), to assess possible amplification of this gene.
Samples were excluded for further analysis when tissues had unclear expression of
ER, PR or Her2, no information on lymph-node status and/or adjuvant systemic
chemotherapy, and/or poor quality of CDK9/pCDK9 staining (defined as:
heterogeneous staining between cores belonging to the same specimen and/or lack
of triplicate staining due to lack of at least one core), resulting in a final number of
384 tissues for data analysis, respectively. Clinical and histopathological features of
these tissues are summarized in Table 1. This study was approved by the Medical
Ethics Committee of the EMC, The Netherlands (MEC 02.953) and was performed in
accordance to the Code of Conduct of the Federation of Medical Scientific Societies
in The Netherlands, and wherever possible we adhered to the Reporting
Recommendations for Tumor Marker Prognostic Studies (REMARK). (Altman D. G.,
McShane L. M., Sauerbrei W. & Taube S. E. Reporting Recommendations for Tumor Marker

Prognostic Studies (REMARK): explanation and elaboration. PLoS Med. 9, e1001216 (2012).

Immunohistochemical staining

Sections of 4 ym of the three above-mentioned TMAs were incubated for 1 hour at
room temperature with CDK9/pCDK9 antibody (listed above) at a dilution of 1:300
against the proteins. Antigen retrieval was performed prior to antibody incubation by

heating the slides for 40 min at 95 °C and washing with Dako antigen retrieval
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solution (pH = 6; DakoCytomation, Carpinteria, CA, USA) when the slides were
cooled down to room temperature. Staining was visualized by anti-mouse EnVision+
® System-HRP (DAB) (DakoCytomation, Carpinteria, CA, USA). CDK9/pCDK9
staining was separately scored in both percentage of positive invasive breast
carcinoma cells and staining intensity by two independent observers. Six categories
were scored for the percentage of positive invasive tumour cells: 0%, 1-10%, 11—
25%, 26-50%, 51-70%, and > 70%. All cores present on the three TMAs were
scored by an experienced researcher in a blind manner. Staining scores of triplicate
cores were validated by a second experienced researcher, who was extensively
trained by a specialised breast pathologist. In order to score CDK9/pCDK9
expression as measured by IHC, intensity and quantity categories were transformed
into numerical values (Table S1) and a ‘histo-score’ (as reported in15) was calculated
for both the cytoplasmic and nuclear staining components with the following formula:
Histo - score = (intensity value) x (quantity value). Nuclear CDK9/pCDKS9 histo-score

distributions were divided into four categories: 0-5, 6—-10, 11-15, and 16-20.

Data analysis and statistics

All data were processed in GraphPad Prism 7.0 and/or Microsoft Excel. IC50 values
were derived from GraphPad Prism 7.0 using nonlinear regression fitting. Two-way
ANOVA with Tukey'’s correction for multiple testing was used to assess impact of drug
treatment on cell cycle distribution. P-values < 0.05 were considered statistically
significant. One-way ANOVA with Tukey’s correction for multiple testing was used to
assess the effect of RNAi-mediated silencing of transcription factors on TNBC cell

proliferation. P-values < 0.05 were considered statistically significant.
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RESULTS

CDK9 and downstream target genes MCL1 and MYC are highly expressed in TNBC
tumours

There is evidence suggesting that TNBC cells become more vulnerable after
disruption of the transcriptional machinery through inhibition of CDK7 or BRD418.27,
Our overall aim was to evaluate CDK9 as a potential target in TNBC. We firstly
assessed the expression level of P-TEFb complex components in TNBC by
assessing expression of P-TEFb complex components in TNBC. RNA-Seq
transcriptome analysis of 116 TNBC patients in The Cancer Genome Atlas (TCGA)
database revealed that P-TEFb complex members CDK9, BRD4 and POLR2A
(Subunit A of RNAPII), and known target genes MYC and MCL1, are highly
expressed (mean Log2 Expression >10) in most, if not all, 116 TNBC patient tumours
(Figure 1A). Cyclin T1/T2 and Cyclin K were, by and large, expressed at a lower level
than the aforementioned genes. Differential expression of the oncogenic
transcriptional regulator MYC which relies on P-TEFb for its own transactivation2s,
was observed in TNBC, consistent with previous reports’®. In particular, high levels of
pro-survival MCL1, the expression of which is dependent upon P-TEFb function2®,
were significantly correlated to poor survival of TNBC patients (Figure 1B). To further
assess CDK9 as a potential target in TNBC, we performed CDK9 tissue microarray
(TMA) staining (Figure 1C) on 384 TNBC patient tumours. TMA analysis revealed
that the TNBC tumours were broadly CDK9-positive, with around 75% of tumours
showing 80-100% positivity and moderate-strong intensity (i.e. histological score 4-9;
Figure 1D). These data support the rationale for targeting CDK9 in TNBC, despite the

genetic heterogeneity of the disease.

152



A 116 TNBC tumours (TCGA) B 1o MCL1

()
o
%—‘ g 75 low
o R P o P T e e TR T [
CDK9 g high
o 50
2 N F
2 5 1 95 26
g 2 47 21
© Logrank P=0.03 months
MCL1 " ] ] T T T
POLR2A Wb 0 120
Log2 Expression Abrisk
1 95 77 70 51 24
2 4 6 8 10 12 2 47 32 25 19 10

TNBC tumour 2
¢ i

'ﬁ?"h -+

Histo-score 4 - Histo-score 4

Figure 1. Expression of P-TEFb complex and associated components in TNBC. (A)
Expression of CDK9, cyclins (CCNT1/2, CCNK), POLR2A (encoding RNAPII subunit A), BRD4, and
downstream targets MYC and MCL1 in 116 TNBC patient tumours (RNA-Seq Log2 expression data
derived from The Cancer Genome Atlas, TCGA). (B) Correlation of MCL1 expression with poor
survival of 142 TNBC patients, presented in Kaplan-Meier estimator. (C) CDK9 tissue microarray
(TMA) staining in TNBC tumours and staining histological scoring. Histological staining was scored
(i.e. Histo-score) on intensity of the coloring and by percentage of positivity. In examples of CDK9
staining of 3 tumors, tumour 1 (a) and 2 (b) had moderate intensity and 95% positivity (Histo-score
4), while tumour 3 (c) showed strong intensity and 100% positivity (Histo-score 9). Antibody used:
rabbit mAb CDK9 (C12F7) (#2318 CST). (D) Positivity, quantity and Histo-scores for CDK9 TMA
staining in 384 TNBC cases.

TNBC cells are susceptible to potent CDK9 inhibitors

To address the sensitivity of TNBC cells to CDK inhibitors, particularly to those which
potently target CDK9 kinase activity, a total of 18 TNBC cell lines that are
representative for different TNBC subtypes were treated with a collection of CDK
inhibitors including Y3-21, I-73, D11-69, D11-36, Y3-29 and D10-81, which have the
highest potency against CDK9, as well as inhibitors of CDK4/6 (i.e. T2-58, T2-112,

T-106, and T2-104) (Figure 2A). The proliferation assays demonstrated that the
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TNBC cell lines tested were less responsive to CDK4/6 inhibitors (Figure 2B), but
exquisitely sensitive to the CDK9 inhibitors in concentration-dependent manners
(Figures 2B and 2C), regardless of TNBC subtypes. For comparative purposes, we
also assessed a selection of CDK inhibitors currently in clinical trials or approved for
clinical use (Supplementary Figure S1A). The response of different TNBC cell lines to
clinically approved CDK4/6-specific inhibitors palbociclib and abemaciclib was largely
identical to that seen for our CDK4/6 inhibitors T2-58, T2-112, T2-106 and T2-104
(Supplementary Figure S1A). Consistent with recently published data suggesting that
the LAR subtype of TNBC is sensitive to CDK4/6 inhibitors such as palbociclib and
ribociclib39, the LAR subtype cell line MDA-MB-453 was most sensitive to the CDK4/6
inhibitors tested here. Additionally, MDA-MB-231, which belongs to the MSL subtype,
was sensitive to CDK4/6-inhibition, in line with published data3'.32. TNBC cells were
largely susceptible to pan-CDK inhibitors dinaciclib and flavopiridol, but not to
roscovitine or P276-00 (Supplementary Figure S1A). Of relevance, we demonstrated
that all 18 TNBC cell lines tested were vulnerable to CDK7 inhibitor THZ1
(Supplementary Figure S1A), consistent with previous reports’8, with similar
sensitivity observed to potent CDK9 inhibitors Y3-21, 1-73, D11-69, D11-36, Y3-29
and D10-81 (Figure 2B), further supporting a dependency of TNBC cells on CDK9-

mediated transcription.
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Code CDK1 CDK2 CDK4 CDK6 CDK7 CDK9
T2-58 3.020 0.355 0.002 0.011 0780 0.141
T2-112  0.220 0.022 0.008 0.002 0.194 0.258
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Figure 2. Screen of TNBC cell sensitivity to CDK inhibitors. (A) List of CDK inhibitors (T2-58,
T2-112, T2-106 and T2-104, Y2-12, |-73, D11-69, D11-36, and D10-81) showing the CDK kinase
inhibitory activity (Ki pM or % residual activity). (B) Response of 18 TNBC cell lines to CDK
inhibitors, shown at 1uM. (C) Inhibitory effect of representative CDK9 inhibitors I-73, D10-81,
D11-36 and Y3-21 in dose range on the proliferation of 18 TNBC cell lines. Cells were treated with a
dose range of CDK inhibitors ranging from 0.0316-3.16 uM for 4 days, after which proliferation was
assessed using SRB assay. Data were shown as % proliferation normalised to DMSO vehicle
control (% of control cell growth = (mean sample OD — mean 0-day OD) / (mean DMSO OD —

mean 0-day OD) x 100).

155



Targeting CDK9 blocks P-TEFb signalling transduction in TNBC cells

Next, we investigated the effect of our CDK9 inhibitors on the activity of the P-TEFb
complex in TNBC cells. First, we observed that expression of P-TEFb complex
components and their targets in TNBC cell lines was consistent with TCGA-derived
expression data for patient TNBC tumours (Figure 3A). Particularly high levels of the
RNAPII subunit POLR2A and the anti-apoptotic MCL1 were detected in all cell lines
(Figure 3A). Western blotting for selected cell lines representative of TNBC subtypes
(MSL, M, BL1 and BL2) further confirmed substantial levels of CDK9, RNAPII, BRD4
and MCL1 proteins (Supplementary Figure S2). We then evaluated the effect of four
of our representative CDK9 inhibitors on the activity of the P-TEFb complex.
Treatment of Hs578T cells with the CDK9 inhibitors D10-81, D11-36, Y3-21 and I-73
at 1 uM for 24h almost completely inhibited phosphorylation of RNAPII’'s CTD at Ser2
and Ser5, events specifically controlled by CDK9 and CDK7 activity, respectively, and
remarkably down-regulated MYC and MCL1, leaving BRD4 unaffected (Figure 3B).
To further verify the efficacy of the inhibitors on CDK9/P-TEFb-mediated signalling
transduction, Hs578T, BT549 and SKBRY7 cells were treated with the inhibitors for 48
hours at lower concentrations (0.01, 0.1 or 0.316 uM). All CDK9 inhibitors (at 0.316
uM) potently inhibited P-TEFb-mediated signalling; D10-81 and Y3-21 were effective
at 0.1 yM in abolishing phosphorylation of RNAPII's CTD at Ser2/5 (Figure 3C).
Profoundly decreased CDK9 phosphorylation and CDK9 levels were also observed
after treatment (Figure 3B and 3C). D10-81 was most effective at suppressing
expression of oncogenic MYC, albeit at higher concentrations (Figure 3C).
Altogether, these results indicate that our CDK9 inhibitors effectively inhibit P-TEFb-

mediated signalling in TNBC cells.
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Figure 3. Targeting CDK9 inhibits P-TEFb-mediated transcriptional signaling transduction in
TNBC cells. (A) Expression of P-TEFb complex members and associated components in various
TNBC cell lines, as established by RNA-Seq analysis at Log2 expression levels. (B) Effect of CDK9
inhibitors D10-81, D11-36, Y3-21 and I-73 on P-TEFb activity and downstream targets in Hs578T
cells. Cells were treated with inhibitors at 1uM for 24h. JQ1, BRD4 inhibitor. (C) Impact of I-73,
D10-81 and Y3-21 on P-TEFb activity and downstream targets in representative Hs578T, BT549,
and SKBR7 TNBC cells 48h post-exposure to each inhibitor in dose range (0.01, 0.1 or 0.316 uM),

Targeting CDK9 suppresses pro-survival proteins in tandem with apoptosis onset in
TNBC cells

The anti-proliferative effects of the CDK9 inhibitory compounds, including I-73, Y3-21
and D10-81 (Figure 2C), were subsequently validated in selected TNBC lines

Hs578T, BT549 and SKBR7 in separate experiments (Figure 4A). We focused on
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I-73 (our previously reported CDKI-732333.34), Y3-21, and D10-81. Apoptosis assays
revealed that these inhibitors induced apoptosis in TNBC cell lines in both a
concentration- and time-dependent manner (Figure 4B). The concurrent inverse
effects of the three CDK9 inhibitors on cell proliferation and apoptosis were also
observed in three additional TNBC cell lines, MDA-MB-231, HCC1806 and HCC38
(Supplementary Figure S3). Given that the CDK9 inhibitors potently induced cell
death, we sought to investigate the associated disruption of anti-apoptotic factors in
TNBC cells. 48 hours post-treatment, D10-81 (0.1 uM), 1-73 (0.316 yM) and Y3-21
(0.1 pM) drastically depleted levels of pro-survival, anti-apoptotic BCL-2 family
members MCL1 and BCL-xL in Hs578T, BT549 and SKBR?7 cells (Figure 4C).
Expression of XIAP (X-linked inhibitor of apoptosis) and survivin, two members of the
inhibitors of apoptosis (IAP) family which antagonise apoptosis by binding to and
preventing the activation of caspase-3 and caspase-735-37, was also down-regulated
post-treatment (Figure 4C). Intriguingly, all three inhibitors robustly induced H2AX
phosphorylation at S139 (y-H2AX), a marker indicative of DNA replication stress and
DNA double-stranded breaks, implying that targeting P-TEFb/CDK9 also induced

indirect DNA damage in TNBC cells (Figure 4C).
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Figure 4. CDK9 inhibitors induce apoptosis in TNBC cells. (A) Validation of the anti-proliferative
effects of the CDK9 inhibitors D10-81, I-73 and Y3-21 in selected TNBC cell lines Hs578T, BT549
and SKBRY7. Data represented as mean +/- standard deviation (n = 4). (B) Apoptosis induction by
the CDK9 inhibitors in TNBC cell lines Hs578T, BT549 and SKBR7. Cells were exposed to a dose
range of each inhibitor (0.1-3.16 uM), and stained with Annexin-V and Hoechst as described for
imaging at 24 hours, 48 hours and 72 hours post-exposure to CDK inhibitors or vehicle control
(DMSO). Data were shown as % Annexin-V-positive cells, represented as mean +/- standard
deviation (n = 3). (C) Impact of I-73, D10-81 and Y3-21 in dose range (0.01, 0.1 or 0.316 uM) on the
inhibition of anti-apoptotic factors and the induction of DNA damage in representative Hs578T,
BT549 and SKBRY cells, 48 hours post-treatment.
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CDK®9 inhibitors rapidly down-regulate MCL-1 accompanied by DNA damage
induction

Considering MCL1 expression was clearly down-regulated by the CDK9 inhibitors
and that the turnover of MCL1 protein occurs very rapidly, we therefore followed the
effect of CDK9 inhibitors D10-81, Y3-21 and I-73 on MCL1 expression in TNBC cells
over a time period of 48 hours. After 4-8 hours, all three CDK9 inhibitors down-
regulated MCL1 protein levels, with Y3-21 and D10-81 being most effective in the
three TNBC cell lines evaluated. The CDK9 inhibitors also induced a concomitant
increase in YH2AX (S139) levels, coinciding with MCL1 depletion (Figure 5A-C). The
effect on MCL1 down-regulation was partly reflected by reduction in RNAPII CTD
phosphorylation (Ser2/5), although full depletion of RNAPII levels and
phosphorylation were only noted after 24 hours (Figure 5A-C). The rapid degradation
of MCL1 was mediated through a ubiquitin-mediated proteasomal manner, since pre-
treatment for 2 hours with an inhibitor of the proteosomal machinery, MG-132,
rescued the loss of MCL1 protein induced by all three CDK?9 inhibitors (Figure 5D).
Hence, targeting CDK9 leads to a rapid depletion of anti-apoptotic MCL1 levels in
TNBC cells through the proteasomal pathway and is accompanied by activation of

the DNA damage response.
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Figure 5. Kinetics of P-TEFb complex inhibition, MCL-1 degradation, and induction of DNA
damage in TNBC cells. Effect of D10-81 (A), Y3-31 (B) and 1-73 (C) on CDK9-mediated RNAPII
phosphorylation, MCL-1 levels and DNA damage marker y-H2AX (S139) in a time course in
representative Hs578T, BT549 and SKBRY7 cells. Cells were treated with vehicle control (DMSO) or

inhibitor (0.316uM) for the indicated duration.

(D) Proteasome dependence of CDK inhibitor-

mediated MCL1 depletion in TNBC cell lines Hs578T, BT549 and SKBR?7. Cells were pre-treated
with proteasome inhibitor (MG-132; 10uM) for 2 hours before being treated with vehicle (DMSO) or
I-73, D10-81 or Y3-21 (0.316uM) for 6 hours.
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CDK9 inhibition leads to transcriptional reprogramming of multiple oncogenic
signalling pathways in TNBC cells

Since the P-TEFb complex controls transcription, we anticipated that
pharmacological targeting of CDK9 would drastically affect the transcriptional
programme in TNBC. We systemically compared the transcriptome by RNA-
sequencing of Hs578T cells treated for 6 hours with the CDK9 inhibitors D10-81 (0.1
pM), Y3-21 (0.1 uM) or I-73 (0.316 pM). We identified 3631 genes that were
commonly affected by the three CDK9 inhibitors, of which 86% (3137 genes) were
down-regulated (Log2 Fold Change (FC) < -1.0) and 14% (494 genes) up-regulated
(Log2 FC = 1.0) post-treatment (Figure 6A). These inhibitors altered the
transcriptomic profile of Hs578T cells to similar degrees, suggesting a high-degree of
target specificity and biological mode-of-action (Figure 6B). Ingenuity Pathway
Analysis (IPA) analysis revealed the top 20 canonical pathways (Supplementary
S4A) and the top 20 biological function networks (Supplementary Figure S4B) that
were most significantly disturbed by these CDK9 inhibitors. Gene Set Enrichment
Analysis (GSEA) of the pathways indicated that genes commonly down-regulated by
D10-81, 1-73 and Y3-21 were enriched for multiple oncogenic machineries
(Supplementary Figure S5), including adipogenesis, TGF-f signalling, Wnt/B-catenin
signalling, stem cell pluripotency, G1/S checkpoint regulation, EMT, and BMP
signalling (Figure 6C), amongst others (Supplementary Figure S4A). Notably, the
inhibitors massively suppressed expression of genes involved in gene transcription
(Figure 6D, Supplementary Figure S4B), further suggesting that TNBC cells depend
on transcriptional CDK9 function. Moreover, activation of the DNA damage response,
apoptosis, and necrosis was predicted (Supplementary Figure S4B), consistent with

disruption of the pro/anti-apoptotic equilibrium and induction of DNA damage
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(yH2AX), as demonstrated (Figure 4C). Of the 3137 commonly down-regulated
genes, multiple anti-apoptotic BCL2 family members, such as BCL2, BCL2L11,
BCL2L15 and MCL1, as well as the apoptosis inhibitor XIAP, were significantly down-
regulated in Hs578T cells after treatment with the inhibitors (Figure 6E). MCL1
transcripts were most profoundly affected, being decreased at least 8-fold, compared
to control conditions (Figure 6E). Thus, whilst D10-81, I-73 and Y3-21 enhance the
proteasome-mediated degradation of MCL1, they also prevent the transcription of
MCL1 and other vital pro-survival genes. Downstream effect analysis also predicted
strong suppression of cell cycle progression as a consequence of the sensitivity to
D10-81, I-73 and Y3-21 (Figure 6C, Supplementary Figure S4B). A number of key
G1/S checkpoint regulators, including cyclin E (CCNE1, CCNE2) and E2F family
members (E2F2, E2F3, E2F5, E2F6), and genes in G2/M DNA damage checkpoint
regulation, including ABL1, MDM2, WEE1, were suppressed by D10-81, I-73 and
Y3-21 (Figure 6F). Given the DNA damage activation and pro-survival
downregulation in TNBC cells, we further validated the impact of the inhibitors on cell
cycle progression in Hs578T cells, revealing a significant accumulation of cells in G2/
M phase, accompanied by significantly reduced numbers of cells in S phase after 48

hour exposure to I-73 and D10-81 at 0.316 uM (Figure 6G).

Since D10-81, I-73 and Y3-21 predominantly affected TGF-B, Wnt/B-catenin, and
BMP signalling (Supplementary Figure S5), we scrutinised the down-regulated
transcripts involved in these pathways and identified a group of genes whose
expression was particularly susceptible to CDK9 inhibition (Figure 6H). SMAD family
members (including SMAD1, SMAD4, SMAD5, SMAD6 and SMAD9), which act as

signal transducers and transcription factors for the TGF-f8 pathway38, were the core
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genes most potently down-regulated. Additionally, given that TGF-3, Wnt/3-catenin,
and BMP signalling are strongly linked to the migratory and invasive ability of cancer
cells, we hypothesised that their downregulation by the CDK9 inhibitors may obstruct
TNBC cell migration. Low doses of D10-81, I-73 and Y3-21 (i.e. 0.01 yM), which
neither inhibited proliferation nor induced appreciable apoptosis or cell cycle arrest,
led to a significant reduction in the migratory ability of Hs578T cells (Figure 6l1). The
results above demonstrate that targeting CDK9 exerts inhibitory effects on
transcription factor function in TNBC cells, leading to reduced levels of pro-survival
transcripts (e.g. MCL1 and BCL-xL) whilst also downregulating TGF-§, Wnt/B-catenin

and BMP signalling, likely resulting in reduced migratory and proliferative capacity.

CDK inhibitors prevent the expression of a selection of transcription factors essential
for the proliferation of TNBC cells

It has been shown that inhibition of transcriptional CDKs results in collapse of super-
enhancer-driven oncogenic transcriptional programmes and subsequent cancer cell
death due to loss of transcription factors (e.g. MYC, SOX9, EGFR, STAT) and other
short-lived transcripts (e.g. MCL1) crucial for maintenance of cellular
viability14.16,18,39.40 Qur results showed that D10-81, I-73 and Y3-21 altered the
transcriptomic profile of Hs578T cells, affecting the expression of 565 transcription-
regulatory genes, of which 543 genes (96%) were markedly down-regulated (Figure
6D). We therefore sought to investigate whether down-regulation of these
transcriptional regulators was detrimental to TNBC cell survival and thereby identify
genes whose suppression is, at least in part, responsible for the anti-proliferative
effects elicited by P-TEFb inhibition. Of the down-regulated 543 transcriptional

regulators, the top 80 genes most sensitive to down-regulation by the CDK9
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Figure 6. CDK9 inhibitors induce transcriptome reprogramming and disruption of
oncogenic canonical pathways in TNBC cells. (A) RNA-Seq transcriptome profiling of 494 up-
and 3137 down-regulated genes commonly affected by CDK9 inhibitors in TNBC Hs578T cells.
Cells were treated with D10-81 (0.1uM), I-73 (0.316uM) or Y3-21 (0.1uM) for 6 hours. Gene
expression levels were presented as Log2 Fold Change (Log2 FC), by normalising treatment
condition to vehicle control DMSO. A cut-off of Log2 FC = +£1.0 (i.e. FC = 2.0) was used to select
significantly up- (Log2 FC = 1.0) and down-regulated (Log2 FC < -1.0) genes. (B). Heatmap-
based representation of the differentially expressed genes regulated by CDK9 inhibitors. (C)
Ingenuity Pathway Analysis (IPA) of 494 up- and 3137 down-regulated transcripts revealed
significant enrichment of multiple pro-oncogenic signalling pathways (in —log p-value). (D).
Significant inactivation of gene expression programs by CDK9 inhibition (in Z score). (E).
Downregulation of BCL2 pro-survival members and |AP factor XIAP by CDK9 inhibitors. (F)
Genes in G1/S and G2/M cell cycle checkpoints targeted by CDK9 inhibitors. (G) Induction of
cell cycle G2/M arrest in Hs578T cells by CDKO inhibitors. Cells were exposed to I-73 or D11-81
(0.1 or 0.316 puM) for 48 hours. Mean + standard deviation (n = 3). Two-way ANOVA with Tukey’s
multiple comparison test; **** p < 0.0001. (H) Genes involved in BMP, TGF-3 and Wnt/B-catenin
signalling targeted by CDK9 inhibitors. (I) Impact of sub-lethal doses of CDK9 inhibitors D10-81,
I-73 and Y3-21 on inhibition of cell migration of Hs578T cells. Cells were traced during 16 hours
of exposure. Average migration speed was presented as mean + standard deviation (n = 2). ****
P < 0.0001. * P < 0.0191 (significant if P < 0.05)
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inhibitors (Log2 FC < -3.0 under D10-81 treatment) compared to DMSO control
(Figure 7A) were silenced using siRNA transfection in Hs578T and BT549 cells
(Figure 7B). An inhibitory effect of silencing on proliferation was observed for a
number of genes, whose knockdown significantly inhibited proliferation (FC = 1.5) in
both Hs578T and BT549 cells. Silencing of PLAG1, SERTAD3, RARA, PAX®,
NR2C2, SALL1 and EN1 reduced proliferation by at least 50% compared to control
conditions (Figure 7B, Supplementary Figure S6A-B). Additionally, differential
proliferative responses after gene silencing were observed; Hs578T cells being more
sensitive to NRIP1 silencing, whilst BT549 cells being more sensitive to IRF2BP1
silencing (Figure 7B). Subsequent deconvolution screening with either pooled
siRNAs or constituent single siRNAs confirmed the silencing effect of a number of
transcription factors, including RARA, EN1, GATA2, SOX9, PLAG1, PAX9, and
NR2C2, whose knockdown (minimum 2 out of 4 single siRNAs) reduced cell
proliferation by >50% in Hs578T (Figure 7C) and BT549 cells (Supplementary Figure

S6C).

Having identified a number of transcription regulators critical for the proliferation of
two TNBC cell lines, we then investigated the expression of these factors in 1881
breast tumours (stratified according to PAM50 subtypes#!) by virtue of the gene
expression-based outcome for breast cancer online (GOBO) dataset*? to identify
factors specifically enriched in TNBC tumours. The expression of the transcription
factors EN1, SOX9 and PLAG1 was significantly higher in basal-like breast tumours,
compared to the other intrinsic breast tumour subtypes (Supplementary Figure S6D).
Particularly, EN1, SOX9 and PLAG1 were expressed at significantly higher levels in

ER- breast tumours compared to ER+ breast tumours, suggesting these transcription

166



factors represent TNBC-specific dependencies (Figure 7D). Indeed, silencing of
these putative TNBC-specific transcription factors SOX9, EN1 and PLAG1 also
significantly reduced the proliferation of two other TNBC cell lines, SKBR7 and
SUM149PT (Figure 7E; p < 0.0001), indicative of the essential roles of these

transcription factors in promoting proliferation of TNBC cells.

167



120

top 80 - -3
s L Mock
transcription regulators siRNA e ®e
GTF3C4 — 100 e °
2 ARID1A 5 e ®®Q siCtrl
Eor 2 T g ey
< TBX3 8 S & %,
ZNF24 - H ELRLEE R TR R R PPy S P PP :..‘ L @ e
ZNF148 S 60 A NRIPT™ 0% FoLis
© ZNF217 SERTAD3
SP1 R o BN
3
< NRZC2 ®GRIA2 e
< S w0 PLAGI® NRCS &
3 RARA® SALL1e:
N 8, PAXQ® IFZEFZBP1
Common hits 3
§
2 0 T T T T T 1
g 0 20 40 60 80 100 120
a NR2C2 €— Hs578T (% proliferation)
o~
120 . .
g C 1 SIRARA SIPLAG1
IRF2BP1 s

Hs578T (% proliferation)

siSALL1

whxk
knk

R e

D EN1 (p=0.00001) SOX9 (p=1e-05) PLAG1 (p=0.00652)
395 1225 395 1225 395 1225
S 6 - 0 £ = 4 - =
@ 4 . 1 21 ' 2 ! |
il | 08 B || B =8
HOXC11 S0 = |2 ! .
SR A S N NI
=2} s € L4
R S ! bl N g I
ER-  ER+ ER-  ER+ ER-  ER+
9 <€ 12
HOXD13 E S, og
SALL1T <€— 2 = Mok
T 80 B siCtrl
£ 60 B SiKIF 11
S =35iSOX9
™ & =ISENT
= siPLAGH
,_\‘ Q\Q sl

Y3-21
o8

SUM149PT

DMSO
D10-81

Bt549 SKBR7
Figure 7. Targeting CDK9 down-regulates a selection of transcription factors essential for the
proliferation of TNBC cells. (A). Expression of the top 80 transcription regulators (among the 543
genes, Figure 6D) most strongly down-regulated by CDK9 inhibitors D10-81 (0.1 uM), 1-73 (0.316 uM)
and Y3-21 (0.1 pM), compared to control condition DMSO, shown as Log 2 expression levels. (B)
siRNA screening of the 80 transcription regulators essential for the proliferation of Hs578T and BT549
TNBC cells. Results shown as % proliferation relative to negative siRNA control (siCtrl, a pool of
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negligible effect on gene expression as determined by RNA seq; data not shown). Mock, no siRNA
transfection. Fold change (FC) 1.5, proliferation reduced to 66.6%, compared to siCtrl. (C). Validation of
transcription factors controlling proliferation in Hs578T cells. Cells were transfected with pooled and 4
individual siRNA sequences for 96 hours. Genes whose silencing reduced proliferation by >50%
compared to control, and for which at least 2 out of 4 single siRNAs elicited the same effect, were
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DISCUSSION

Inhibition of transcriptional CDKs has become an attractive therapeutic strategy by
which the dependence of various cancers on aberrant transcriptional programs can
be exploited. The evidence presented here demonstrates that CDK9 and its P-TEFb
complex-associated targets RNAPII, MYC and MCL1 are highly expressed in patient
TNBC tumours. Importantly, TNBC cells are exceptionally sensitive to disruption of P-
TEFb/CDK9-regulated transcriptional machinery by CDK9 inhibitors. Interestingly,
TNBC cells showed greater sensitivity to inhibitors of transcriptional regulatory CDKs
such as CDK7 or CDK9, compared to those targeting cell cycle regulatory CDKs
such as CDK4/6, consistent with recently published results which indicate that
androgen receptor-positive TNBC exhibits unique sensitivity to CDK4/6 inhibitors30.
This is the first demonstration of the efficacy of the CDK9 inhibitor I-73 and the novel
analogues D10-81, Y3-21, D11-36, D11-69, and Y3-29 against triple-negative breast

cancer cells.

Cancer cells are notoriously dependent on a delicate equilibrium regarding pro- and
anti-apoptotic factors; high-levels of pro-survival MCL1, BCL2 and survivin are
necessary to maintain enhanced proliferative capacity and to prevent apoptosis
induced by external stresses such as anti-cancer drugs3543-45, MCL1 antagonises the
action of pro-apoptotic BCL-2 family members by sequestering BIM, thereby
preventing BAX/BAK activation and the subsequent collapse of mitochondrial
membrane integrity46. MCL1 in particular, as both an mRNA transcript and protein,
has a remarkably short half-life and rapid turn-over rateé. As such, the function of
MCL1 is highly sensitive to interference with the transcriptional machinery?47.  We

demonstrate here that CDK9 inhibitors D10-81, Y3-21 and I|-73 potently induced
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apoptosis in different TNBC cell lines, accompanied by depletion of anti-apoptotic
factors. These inhibitors prevent transcription of MCL1 mRNA, inducing rapid
proteasome-dependent degradation of MCL1 protein. However, whilst MCL1
inhibitors have shown effective activity against other cancer cell types4® we were
unable to demonstrate an effect of MCL1 inhibitors in our TNBC cells (data not
shown). Likely, MCL1 inhibition is not sufficient in itself to promote TNBC cell death
and it is the coordinated loss of a large panel of cyto-protective genes that promotes

TNBC cell demise.

The use of transcriptional CDK inhibitors has previously identified groups of
transcription factors whose expression is regulated by super-enhancers and which
drive oncogenic transcriptional programmes in multiple cancers, including TNBC, to
maintain a malignant cell state4.16.18.39.40, The expression of these transcription
factors is exquisitely sensitive to functional perturbations of transcriptional CDKs, due
to the association of P-TEFb with super-enhancers and the dependence of these
regions on P-TEFb function to maintain high levels of oncogenic super-enhancer-
driven transcription'4.16,183940, Probing the many transcription factors whose
expression was inhibited by D10-81, I-73 and Y3-21, revealed a group of
transcription factors, including RARA, EN1, GATA2, SOX9, PLAG1, SALL1, PAX9
and NR2C2, whose silencing was detrimental to TNBC cell proliferation. EN1, SOX9
and PLAG1 were significantly highly expressed in basal-like and ER- breast tumours.
Moreover, EN1 and SOX9 have previously been identified as super-enhancer-related
transcription factors in BT549 cells and their expression is also highly sensitive to
CDK?7 inhibitor THZ118. EN1 has also been identified as an essential pro-survival

transcription factor in basal-like breast cancer, its overexpression promoting
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resistance to taxol and rotenone4. Consistently, EN1 also protects murine
dopaminergic neurons from apoptotic insults in the form of mitochondrial complex |
inhibitor MPTP, by enhancing the translation of respiratory complex | subunit
Ndufs1%0. Thus, given that Ndufs1 is an EN1 target gene and that its caspase 3-
mediated cleavage is a pivotal step in the loss of mitochondrial membrane integrity
during the apoptotic cascade, elucidating if or how EN1 overexpression protects
TNBC cells from apoptosis will shed light on its function in this context5!. SOX9 is
known to regulate activation of Wnt/B-catenin signalling in prostate cancer by up-
regulating FZD and LRP family members®2. SOX9 is highly expressed in TNBC
tumours and is an essential regulator of migration, invasion and proliferation in
multiple tumours®3. SOX9 is also a putative cancer stem cell marker and determines
the plasticity of cancer cells via an epigenetic switch which allows SOX9 to up-
regulate EMT-promoting transcription factors such as SLUGS33-%6, Evaluating the
efficacy of the inhibitors tested here against breast cancer stem cell (BCSC)-enriched
populations would therefore be prudent. PLAG1 is a proto-oncogene, the
overexpression of which is linked to hepatoblastomas, lipoblastomas and adenomas
of the salivary glands57-59, Ectopic overexpression of PLAG1 leads to uncontrolled
proliferation via IGF-2 and it is also known to interact with oncogenic fusion protein
CBFB-MYH11 in myeloid leukaemia to promote leukaemogenesis®. Other
documented downstream targets of PLAG1 include BCL-2, BPGF-1, CRABP-II and
PIGFé&1. Although there is a lack of information regarding the role of PLAG1 in TNBC,
we show that PLAG1 knockdown reduced the proliferation of multiple TNBC cells,
warranting further assessment of its role in their maintenance. It will be essential to
further assess whether these transcription factors critical for TNBC cell survival are

associated with super-enhancer function and whether targeting CDK9 using inhibitors
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I-73, D10-81 and Y3-21 preferentially affects binding of components of the
transcriptional apparatus (e.g. BRD4) to the promoters of super-enhancer-associated
genes.

Altogether, our results identify targeting the P-TEFb complex via CDK9 inhibition as a
potential addition to a rapidly growing arsenal of targeted therapies against TNBC.
Whilst the relationship between target specificity and anti-TNBC effects necessitates
extensive further investigation, the identification of prospective TNBC-specific
transcription factor dependencies which are indirectly targeted by P-TEFb/CDK9
inhibition, exemplifies the potential utility of such an approach in TNBC, but also in
other malignancies which may be addicted to aberrant transcriptional programs.
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Supplementary Figure S1. Preferential sensitivity of TNBC cell lines to CDK inhibitors
targeting CDK9 compared with CDK4/6-specific inhibitors. S1A. Heatmap showing the
proliferation inhibitory concentrations (IC50s) of commercially available (THZ1) and clinically-
approved or clinically-tested (abemaciclib, palbociclib, dinaciclib, flavopiridol, P276-00,
roscovitine) CDK inhibitors in 18 TNBC cell lines. IC50s were calculated by GraphPad Prism,
using nonlinear regression fitting. Areas in white: no inhibition of proliferation below 50% of
control, meaning that IC50 cannot be calculated. S1B. Impact of CDK4/6-specific inhibitors
(abemaciclib and palbociclib) and a pan-CDK inhibitor (flavopiridol) on proliferation and
apoptosis induction in Hs578T cells. Data shown as % proliferation normalised to DMSO
control (calculated as previously described) and % annexin-V-positive cells (for derivation see
materials & methods). Data represented as mean +/- standard deviation (n = 2).
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Supplementary Figure S2. Western blot analysis of the protein expression of
P-TEFb complex members and downstream target genes (MCL-1 and MYC) in
TNBC cell lines representative of four TNBC molecular subtypes. M:
Mesenchymal. MSL: Mesenchymal stem-like. BL1: Basal-like 1. BL2: Basal-like
2. Cell lines were grown in 6-well plates for 24 hours before being lysed and
subjected to immunoblotting.
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Supplementary Figure S3. Concurrent proliferation inhibition and apoptosis induction
by CDKO9 inhibitors in TNBC cells. Effect of I-73, D10-81 and Y3-21 on apoptosis induction in
the representative Hs578T, MDA-MB-231, HCC1806 and HCC38 TNBC cells 72 hours post-
exposure to inhibitor. Percentage of Annexin-V+ apoptotic cells was calculated using Cell
Profiler software (see materials and methods). Data represented as mean +/- standard
deviation (n = 2). Proliferation 96h post treatment normalised to DMSO control as described

previously.
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Supplementary Figure S4. CDK9 inhibitors distort the transcriptomic profile of TNBC
cells. Top 20 canonical pathways (S4A) and top 20 biological function networks (S4B)
significantly disrupted by CDK9 inhibition in Hs578T cells post-exposure to CDK9 inhibitors

D10-81, I-73 and Y3-21.
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Supplementary Figure S5. Massive disruption of molecular mechanisms of cancer by
CDKO inhibitors. Effect was shown for the CDK9 inhibitor D10-81 representatively.
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Supplementary Figure S6. CDK9 inhibitors D10-81, Y3-21 and I-73 suppress
transcription factors essential for the proliferation of TNBC cells. S6A-B. Results of
primary screen of CDK inhibitor-sensitive transcription factor silencing in Hs578T and BT549
cells. Genes whose silencing reduced the proliferation by = 50% compared to negative siRNA
control (siCtrl) are shown. Data are shown as % proliferation normalised to control (siKpool).
Positive siRNA controls are shown in red (siKIF11 and siFRAP1). S6C. Results of
deconvolution validation of transcription factors in BT549 cells. Genes for which transfection
with 2 or more single siRNA sequences reduced proliferation by = 50% were considered as
validated hits. Results shown as % proliferation normalised to siCtrl. S6D. Expression of the
transcription factors EN1, SOX9 and PLAG1 in the basal-like subtype, across breast cancer
intrinsic subtypes (data derived from GOBO).
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ABSTRACT

There is a lack of effective targeted therapies against triple negative breast cancer
(TNBC). Despite expressing EGFR, TNBC is generally resistant to EGFR-tyrosine
kinase inhibitors (EGFR-TKIs). Increasing evidence suggests multiple cancers
depend upon aberrant transcriptional programs controlled by the positive
transcription elongation factor b (P-TEFb) complex. Consequently, we explored the
sensitivity of TNBC cells to disruption of P-TEFb-mediated transcriptional regulation
and its potential to overcome resistance to EGFR-TKIs. Here we show that
combining CDK9 inhibitors 1-73 and Y3-21 with EGFR-TKIs lapatinib and gefitinib,
abolishes the resistance of TNBC cells to these agents. Co-treatment resulted in
strong anti-proliferative synergistic responses associated with cell cycle arrest,
depletion of anti-apoptotic protein MCL-1, and induction of apoptosis. Transcriptomic
profiling revealed that targeting EGFR and CDK9 simultaneously, potentiated the
inhibitory effect of CDK9 inhibition on gene expression, down-regulating genes linked
to stem cell pluripotency, TGF- signalling, and cell cycle progression, whilst blocking
growth factor-mediated networks such as downstream MAPK/MEK signalling. Co-
inhibition of EGFR and CDK9 signalling preferentially obstructed the function of
multiple transcription factors, the expression of a number of which was associated
with a significantly shorter metastasis-free survival in TNBC patients. In summary,
interruption of P-TEFb/CDK9-mediated transcription abrogates the resistance of
TNBC cells to EGFR inhibition, thereby preventing TNBC cell proliferation,
emphasising the potential of combining such targeted therapies in treating drug-

resistant TNBC.
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INTRODUCTION

Triple-negative breast cancer (TNBC) is a virulent form of breast cancer associated
with a dismal prognosis and metastatic propensity when compared to hormone
receptor- and HER2-positive breast cancer'-3. TNBC displays remarkable genetic
heterogeneity, precluding the identification of bona fide oncogenic drivers amenable
to pharmacological manipulation, thus preventing the development of effective
targeted therapies*7. However, emerging evidence suggests that targeting key
transcriptional regulators, such as positive transcription elongation factor b (P-TEFDb),
which act as downstream convergence points for signals transduced via receptor
tyrosine kinase (RTK)-mediated signalling, may represent a strategy to identify novel
therapies and synergistic combinations with enhanced efficacy for TNBC as well as
other cancers8®. P-TEFb is a complex composed of catalytic cyclin-dependent kinase
9 (CDK9) and its partner Cyclin T1 which phosphorylates the C-terminal domain
(CTD) of RNA Polymerase Il (RNAPIl) at Ser2 to allow productive mRNA
elongation'9-13, The activity of P-TEFb is partly controlled by bromodomain-
containing protein 4 (BRD4) which, in the presence of Hexim1, is essential for the
formation of the complex, its binding to the CTD of RNA Il and its activation, by
promoting the dissociation of negative transcription elongation factors such as 7SK

snRNA11.13,14,

Multiple research groups have elaborately investigated the potential of disrupting
CDK7 or P-TEFb/CDKS9 transcriptional function in various malignancies, including
ovarian cancer, neuroblastoma, acute myeloid leukaemia (AML) and T-cell
leukaemias®®-18. The identification of super-enhancer associated genes dependent
upon CDK7-mediated transcription in EGFR-tyrosine kinase inhibitor (EGFR-TKI)-

resistant TNBC cells by means of CRISPR-Cas screening suggested that RTK-
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targeted therapies could be augmented by combining them with inhibitors of
transcription'. Moreover, in response to RTK-targeted therapies, cancers are
capable of reprogramming their signalling circuitry to avoid RTK-targeted therapy-
induced apoptosis20.21. This results in the enhanced expression of alternative RTKs
which funnel growth factor-regulated signal transduction, thereby diminishing the
efficacy of RTK-targeted therapies which seek to exploit the addiction of cancer cells
to oncogenic growth factor-mediated signalling20.22, Recent data show that in TNBC
tumours treated with MEK1/2 inhibitor trametinib, disruption of P-TEFb function
mitigates this adaptive bypass mechanism®. By preventing enhancer remodelling-
mediated up-regulation of alternative RTKs FGFR2, PDGRB and DDR1, through
which MEK1/2 activation can continue unabated, an enhanced response to
trametinib was observed®. Also, preventing activation of P-TEFb by use of BRD4
inhibitor -BET151 profoundly suppressed TNBC xenograft growth, whilst silencing of
CDK®9 attenuated trametinib-mediated enhanced expression of DDR1 and PDGFRB
and downstream ERK1/2 activation in TNBC cell lines in vitro®. At the molecular level,
co-treatment with P-TEFb/CDK9 inhibitors or BRD4 inhibitors precluded recruitment
of RNAPII to active gene promoters involved in the up-regulation of PDGFR and

FGFR®.

Nonetheless, information on the effectiveness of combining EGFR-TKIs with agents
that disrupt P-TEFb/CDK9 function in EGFR-TKI-resistant TNBCs is unavailable.
EGFR overexpression and amplification, as well as reliance on EGFR-regulated
signal transduction are common in TNBC tumours and higher expression of EGFR
confers a poorer prognosis to patients23-28. Considering the aforementioned

extensive pre-clinical testing of BRD4 inhibitors in combination with RTK- and MEK-

186



targeted therapies, there is a clear justification for combined targeting of RTK-
mediated signaling and P-TEFb-regulated transcription in TNBC?29.30, Eradicating the
proclivity of drug-resistant TNBC cells for transcriptional plasticity in response to
targeted therapy, may enhance the response to RTK-targeted agents such as EGFR-

TKls which have yet to demonstrate appreciable clinical benefit in TNBC23.28.31,

Here we investigated the impact of combining EGFR-TKIs and P-TEFb/CDK9
inhibitors in a panel of TNBC cell lines, the majority of which are insensitive to EGFR-
TKIs™9. Our results demonstrate that combining potent P-TEFb/CDK9 inhibitors with
clinically approved EGFR-TKIs synergistically inhibits the proliferation of TNBC cells,
induces apoptosis, and down-regulates important components of the transcriptional

machinery critical to TNBC cell survival.

MATERIALS & METHODS

Cell Culture

TNBC cell lines used were representative for different TNBC subtypes32, including
basal-like 1 (BL1) HCC38, HCC1143, HCC1937 and MDA-MB-468; basal-like 2 (BL2)
HCC70, HCC1806 and SUM149PT,; mesenchymal (M) BT549 and Hs578T,
mesenchymal stem-like (MSL) MDA-MB-157, MDA-MB-231, MDA-MB-436 and
SUM159PT; Iluminal androgen receptor (LAR) MDA-MB-453; and unclassified
SKBR7, SUM52PE, SUM229PE and SUM1315MO2. All TNBC cell lines were
maintained in RPMI-1640 medium (Gibco, ThermoFisher Scientific) supplemented
with 10% FBS (Thermo Fisher Scientific; 10270106) and 25IU/ml Penicillin and
25ug/ml Streptomycin (ThermoFisher Scientific; 15070-063). Cells were cultured in a

humidified incubator at 37°C, 5% CO..
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Kinase inhibitor combination screen

CDK9 inhibitors 1-7333 and the new generation inhibitor Y3-21 were acquired from
the Centre for Drug Discovery and Development, University of South Australia. EGFR
inhibitors lapatinib (S1028) and gefitinib (S1025), and BRD4 inhibitor JQ1 (S7110)
were purchased from Selleckchem®. Cells were seeded at the appropriate densities
(90 pl/well) in 2x 96-w plates (for SRB; Greiner; 655162) and 2x 96-w uCLEAR plates
(for imaging; Greiner, 655090) and incubated overnight at 37°C, 5% CO.. Cells were
subsequently treated with a dose range of inhibitors (0.0316 uM — 3.16 uM), e.qg.
EGFR inhibitors lapatinib and gefitinib or BRD4 inhibitor JQ1, combined with two
single doses of I-73 (0.1 pyM or 0.316 yM) or Y3-21 (0.0316 pM or 0.1 uM). Cells
were subsequently incubated at 37°C, 5% CO- for 96 hours, followed by proliferation

assay.

Automated imaging of apoptosis

72 hours post-exposure to inhibitors and prior to sulphorhodamine B proliferation
assay, cells were stained with 1:1000 Annexin-V (0.9 mg/ml) and 1:10,000 Hoechst
33258 (2 mg/ml) for 45 minutes at 37°C, 5% COs.. Cells were subsequently imaged
using BD Pathway 855 microscope (BD Biosciences). An image analysis pipeline
was created in Cell Profiler involving segmentation based on Hoechst 33258 staining
to identify the primary cell objects followed by secondary Annexin V-positive objects.
Annexin V-positive cells were defined based on an intensity threshold. This threshold
was set based on the negative (DMSO) and positive (doxorubicin) controls. For each
image the sum of all nuclei and the sum of the Annexin V-positive cells was

determined followed by calculation of the percentage of Annexin V-positive cells.
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Sulphorhodamine B (SRB) proliferation assay
SRB Assay was performed as previously described after 96 hours’ exposure to

indicated inhibitors34.35,

Western blotting

Cell lysates were harvested in RIPA lysis buffer with 1:100 protease inhibitor cocktail
(Sigma; P8340). Cellular proteins were denatured in sample buffer containing 10% $-
mercaptoethanol (Acros Organics 125472500). Equal amounts of proteins were
subsequently loaded into polyacrylamide gels (7.5-15% depending on desired
resolution), resolved using SDS-PAGE and subsequently transferred to PVDF
membranes (Merck Chemicals; IPVH00010) overnight. PVDF membranes were then
blocked with 5% bovine serum albumin (Sigma Aldrich A9647) in Tris-buffered saline
containing 0.05% Tween20 and incubated overnight with the appropriate primary
antibodies: phospho-CDK9 (T186; CST 2549), CDK9 (CST 2316), phospho-RNAPII
(S2/5; CST 4735), RNAPII (CST 2629), BRD4 (Bethyl Laboratories A301-985A-M),
BCL-xL (CST 2764), MCL1 (CST 5453), y-H2AX (S139; CST 2577) and tubulin

(Sigma Aldrich T-9026).

Cell cycle analysis

Cells were seeded in 6-well plates at the appropriate density. The following day cells
were treated with drugs for 48 hours. Detached cells and attached cells were
collected during trypsinisation and collected through centrifugation (1000 rpm, 5
minutes, 4°C). Pelleted cells were re-suspended in 200 pl ice-cold 1 mM EDTA in
PBS and fixed by adding 800 ul ice-cold 100% ethanol (-20°C). Cells were washed

by two wash steps in PBS (1000 rpm, 5 minutes, room temperature) and pellet was
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re-suspended in 250 ul of 3 uM DAPI (Sigma Aldrich, 10236276001) in staining buffer
(100 puM Tris pH 7.4, 150 mM NaCl, 1 mM CaClz and 0.5 mM MgCl.). After 15
minutes cells were filtered through 70 um EASYstrainer filters followed by FACS

Conto Il analysis (BD Biosciences). Data were analysed using FlowJo V10.

RNA-sequencing

Hs578T cells were seeded into 6-well plates, in triplicate, at the appropriate density
and allowed to attach overnight at 37°C, 5% CO.. Lapatinib and I-73 solutions were
prepared at 3.16 uyM and 0.1 uM, respectively and cells were treated with each
inhibitor separately or in combination, or DMSO as control for 6 hours. RNA was
subsequently extracted using RNeasy Plus Mini Kit (QIAGEN 74136) according to
the manufacturer’s instructions and stored at -80°C. Transcriptome RNA-Sequencing
(RNA-Seq) was performed using lllumina high-throughput RNA sequencing. DNA
libraries were prepared from the samples with the TruSeq Stranded mRNA Library
Prep Kit. The DNA libraries were sequenced according to the lllumina TruSeq v3
protocol on an lllumina HiSeq2500 sequencer. Paired-end reads were generated of
100 base-pairs in length. Alignment was performed using the STAR aligner (version
2.4.2a) against the human GRCh38 reference genome. Marking duplicates, sorting
and indexing were performed using Sambamba (version 0.6.6). Gene expression
was quantified using the FeatureCounts software (version 1.4.6) based on the
ENSEMBL gene annotation for GRCH38 (release 84). RNA-Seq data were
normalised by TMM using EdgeR’s normalisation-factor, followed by quantile
normalisation and presented in Log2 fold change (Log2 FC) scales3. Genes with
significant down- or up-regulation (Log2 FC 2 |0.68|) under indicated conditions were

analysed by web-based functional analysis tool Ingenuity Pathway Analysis (IPA).
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Clinical evaluation of candidate genes

The clinical relevance of synergy-related genes identified by transcriptomic profiling
was evaluated using in-house and publicly available gene expression data of lymph
node-negative (LNN) primary breast cancer patients who did not receive adjuvant or
neo-adjuvant systemic therapy, as well as available metastasis-free survival (MFS)
data, thereby generating a cohort of 867 patients. 625 of these were ER+, whilst 242
were ER-. Of the 242 ER-patients, 142 were classified as TNBC. Data were gathered

from Gene Expression Omnibus (http://www.ncbi.nlm.nih,gov/geo/) entries GSE2034,

GSE5327, GSE2990, GE7390 and GSE11121, with all data available on Affymetrix
U133A chip. Raw.cel files were processed using fRMA parameters (median polish)

after which batch effects were corrected using ComBat?37.38,

Data analysis & statistics

50% proliferation inhibition (IC50) values were derived from GraphPad Prism 7.0
using nonlinear regression fitting. The synergistic effect of drug combinations was
analysed by combination index calculations (CI)3%-41, using the formula “Cl = D1/D1x
+ D2/D2x, in which D1 and D2 are the respective combination doses of drug 1 and
drug 2 that yield an effect of 50% of proliferation inhibition, and D1x and D2x are the
corresponding single doses for drug 1 and drug 2 that result in 50% of proliferation
inhibition (i.e. 1C50). Two-way ANOVA with Tukey’s multiple comparison test was
used to assess impact of drug treatment on cell cycle distribution. P-values < 0.05

were considered statistically significant.
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RESULTS

Co-targeting CDK9 and BRD4 synergistically inhibits proliferation and blocks P-
TEFb-mediated signal transduction in TNBC cells

Since BRD4, is a positive regulator of P-TEFb', firstly we examined the expression
of BRD family members in 116 TNBC patient tumours using available TCGA datasets
(Supplementary Figure S1A). BRD2 and BRD4 were particularly highly expressed
across all TNBC tumours analysed. To evaluate the utility and validity of our TNBC
cell line panel, we compared the expression of BRD members in 20 in-house TNBC
cell lines (Supplementary Figure S1B). The expression of BRD members in the cell
line panel was largely comparable with their expression in the tumours, suggesting
that the cell lines are useful models for testing sensitivity to BET inhibitors. Again,
BRD2 and BRD4 were amongst the most highly expressed BRD members in the

TNBC cell lines.

We have previously demonstrated that TNBC cells are vulnerable to disruption of P-
TEFb-mediated transcriptional regulation by inhibiting CDK9 kinase activity. We
therefore sought to address whether TNBC cells are also sensitive to inhibition of
BRD4, the recruiter of the P-TEFb complex. To this end, 18 TNBC cell lines were
treated with BRD4 inhibitor JQ1 for 96 hours at concentrations ranging from
0.0316-3.16 uM. An overwhelmingly refractory response to JQ1 was observed in the
cell line panel (Figure 1A-B), except cell lines MDA-MB-231, MDA-MB-453 and
SUM149PT, which were sensitive to JQ1 at doses lower than 1 pM. Next, to
determine whether blocking P-TEFb function via CDK9 inhibition could sensitise
TNBC cells to BRD4 inhibition by JQ1, the same panel of TNBC cell lines were

treated with the same dose range of JQ1 combined with previously tested potent
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Figure 1. CDK9 inhibitors I-73 and Y3-21 synergise with BRD4 inhibitor JQ1 in TNBC cells. A.
Anti-proliferative effect of combining JQ1 in a concentration range with 1-73 (0.1 or 0.316uM) in a
panel of TNBC cell lines. B. Anti-proliferative effect of combining JQ1 in concentration range with
Y3-21 (0.0316 or 0.1uM) in a panel of TNBC cell lines. Proliferation was evaluated using SRB
assay after 4 days’ treatment. Results shown as percentage proliferation normalised to DMSO
control. C. Combination index (Cl) assessment of the synergistic effect of JQ1 + |-73 and JQ1 +
Y3-21 on TNBC cell proliferation inhibition. The Cl values were presented in natural logarithm (Log
ClI). CI > 1, antagonism; Cl = 1, additivity; Cl < 1, synergy.
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CDK® inhibitors I-73 (0.1uM or 0.316 yM) and Y3-21 (0.0316uM or 0.1 uM). These
concentrations are ineffective or only slightly effective at inhibiting proliferation and P-
TEFb signalling transduction in TNBC cells. Striking synergy was observed between
JQ1 and I-73 (Figure 1A), as well as between JQ1 and Y3-21 (Figure 1B), as
exemplified by synergistic combination indices (Cl < 1.0) (Figure 1C), with superior
reductions in cell proliferation compared to either I-73, Y3-21 or JQ1 alone.
Furthermore, co-treatment with JQ1 (0.1 or 0.316 pM) and 1-73 (0.1 uM) abolished P-
TEFb-mediated phosphorylation of RNAPIl at Ser2 and Ser5, respectively, in
Hs578T, MDA-MB-157, HCC1143 and SUM149T cells (Figure 2A-D). RNAPII and the
positive regulator BRD4 were also depleted as a result of the combination.
Remarkably, CDK9 and BRD4 co-inhibition severely reduced levels of pro-survival
BCL-2 family proteins MCL-1 and BCL-xL, and increased levels of y-H2AX. These
results indicate that simultaneously targeting CDK9 and BRD4 using I-73 and JQ1 is
synergistic in TNBC cells, thereby eliminating P-TEFb/CDK9-mediated signal

transduction and inducing DNA damage, consequently leading to cell death.

Targeting CDK9 overcomes resistance to EGFR inhibition in TNBC cells

TNBC cell lines highly express the receptor tyrosine kinase EGFR but are generally
insensitive to EGFR-TKIs. Previously, we revealed that a dual cdc7/CDK9 inhibitor
(PHA-767491) sensitises TNBC cells to EGFR-TKIs. Given the impact of combined
P-TEFb and BET inhibition in TNBC, we further investigated whether [-73 would
sensitise TNBC cells to EGFR-TKIs lapatinib or gefitinib. Co-treatment of a panel of
EGFR-TKI-resistant TNBC cell lines with 1-73 (0.1 uM or 0.316 uM) or Y3-21 (0.0316
UM or 0.1 yM) in combination with either lapatinib (0.0316-3.16 uM) or gefitinib

(0.0316-3.16 pM) led to a remarkable reduction in cell proliferation 96 hours post-
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Figure 2. Synergistic effect of I1-73 and JQ1 on P-TEFb signalling and downstream targets.
Immunoblot-based analysis showing the impact of JQ1 and I-73 co-treatment on inhibition of P-
TEFb-mediated RNAPII Ser2/Ser5 phosphorylation, downregulation of the P-TEFb regulator BRD4,
suppression of anti-apoptotic BCL-xL and MCL-1, and induction of apoptotic phospho-y-H2AX in
Hs578T (A), MDA-MB-157 (B), SUM149PT (C) and HCC1143 (D) TNBC cells. Cells were treated
for 48 hours with I-73 (0.1uM), JQ1 (0.1 or 0.316uM) alone or combination as indicated. DMSO was
used as control. Tubulin was used as sample loading control.

tubulin

exposure, superior to either monotherapy (Figures 3A-B, Supplementary Figure S2).
Cl values well below 1.0 (Cl < 1) indicated that the interaction between the EGFR-
TKls and the CDK9 inhibitors was synergistic in nature (Figure 3C). The synergistic
effect of lapatinib and [-73 on proliferation inhibition was further validated in
representative TNBC cell lines Hs578T, BT549 and SKBR7, further confirming the
synergistic concentrations of [-73 (0.1-0.316 uM) (Figure 4A). Remarkably, co-
treatment with I-73 (0.1 uM) and lapatinib induced apoptosis to a greater extent than
lapatinib or I-73 alone in Hs578T, SUM149T, HCC1143, MDA-MB-436, MDA-MB-468
and MDA-MB-231 cells (Figure 4B). Immunoblot analysis revealed that apoptosis
induction by co-treatment with lapatinib and |-73 was preceded by inhibition of
RNAPII phosphorylation and subsequent depletion of MCL-1 (Figure 4C); I-73 at 0.1

UM only led to modest reduction in the levels of MCL-1 protein, but when combined
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Figure 3. CDKO9 inhibitor 1-73 reverses the resistance of TNBC cells to EGFR-tyrosine kinase
inhibitors. A. Effect of EGFR-TKI lapatinib (Lap) in concentration range combined with 1-73 (0.1
UM or 0.316 puM) on the proliferation of TNBC cell lines. B. Effect of EGFR-TKI gefitinib (Gef) in
concentration range combined with 1-73 (0.1 uM or 0.316 pM) on the proliferation of TNBC cell
lines. Data shown as percentage proliferation normalised to DMSO control. C. Synergistic Cl
evaluation of Lap + I-73 and Gef + |-73 combinations. Data shown as Log CI values. Cl > 1,
antagonism; Cl = 1, additivity; Cl < 1, synergy.
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Figure 4. Synergistic effect of 1-73 and lapatinib on P-TEFb signalling inhibition, cell cycle
G2/M arrest and apoptosis induction. A. Dose response matrix combination of I-73 and lapatinib
(Lap) in TNBC cell lines Hs578T, BT549 and SKBR7, Data shown as percentage proliferation
normalised to DMSO control. Representative of three independent experiments performed in
triplicate. B. |-73 and lapatinib combination induced apoptosis in TNBC cell lines Hs578T,
SUM149T, HCC1143, MDA-MB-436, MDA-MB-468 and MDA-MB-231. Cells were treated with
lapatinib, I-73, or a concentration range of lapatinib combined with I-73 at 0.1 yM for 72 hours.
Induction of apoptosis was measured by calculating the percentage Annexin V-positive cells
normalised to Hoechst-positive cells. Data shown as mean +/- standard deviation (n = 2). C. I-73
and lapatinib synergistic effect on inhibition of P-TEFb-mediated RNAPII phosphorylation and
down-regulation of anti-apoptotic protein MCL-1 in Hs578T, BT549 and SKBR7 TNBC cells. Cells
were harvested after 48 hours’ co-treatment with I-73 and lapatinib, as indicated. D. I-73 and
lapatinib co-treatment induced superior G2/M cell cycle arrest in Hs578T cells, compared to either
monotherapy. Data were shown as percentage cells per cell cycle phase (G2/M, S or G1)
normalized to DMSO control, and represented as mean +/- standard deviation (n = 4). Two-way
ANOVA with Tukey’s multiple comparison test; ****p < 0.0001. 197




with lapatinib MCL-1 was completely ablated in Hs578T and BT549 cells 48 hours
post-treatment. |-73 at 0.316 yM_drastically depleted MCL-1 levels in Hs578T, BT549
and SKBRY7 cells, this effect also_being enhanced upon addition of lapatinib at 3.16
puM. Consistent with the induction of apoptosis, the combination of lapatinib and 1-73
induced strong G2/M cell cycle arrest to a significantly greater extent than single
treatment with either lapatinib (3.16 uM) or I-73 (0.1 uM) (Figure 4D). In short, the
resistance of TNBC cells to EGFR-TKIs can be reversed by combining such agents

with CDKQ inhibitors, leading to apoptosis and cell cycle arrest.

Co-inhibition of EGFR and CDK9 profoundly alters gene transcription in TNBC cells

To illuminate the transcriptional changes associated with the CDK9 inhibition-
mediated reversal of intrinsic resistance to EGFR-TKIs in TNBC cells, we performed
RNA sequencing-based transcriptomic analysis of Hs578T TNBC cells treated for 6
hours with lapatinib (3.16 uM), I-73 (0.1 yM) and their combination, respectively. By
normalizing treatment conditions to control conditions, a cut-off of Log2 fold change
(Log2 FC) = +0.68 (FC = 1.5) was used to classify significantly differentially
expressed genes after treatment with monotherapies (I-73 at 0.1 uM or lapatinib at
3.16 uM) or combination. Comparing the ftranscripts which were differentially
expressed under co-treatment with those altered under single treatment with either
lapatinib (Lap + I-73 vs Lap, Log2 FC = +0.68) or I-73 (Lap + |-73 vs I-73, Log2 FC =
+0.68), identified a total of 2220 overlapping genes, 529 of which were up-regulated
and 1691 of which were down-regulated (Figure 5A). These 2220 genes were
selected as lapatinib and |-73 synergy-related genes. Ingenuity Pathway Analysis
(IPA)-based assessment of the synergy-related transcripts revealed an enrichment of

genes involved in mammalian embryonic stem cell pluripotency, TGF-8
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signalling, regulation of cell cycle progression, and JAK-STAT canonical signalling
pathways, amongst others, in the down-regulated set (Figure 5B). This set of genes
was mainly clustered in regulatory networks of gene transcription and expression as
well as protein ubiquitination (Figure 5C). Clearly, 1-73 strongly synergised with
lapatinib to target genes which were insensitive to EGFR inhibition alone, particularly
those involved in stem cell pluripotency (Figure 5D), G1/S checkpoint regulation
(Figure 5E), and TGF-B signalling (Figure 5F). For instance, the expression of
SMAD1, BMP4, TRAF6, ACVR2A and PITX2, which are crucial for Wnt/B-catenin-,
TGF-B- and BMP-mediated signal transduction as well as activation of downstream
JNK and p38-MAPK kinases4243, was inhibited by [|-73 and this effect was
augmented after combination with lapatinib (Figure S5F). Additionally, the I-73-
mediated inhibition of key regulators of mammalian embryonic stem cell pluripotency
associated with EMT (e.g. RARA)* and a chemo-resistant cancer stem cell
phenotype (KDM5B)45, was also enhanced by the addition of lapatinib (Figure 5D).
Similarly, co-treatment of Hs578T cells with I-73 and lapatinib potentiated the
inhibitory effect of I-73 on 293 transcription regulatory genes (Figure 6A). These
included ZNF, FOX, E2F and KLF transcription factor family members (Figure 6B).
Strikingly, the synergistic interaction of lapatinib and 1-73 potently blocked P-TEFb
transcriptional function by targeting genes involved in transcription initiation (Figure
6C), including E2F2, E2F3, and CDKO itself, as well as targets downstream of BRD4
(Figure 6D), such as BCL1L1, MCL1, CDC254. Thus, lapatinib potentiates the
inhibitory effects of 1-73 on transcriptional regulators, thereby shutting down
pathways critical for cancer cell survival and adaptation to targeted agents.

Furthermore, while lapatinib synergized with I-73 in gene expression regulation, their
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synergistic effect also resulted in suppression of multiple growth factor-mediated
networks, such as IGF, HGF, MBP and GDF, which guide alternative RTK-mediated
signal transduction (Supplementary Figure S3A), Of relevance, MEK signalling
downstream of RTKs was strongly attenuated (Supplementary Figure S3B), a
number of genes being vulnerable to the synergistic effect, including SPRY2, RND3,
and pro-survival BCL-2 members BCL2L1, BCL1L11 and MCL1. In particular, these
results are therefore relevant to circumstances where TNBC cells are addicted to
oncogenic growth factor- and RTK-mediated signalling and where TNBC cells are

resistant to MEK inhibition.

Transcriptional regulators sensitive to CDK9 and EGFR co-inhibition are associated
with poor prognosis in TNBC patients

Considering the profound inhibition of expression of transcriptional regulators after
co-treatment with 1-73 and lapatinib, we subsequently evaluated the association
between expression of these transcripts and metastasis-free survival (MFS) in a
cohort of 142 TNBC patients. Amongst 293 synergy-related transcriptional regulators,
high expression of 15 transcription factors, which were strongly down-regulated by
co-treatment with lapatinib and 1-73, was associated with a significantly poorer MFS
in this cohort (Figure 7A). These included TRIM13, KLF9, DACT1, KLF2, GTF2E1,
KLF6, PITX2, JMID1C, GATA2, RBM5, FOXO1, ZFP36, RRPB, PPM1D and
NOS1AP. Multiple Kruppel-like family (KLF) transcription factors were down-regulated
by co-treatment (Figure 6B), with high expression levels of KLF2, KLF6 and KLF9
being significantly correlated with a poor MFS in TNBC patients (Figure 7A).
Representative Kaplan-Meier (KM) survival curves for TRIM13, DACT1, KLF9, and

KLF6 are shown (Figure 7B). These data suggest that CDK9 and EGFR co-targeted
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Figure 5. I-73 and lapatinib co-treatment disrupts the transcriptomic profile of TNBC cells.
TNBC Hs578T cells were treated for 6 hours with Lap (3.16uM), 1-73 (0.1uM), combined Lap + |-73 at
the same doses, or DMSO as control, and harvested for RNA purification and RNA-Sequencing, Gene
expression levels were presented in Log2 fold change (Log2 FC) normalized to control DMSO. A.
Venn diagram and clustering of 529 up- and 1691 down-regulated genes in I-73 and lapatinib
combination. Expression levels of genes under Lap + |-73 combined treatment were compared to
those under single treatment Lap (Lap + I-73 vs Lap) or I-73 (Lap + I-73 vs |-73), Genes that
overlapped in both comparisons and which were significantly up- (Log2 FC = +0.68) or down-regulated
(Log2 FC =< -0.68), were selected as synergy-related genes. The differential expression signature is
shown in the heatmap. B. Top canonical pathways in which the Lap + I-73 synergy-regulated and
differentially expressed genes are enriched, revealed by Ingenuity Pathway Analysis® (IPA).
Significance was presented as —log p(value). C. Enrichment of Lap + |-73 synergy-related genes in top
biological functions. Inhibitory effect was presented as Z-score. D. Expression of Lap + I-73 synergy-
sensitive factors regulating mammalian embryonic stem cell pluripotency. E. Regulators of G1/S cell
cycle in response to Lap + |-73 synergy. F. Sensitivity of TGF-B pathway members to Lap + |-73
synergy.

therapies are potentially effective in down-regulating transcription factors that are
expressed at higher levels in TNBC tumours and which are correlated with poor

disease outcomes in TNBC patients.
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Figure 6. Synergistic effect of 1-73 and lapatinib on P-TEFb-mediated transcription
regulators. A. 293 Lap + |-73 synergy-related genes functioning as transcription regulators. B.
Sensitivity of ZNF, FOX, E2F and KLF transcription factor family members to Lap + |-73 synergy. C.
Disruption of CDK9 involved transcription initiation by Lap + I-73 synergy. D. Suppression of BRD4
downstream targets by Lap + I-73 synergy. The colours of the nodes are as follows; red represents
up-regulation, green represents down-regulation, and blue indicates inhibition. The colours of the
lines indicating effects are as follows: blue represents inhibition, yellow indicates an inconsistent
effect, whereas grey represents events lacking prediction.
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Figure 7. Clinical relevance of transcription factors down-regulated by I-73 and lapatinib co-
treatment in TNBC patients. A. Fifteen Lap + I-73 synergy-related transcription factors in
association with TNBC clinical outcome. Evaluation was based on the cohort of 142 TNBC patients
(Erasmus Medical Rotterdam data and public data), Metastasis-free survival (MFS) was taken as
end point. Hazard ratio (HR), p-value (pval) and 95% confidence intervals (95% CI) were based on
Cox univariate regression analysis. Lap Log2 FC, I-73 Log2 FC and combined Lap + |-73 Log2 FC,
show inhibitory effect on gene expression, as revealed by RNA-Seq transcriptomic analysis in
TNBC Hs578T cells. B. Representative Kaplan-Meier (KM) MFS survival curves for 142 TNBC
patients with expression of Lap + I-73 synergy-related genes TRIM13, DACT1, KLF9 or KLF6.
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DISCUSSION

TNBC is an aggressive, heterogeneous, difficult-to-treat subtype of breast cancer
which at present cannot be successfully treated with effective targeted agents
designed to exploit the specific dependencies of these tumours3247. EGFR-targeted
therapy in the form of anti-EGFR monoclonal antibodies or EGFR-TKIs has yet to
show tangible clinical benefit in TNBC patients, despite high levels of EGFR
expression in TNBC tumours, highlighting the need for rational combination
therapies2348, One of the major obstacles to the development of such molecular
targeted therapies is the presence of de novo resistance or the subsequent
development of acquired resistance2'49. In order to address these issues, we utilised
CDK inhibitors I-73 and Y3-21 with potent activity against P-TEFb/CDK9 to sensitise
drug-resistant TNBC to EGFR-TKIs, thereby demonstrating that co-inhibition of
EGFR and CDK9 represents a valid strategy to sensitise TNBC cells to EGFR-TKIs

currently in clinical practice.

Here, we show that I-73 and Y3-21 were capable of abrogating the refractory
response of TNBC cells to JQ1, with down-regulation of MCL-1 only observed after
co-treatment. Combined inhibition of BRD4 and CDK9 has recently been assessed in
an in vitro model of rhabdoid tumours, in which co-treatment with JQ1 and
LDC000067 down-regulated the expression of anti-apoptotic genes and known
oncogene ¢c-MYC leading to apoptosis induction in vitro and profound reductions in
tumour growth in vivo50. CDK9 inhibition is also synthetic lethal with presence of the
BRD4-NUT fusion oncogene in NUT midline carcinoma (NMT), where CDK9
represents as a non-oncogenic addiction due to its critical role in regulating

transcriptional elongation and MYC expression5!. Similar to the results described

204



herein, CDKJ9 inhibition led to depletion of MCL-1, enhanced y-H2AX and induction of
cell death5'. All these data support the assertion that CDK9 and BRD4, the major
controllers of P-TEFb transcriptional function, are potential targets in cancers
addicted to aberrant transcription. Further validation of this synergy between CDK9
and BRD4 inhibition requires a more extensive array of BET inhibitors. In this regard,
using BET inhibitors currently under investigation in clinical trials for TNBC or other
solid malignancies, such as I-BET762, OTX015 or BAY1238097, would be of

relevance®?,

To our knowledge, this study is the first to demonstrate that the CDK9 inhibitors I-73
and Y3-21 sensitise TNBC cells to EGFR-TKIs lapatinib and gefitinib, and to
investigate the transcriptional disruption associated with co-treatment. Co-treatment
of EGFR-TKI-resistant TNBC cells with lapatinib and I-73 potently inhibits TNBC cell
proliferation, induces apoptosis associated with profound G2/M cell cycle arrest, in a
manner superior to either monotherapy. Transcriptomic profiling revealed that
synergistic inhibition of EGFR and CDK9 led to transcriptional reprogramming in
EGFR-TKI-resistant TNBC cells. Co-treatment down-regulated CDK9 and
components involved in transcription initiation, thereby suppressing expression of
transcription factors such as ZNF, FOX, E2F and KLF, as well as those involved in
regulating stem cell pluripotency, G1/S checkpoint and TGF-f signalling. Crucially,
this transcriptional reprogramming suppresses numerous downstream targets of IGF,
HGF, GDF and MBP growth factor-mediated networks, including the MEK signalling
pathway. This could highlight a promising strategy for overcoming adaptive
resistance to other RTK- and MEK-targeted therapies, in TNBC and also other

cancer types.
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A selection of the lapatinib and I-73 synergy-related transcription factors found to be
highly expressed in a subset of TNBC tumours were linked to a significantly poorer
MFS in TNBC and breast cancer patients in general. Most strikingly, a group of KLF
transcription factors, including KLF2, KLF6 and KLF9, were associated with poor
clinical outcome. Additionally, our previous work confirmed that a number of these
factors, including GATA2, are indispensable factors for TNBC cell proliferation in
vitro. DACT1 prevents the degradation of B-catenin associated with enhanced
GSK-3B phosphorylation, thereby promoting its nuclear translocation and the
subsequent transcriptional activation of genes downstream of Wnt/B-catenin-
mediated signal transduction33. Chromatin immunoprecipitation in ovarian carcinoma
cell lines demonstrated that PITX2 is frequently associated with gene promoters
downstream of Wnt/B-catenin signalling, and that PITX2 itself can directly activate
canonical Wnt signalling54. Further functional evaluation of the role of these
transcription factors in the control of TNBC proliferation and EGFR-related signal

transduction is therefore warranted.

In conclusion, we provide evidence that CDK inhibitors potently targeting CDK9
activity sensitise TNBC cells to the BET inhibitor JQ1 and the EGFR-TKIs lapatinib
and erlotinib. Co-treatment of TNBC cell lines with lapatinib and 1-73 induces
apoptosis and cell cycle arrest associated with depletion of pro-survival factors,
profound inhibition of transcription, and obstruction of growth factor-mediated
downstream MAPK signalling networks, as evidenced by transcriptomic profiling.
This co-treatment preferentially inhibits the function of multiple transcription factors,

some of which are significantly associated with poor prognosis in TNBC patients.
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Further evaluation of the synergistic interactions in an in vivo context, as well as

functional genomic studies of synergy-sensitive transcription factors, would be

beneficial for ascertaining the true clinical relevance of such combination therapies.
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Supplementary Figure S1. A. Expression of BRD family members in 116 patient TNBC
tumours. Data derived from TCGA RNA-Seq database. Data shown as RNA-seq-based
Log2 expression level. B. Expression of BRD family members in a panel of TNBC cell lines.
Data shown as RNA-seqg-based Logz expression level.
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Supplementary Figure S2. A. Combining CDKS inhibitor Y3-21 (0.0316 or 0.1 uM) with EGFR
inhibitor lapatinib in concentration range (0.0316-3.16 pM) enhances proliferative inhibition in
TNBC cell lines. Proliferation was evaluated using SRB assay after 4 days’ treatment. Results
shown as percentage proliferation normalised to DMSO control.
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Supplementary Figure S3. CDK9 inhibitor I-73 and EGFR inhibitor lapatinib synergise to
block growth factor-mediated networks (A) and MAPK/MEK downstream signalling (B). The
colours of the nodes are as follows; red represents up-regulation, green represents down-
regulation, and blue indicates inhibition. The colours of the lines indicating effects are as
follows: blue represents inhibition, yellow indicates an inconsistent effect, whereas grey
represents events lacking prediction. The heatmap in (B) shows the Logz fold change (FC)
in expression of genes involved in MAPK/MEK-mediated signal transduction after treatment
with lapatinib (3.16 pM), I-73 (0.1 pM) or lapatinib (3.16 pM) combined with 1-73 (0.1 uM).
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Breast cancer is the most frequently occurring cancer in women worldwide, and as
such represents a substantial clinical burden’. It is a profoundly heterogeneous
disease which can be sub-classified into multiple histological and molecular subtypes
based on anatomical origin and transcriptomic profilingz#4. One of the most
aggressive forms of breast cancer is the triple-negative subtype (TNBC), which is
associated with endemic drug resistance and a significantly poorer survival
compared to hormone receptor-positive (HR+) or human epidermal growth factor
receptor 2-positive (HER2+) breast cancer5-°. Standard clinical management of
TNBC is complicated by an acute lack of effective targeted therapies which exploit
the unique properties of TNBC cells in order to subvert their aberrant proliferation
and subsequent dissemination to distant organs'0. The principle objective of the
studies which constitute this thesis was to identify novel drug targets and/or targeted
agents which effectively kill TNBC cells in vitro, either as monotherapies or in
combination with clinically approved inhibitors. The findings of the chapters
presented in this thesis are thus discussed in a broader context whilst relevant points

for future investigation are also proposed.

1. The im n f targeting th 1] le in TNB

Dysfunctional cell division is one of the key hallmarks of cancer and is linked to
abnormalities in the intricate molecular machinery which governs the transition of
cells through the strictly controlled transitions that constitute the mammalian cell
cycle. Targeting aberrant regulation of this cycle by inhibiting the function of various
cyclin-dependent kinases (CDKs) or other kinases involved in cell cycle regulation
(e.g. cdc7) is therefore an attractive strategy for targeting TNBC and other cancers.
Cancers frequently exhibit altered CDK function resulting in dysregulation of the

tightly controlled checkpoints which govern progression into different sections of the

217



cell cycle'. In Chapter 2 the heterogeneity characteristic of TNBC is evidenced by
the differential response of a panel of TNBC cell lines to multiple MEK and AKT
inhibitors. Excessive activation of MAPK and/or PI3K pathways is common in TNBC
tumours. Deletion of PTEN which negatively regulates Akt activation, or activating
mutations in the catalytic subunit of PI3K (PIK3CA) can lead to constitutive Akt
activity to which TNBC cells can become addicted'2. Activating mutations in RAS or
RAF, which are located upstream of MEK and ERK, are surprisingly rare in TNBC,
however'3.14, Nonetheless, basal-like tumours are often enriched for an activated
RAS transcriptional programme and alterations in negative regulators of RAS/RAF
(e.g. DUSP4 and NF1) have been extensively described and linked to metastatic
behaviour in TNBC'-'8. Importantly, in Chapter 2 we demonstrate that the
resistance of cells to dual MEK and Akt inhibition cannot be attributed to crosstalk
between MAPK and PI3K pathways since neither MEK nor Akt inhibitors induced up-
regulation of the opposing pathway in cell lines resistant to both inhibitors. In order to
identify potential vulnerabilities in these double-resistant cell lines, we utilised
transcriptomic and proteomic data to identify gene signatures capable of
distinguishing double-resistant cell lines from those sensitive to either MEK or Akt
inhibition. Cell lines resistant to both inhibitors are enriched for a gene expression
signature strongly linked to cell cycle regulation and DNA damage. This enrichment
renders double-resistant cell lines relatively more sensitive to CDK inhibitors, which
potently induce apoptosis and inhibit proliferation. These results thus highlight the
importance of transcriptomic and proteomic profiling in identifying potential novel

druggable targets and in the stratification of patients according to drug sensitivity.

In Chapter 3, despite high-level EGFR expression in TNBC tumours, we show that

TNBC cell lines are overwhelmingly resistant to EGFR-tyrosine kinase inhibitors
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(EGFR-TKIs). We confirmed that the resistance of these cells to EGFR-TKIs cannot
be attributed to lack of target inhibition since multiple inhibitors effectively reduced
EGF-mediated phosphorylation of EGFR in both TKl-resistant and TKIl-sensitive
TNBC cell lines. By screening a TNBC cell line panel with a kinase inhibitor library in
combination with EGFR-TKIs, we demonstrated that simultaneous inhibition of cdc7
and CDK9 function (using kinase inhibitor PHA-767491) sensitised EGFR-TKI-
resistant TNBC cells to EGFR inhibition, resulting in cell cycle arrest and eventual
apoptosis. Cdc7 is critical for accurate DNA synthesis during S-phase; it
phosphorylates mini-chromosome maintenance proteins including MCM2 which
subsequently activate DNA helicases which unwind the double-helix and recruit
replication factors necessary for DNA synthesis'9.20, Cdc7 and p53 are both essential
for accurate regulation of the G1/S checkpoint; p53 mutations are ubiquitous in
TNBC which results in dysfunction or loss of a p53-dependent cdc7-inhibition
checkpoint?!. Since cdc? inhibition in non-transformed human fibroblasts does not
lead to cell cycle arrest due to the presence of intact p53, cdc7 therefore represents
a valid, specific anti-cancer target2’. Moreover, by analysing the association of cdc7
expression with metastasis-free survival (MFS) in a cohort of TNBC patients, we
confirmed in Chapter 3 that cdc7 expression is inversely correlated with MFS in
TNBC. Given that PHA-767491 inhibits both cdc7 and CDK9 activity, the evaluation
of cdc7-selective inhibitors in TNBC is therefore warranted, particularly in cell lines or
tumours lacking functional p53, either as monotherapies or in combination with RTK-

targeted agents such as EGFR-TKIs.
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2. Exploiting the dysfunctional, CDK-requlated transcriptional machinery in
INBC

During their development, cancers accrue a myriad of damaging genetic and/or
epigenetic lesions and aberrations which ultimately disrupt the signal transduction
cascades controlling cell proliferation, survival and motility, amongst others'7.22.23,
Despite the fact that the genomic landscape of tumours is littered with innumerable
mutations, multiple cancers are addicted to activation of particular signal transduction
pathways as a result of activation of certain oncogenes. This renders such cancers
sensitive to targeted agents which repress oncogene-driven signal transduction.
Whilst targeting RTK-mediated signalling is effective against cancers with clear
oncogenic drivers such as oestrogen receptor-positive (ER+) breast cancer,
androgen receptor-positive (AR+) prostate cancer or EGFR-mutant non-small cell
lung cancer (NSCLC), in TNBC the lack of immediately discernible and
pharmacologically amenable driver pathways or mutations severely limits the use of
such therapies?4. Moreover, targeting RTK-mediated signal transduction is often
confounded by the functional redundancy that exists within and between multiple
families of RTKs, as well as adaptive transcriptional responses in response to
oncogenic RTK inhibition which promote up-regulation of alternative RTKs25.26,
Instead, inhibiting the transcriptional machinery at the root of all RTK-fuelled signal
transduction in TNBC represents one method of exploiting so-called “non-oncogene
addiction”, a phenomenon whereby despite the absence of mutations in selected
genes, malignant cells rely upon their function for their own survival as a result of
oncogene-mediated distortion of signal transduction or cellular processes?’.
Amplification of c-MYC in many breast tumours confers a dependency on

exceptionally high levels of transcription in order to sustain the MYC-driven
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transcriptional programmes which contribute to the maintenance of an oncogenic
state?8. This transcriptional addiction can also be targeted in TNBC and covalent

CDKY7 inhibitor THZ1 has shown pre-clinical benefit in this context29.

Consequently, we evaluated the potential of a selection of CDK inhibitors which
prevent the function of key transcriptional regulators (e.g. P-TEFb/CDK9 and TFIIH),
in addition to CDK1 and CDK2, as possible options for targeted therapy in TNBC in
Chapter 4. Taking the molecular heterogeneity of TNBC into account, we screened a
panel of 20 TNBC cell lines representative of all TNBC molecular subtypes described
by Lehmann et al (2016)*. Strikingly, inhibitors with potent activity against CDK1,
CDK2, CDK9 and CDK7 were extremely effective at preventing the proliferation of
TNBC cells at concentrations as low as 100 nM. These anti-proliferative effects were
accompanied by induction of apoptosis and G2/M cell cycle arrest. Inhibition of cell
migration speed at sub-lethal concentrations also highlighted the potential of these
agents to prevent initiation of the metastatic cascade. These effects were comparable
to those elicited by clinically-approved pan-CDK inhibitors dinaciclib and flavopiridol,
suggesting such compounds could have similar efficacy in a clinical context.
Contrastingly, CDK4/6-selective inhibitors such as palbociclib and abemaciclib were
generally ineffective, suggesting that targeting CDK4/6-mediated cell cycle
progression is futile, except in TNBC cells which express androgen receptor (AR)30.
This is consistent with other studies which delineate a clear dependency on CDK4/6-
mediated regulation of G1/S transition in ER+ or HER2+ breast cancers and in AR+
prostate cancers31-34. Androgens and oestrogens promote cell cycle progression by
up-regulating Cyclin D1 expression, which can therefore be counteracted by using
CDK4/6 inhibitors in combination with anti-hormonal therapy35. The tumourigenesis of

HER2+ breast cancers is also dependent on concomitant CDK4 activity36.
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Nevertheless, considerable functional redundancy exists between CDKs; CDK12
also phosphorylates the CTD of RNA Polymerase |l at Serine 2 to promote
transcriptional elongation. The expression of DNA damage response (DDR)-
associated genes and NRF2 target genes is particularly sensitive to disruption of
CDK12 function, strongly suggesting that CDK12 is involved in the transcriptional
regulation of adaptive cellular stress responses37-39, Additionally, CDK12 function is
required for the termination of transcription; CDK12 depletion prevented the 3’ end
processing of c-FOS mRNA transcripts induced by EGF stimulation in human
embryonic kidney cells, also suggesting that it is required for successful transduction
of RTK-mediated signalling via terminal transcription factors40. Interestingly, the
specificity of CDK12 for particular transcripts has not yet been unequivocally
established3841. Considering its aforementioned roles in transcriptional regulation,
CDK12 could theoretically compensate for decreased CDK9 activity, and therefore P-
TEFb activity, in order to drive productive elongation of mRNA transcripts and
overcome growth inhibition by CDK9-specific inhibitors. However, this hypothesis
clearly requires experimental validation by assessing and comparing the effects of
CDK12 and CDK9 depletion in TNBC cells, either by using RNAi or CRISPR-Cas9
technologies or by developing highly selective and effective inhibitors for these
kinases. A CDK12-specific inhibitor THZ531 has been synthesised and exhibited
potent activity against T-cell acute lymphoblastic lymphoma (T-ALL) models42.
Nevertheless, a high degree of structural homology exists between members of the
CDK family, particularly in the ATP-binding site, often precluding the development of
ATP-competitive inhibitors highly selective for individual CDKs#344. Resistance to
single targeted agents invariably develops in the clinic, and for this reason rational

combination therapies are increasingly being considered as compulsory in
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oncology?545,  In several TNBC models and in patient tumours, kinase inhibition
induces up-regulation of alternative RTKs which bypass the inhibitory effects of these
agents thereby permitting the development of resistance4647. Considering the
profound inhibition of proliferation, depletion of BCL-2 family member proteins, and
attenuation of transcriptional elongation seen after CDK inhibitor treatment, we
therefore combined the CDK inhibitors 1-73 and LY3-21 with EGFR-TKIs and
bromodomain (BET) inhibitors in Chapter 5 to determine whether they could
sensitise drug-resistant TNBC to such compounds. We confirmed that these agents
strongly synergise in in vitro models of TNBC, leading to superior inhibition of cell

proliferation, cell cycle arrest and induction of apoptosis.

To scrutinise the mechanism of action of these CDK inhibitors and rational
combinations further, we performed RNA sequencing to determine the global impact
of treatment on gene expression and signal transduction. Transcriptomic profiling
identified a select list of CDK inhibitor-sensitive transcription factors significantly
enriched in basal-like breast tumours. By virtue of RNA interference-based screening,
we confirmed in Chapter 4 that expression of a number of these transcription factors
was essential for the proliferation of multiple TNBC cell lines. SOX9, EN1 and PLAG1
were associated with epithelial-to-mesenchymal transition (EMT), maintenance of
basal-like subtype, mitochondria-regulated protection from cell death stimuli, and
IGF-mediated signal transduction48-52, Moreover, we showed in Chapter 5 that
combined EGFR-TKI and I-73 treatment enhances the impact of I-73 on gene
transcription. Additionally, | confirmed that expression of a number of transcription
factors differentially and significantly down-regulated after co-treatment with EGFR-
TKI and I-73 was strongly linked to poor prognosis in TNBC patients. The use of

transcriptional CDK inhibitors in multiple malignancies has permitted the identification
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of “super enhancer-associated genes” which are indispensable for cancer cell
survival and exquisitely sensitive to CDK7 inhibition29.53-55, Considering that SOX9
and EN1 have previously been identified as super enhancer-associated genes in
specific TNBC cell lines, expanding the list of such genes should constitute a future
priority. Detecting these enhancer regions by virtue of their enrichment for specific
epigenetic markers (e.g. acetylation of H3K27 or methylation of H3K4) using Ch-IP
sequencing in TNBC cells and xenograft tumours treated with the effective novel
CDK inhibitors and rational combinations identified in this thesis could allow
identification of novel super enhancer-associated genes in TNBC. This would
therefore provide further mechanistic insight whilst illuminating knowledge of the
transcriptional programmes which drive heterogeneous tumours like TNBC. Whilst
directly targeting transcription factor function remains pharmacologically problematic,
an increased understanding of the programmes driving growth and tumour
adaptation to therapy could permit the evidence-based identification of synthetic

lethal interactions

3. The limitations of in vitro compound screening

Notwithstanding the remarkable sensitivity of TNBC cells to these CDK inhibitors in
vitro, the contribution of the tumour microenvironment to intrinsic or acquired
resistance cannot be understated6-%8, |n vitro models cannot recapitulate the
intricate complexity conferred by the tumour vasculature and surrounding tissues
which directly and indirectly control the availability of nutrients and the ability of
therapeutics to reach the tumour bulk5®. Crucially, assessing single CDK inhibitor
efficacy, as well as combining EGFR-TKIs (e.g. lapatinib) and I-73, in a PDX-based
or xenotransplantation model will be vital in elucidating whether it is possible to

replicate the strong synergy observed in vitro in Chapter 5. Such models would also
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provide information on whether this combination is likely to have clinical efficacy in
tumours which express high levels of EGFR or which depend on EGFR pathway
functionality. More importantly, whether the efficacy or eventual synergy observed is
due to inhibition of the aforementioned CDK inhibitor-sensitive or synergy-associated
transcription factors indispensable for cell growth in vitro, should be investigated.
Intriguingly, recent evidence derived from in vitro and in vivo models of glioblastoma
(GBM) revealed a distinct lack of overlap between the transcription elongation factors
required for GBM survival in vitro and those necessary for tumour outgrowth in
orthotopic patient-derived xenografts (PDX)80. Specifically, genes regulating
productive transcriptional elongation and pause-release, in particular JMJD6 and
BRD4, were essential for enhancer-mediated transcriptional adaptation to the tumour
microenvironment®. In general, an increased dependency on pause-release and
elongation machinery was observed in vivo. The tumour microenvironment presents
wholly different challenges to tumour proliferation than those encountered by
homogenous populations of cancer cell lines cultured on plastic. In vivo, tumour cells
must adapt to hypoxic conditions and the scarcity of nutrients, whilst also disarming
infiltrating immune cells with the power to destroy them, thereby subverting the anti-
tumour immune response®!. Importantly, they must also physically interact, and
communicate, with surrounding stromal cells in order to survive and establish a
tumour-permissive environmenté1-64. Therefore, an increased dependency on
transcriptional programmes which regulate adaptive stress responses is to be
expected. In contrast, in vitro culture systems are by and large designed to eliminate
such stresses. Cultured cell lines receive abundant nutrients and the absence of
immunogenic pressure or stromal influence allows these cells to expand rapidly and

with ease, facilitating phenotypic drift from the tumour from which they were originally
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derived®'65.66, |t is thus imperative to consider in vitro systems such as those utilised
throughout this thesis, as mere models and not, therefore, an accurate reflection of
the potential of targeted agents in the clinic85. Additionally, xenotransplantation of
cancer cell lines into mice is associated with its own limitations; unlike PDX-based
models, cell line-derived xenografts do not retain the original tumour architecture and
do not preserve inter-and intra-tumoural heterogeneity67.68, Moving forward, it would
therefore be of utmost importance to verify whether any overlap exists between the
TNBC-specific transcriptional programmes sensitive to CDK inhibition identified in
vitro in Chapters 4 and 5 of this thesis, and those required for TNBC tumour growth
in vivo. Comparison of RNA seg-derived transcriptomic profiles of PDX-derived
tumours treated with single agent I-73 or in combination with EGFR-TKIs, with the
profiles of TNBC cell lines cultured in vitro or xenotransplanted into mice, may permit
further research to focus on the most relevant pathways for in vivo tumour growth,
instead of those which represent in vitro artefacts. However, the fact that the reliance
of GBM cells on the function of transcriptional elongation and pause-release factors
was enhanced in an in vivo context, is reassuring considering how disruption of such

molecules so potently eliminates the propensity of TNBC cells to grow in vitro.

4. Manipulating the connection between CDK function and the DNA damage

r n DDR

Apart from their impact on CDK9-regulated, P-TEFb-mediated transcriptional
elongation, the effective CDK inhibitors tested here also have potent activity against
CDK1. The formation of CDK1-Cyclin B1 complexes is an essential component of the
mitotic checkpoint during cell division, these complexes being responsible for the
reorganisation of nuclear architecture prior to cytokinesis. Although CDK1’s primary

function is in regulating mitosis, it is also known to influence the stability of proteins
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required for precise DNA damage repair, particularly the stability of BRCA169,
Depletion of CDK1 can substantially and selectively enhance the efficacy of PARP
inhibitors in HR-proficient, BRCA1 wild-type cancer cells, leaving untransformed cells
relatively unaffected by combined CDK1 and PARP inhibition®. Considering the
strong induction of G2/M cell cycle arrest and y-H2AX induction elicited by I-73 and
D11-81 in Chapter 4, and the induction of y-H2AX and PARP1 cleavage by dinaciclib
in Chapter 2, it is tempting to attribute such effects to inhibition of CDK1 or CDK2.
Regardless, dissecting phenotypic responses remains troublesome with pan-CDK
inhibitors due to lack of target specificity. However, these DNA damage-related
responses could theoretically be exploited by combining the CDK inhibitors described
here with currently used chemotherapeutics such as doxorubicin, gemcitabine or

cisplatin70.

Whilst particular attention has been given to inhibitors with potent activity against P-
TEFb/CDK9 and other CDKs, namely CDK1, CDK2 and CDK7, the consequences of
CDK12 inhibition have not been addressed. CDK12 also phosphorylates the CTD of
RNA Polymerase Il (POLR2A) and specifically regulates the expression of genes
involved in DNA-damage repair37.71.72. Recent studies have demonstrated that pan-
CDK inhibitor dinaciclib also targets CDK12 function in addition to CDK1, CDK2,
CDK5 and CDK973. Treatment of TNBC cells with dinaciclib inhibited the expression
of genes linked to homologous recombination (HR) and DDR, effects which were
also seen after CDK12 depletion. Dinaciclib-induced CDK12 inhibition or RNAi-
mediated CDK12 depletion reduced the capacity of BRCA1/2 wild-type (wt) cells and
tumours for HR after exposure to y-irradiation and were therefore sensitised to PARP
inhibitors3. Crucially, dinaciclib-mediated CDK12 inhibition abrogated acquired

resistance to PARP inhibitors in several PDX models of TNBC73. PI3K inhibition in
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TNBC cells also induces DNA damage which augments the response of BRCA-wt/
HR-proficient cells to PARP1/2 inhibitors, emphasising the links between PI3K
signalling and the DNA-damage response (DDR)7. Considering that MEK-i/Akt-i
double-resistant cells are highly sensitive to pan-CDK inhibitors such as dinaciclib,
there is a clear rationale for combining dinaciclib or MEK/AKT inhibition with PARP
inhibitors and chemotherapy or radiotherapy in such instances. Investigating whether
Akt or MEK inhibitors alter the DNA-damage response themselves, across the
differentially sensitive subgroups identified in Chapter 1, could therefore also
potentially identify DNA-damaging agents as possible combination therapies together
with MEK or Akt inhibitors. Additionally, combining the CDK inhibitors evaluated in
Chapter 4 with PARP inhibitors in TNBC cells both proficient and deficient in HR
could therefore identify novel rational synergistic combinations for specific groups of
TNBC patients. Such combinations may allow the use of lower doses and thereby

avoid the off-target toxicity associated with either therapy.

5. Future Perspectives

One of the principle concerns regarding the translation of pre-clinically effective CDK
inhibitors to the clinic is the induction of systemic toxicity. First-generation pan-CDK
inhibitors flavopiridol and roscovitine showed immense promise in pre-clinical
investigations but ultimately failed to deliver in the clinic75-78. Similarly, dinaciclib has
shown limited potential in patients with solid tumours75. A recently completed phase 1
clinical trial of dinaciclib in various multiple solid malignancies revealed that dose-
limiting effects included pancytopenia, hyperuricemia and hypotension”®. Additionally,
dinaciclib exhibited potent growth inhibitory effects on normal patient lymphocytes
treated ex vivo’. In breast cancer specifically, dinaciclib has yet to demonstrate

superior efficacy over standard-of-care chemotherapy-based treatments such as
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capecitabine in patients with advanced disease, with severe neutropenia being
reported in around 75% of patients80. Pharmacokinetic limitations were also
problematic; short half-lives were seen for 2 hour infusions with dinaciclib whilst

longer infusions induced hepatotoxicity7°.

In order to maximise the benefit from CDK inhibitors and to combat the high rates of
attrition currently associated with the development of such agents, three unsettled
issues concerning their use and design must therefore be addressed. Primarily, and
as previously mentioned, disentangling the relationships between phenotypic effects
and target inhibition is crucial. Without a clear understanding of mechanism of action,
clinical translation will be extremely difficult. To this end, functional genomic
screening to verify whether phenotypic effects such as apoptosis, cell cycle arrest or
autophagy are associated with disruption of particular CDKs in TNBC would be highly
appropriate. It is envisaged that pan-CDK inhibitors such as I-73, D11-81 or LY3-21
owe their antineoplastic effects to the combined inhibition of multiple CDKs.
Nonetheless, through transcriptomic profiling in Chapters 4 and 5 we showed that
these agents overwhelmingly affect transcription factor function, strongly suggesting
that inhibition of transcriptional CDKs is a significant component of their inhibitory
effects. Secondly, the identification of patients who will derive maximum benefit from
such treatments is absolutely paramount. The clinical trials in which pan-CDK
inhibitors have been evaluated, assessed end-point responses such as target
inhibition, side-effects, disease progression and long-term survival yet often lacked
genomic or transcriptomic profiling of tumours from patients who responded to anti-
CDK therapy. Consequently, elucidating whether certain gene signatures or
genomic lesions can distinguish CDK inhibitor-sensitive from CDK inhibitor-resistant

patients as well as signatures associated with less toxicity, would be invaluable. The
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utility of such an approach was emphasised in Chapter 2, in which we established a
rationale for CDKs as an alternative targeted therapy in TNBC resistant to both MEK
and AKT inhibitors, due to the enhanced expression of a cell cycle-related gene
signature in these tumours. Considering the mounting pre-clinical evidence that CDK
inhibition is synthetic lethal with MYC amplification, stratifying patients based on such
a marker would be prudent8?82, Disruption of CDK1 function is synthetic lethal with
KRAS-mutations in pancreatic ductal adenocarcinoma cell lines and colorectal
cancer xenografts and with PARP inhibition in BRCA-mutant and BRCA-wt breast
cancers, denoting other possible indications for the use of CDK inhibitors®9.83. Thirdly,
and of particular relevance for their use in combination therapies, absence of a
malleable therapeutic window has hampered efforts to successfully combine CDK
inhibitors and standard-of-care treatments’s. The impact of selective CDK9 inhibition
on the survival of normal, non-cancerous cells is yet to be determined. The evidence
that cancers depend upon transcriptional CDKs such as CDK7 and CDK9 for the
execution of oncogenic transcriptional programmes may allow for discrimination
between normal and malignant tissue, though disruption of other CDKs such as
CDK1 is known to be detrimental for the proliferation and mitosis of normal cells and
for maintenance of genomic stability in pluripotent stem cells8485. The clinical
balancing act of achieving superior efficacy whilst avoiding the onset of dangerous
toxicity is extremely challenging. Thorough toxicological assessment of CDK
inhibitors such as I-73 in human tissues which are frequently the sites of adverse
reactions is therefore essential. The use of in vitro or ex vivo screening systems
which utilise primary human hepatocytes, renal cells and/or bone marrow-derived
haematopoietic stem cells is of particular relevance here. Previously published data

showing the substantial selectivity of 1-73 for tumour cells over CD34+
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haematopoietic cells or human embryonic kidney cells is reassuring in this
regards8é.87. Nonetheless, the dearth of objective responses, as well as the premature
termination of clinical trials of pan-CDK inhibitors in a monotherapeutic context, is

testament to the necessity for rational combination therapies in solid malignancies.

6. Conclusions

Collectively, the work presented in this thesis stresses the importance of inhibiting
CDK function in TNBC as a means to bypass or overcome resistance to already-
established molecular-targeted agents and as effective monotherapies. The use of
high-throughput screening and compound libraries was essential to the identification
of novel molecular targeted therapies effective against in vitro models of TNBC, as
well as rational synergistic combinations with superior potency. Extensive pre-clinical
toxicity testing is, however, required before these results can be translated to a
clinical context, as well as further delineation of the relationship between target
inhibition and phenotypic response. Additionally, this thesis highlights the importance
of omic-based technologies in identifying novel targets and evaluating the
transcriptional response of cancer cells to targeted therapies in order to elucidate the

signalling networks most sensitive to CDK inhibition.
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Summary (English

Targeted therapy for triple-negative breast cancer

Triple-negative breast cancer (TNBC) is an aggressive form of breast cancer
distinguishable from breast cancers dependent upon hormone-regulated growth
pathways by the absence of oestrogen and progesterone receptors, as well as the
lack of HER2 (human epidermal growth factor receptor 2) expression or gene
amplification. Consequently, anti-hormonal therapies (e.g. tamoxifen), which are
highly efficacious in HR+ breast cancer, are redundant in the context of TNBC. At
present, clinical management of TNBC consists of chemotherapy, radiotherapy and
tumour-reductive surgery. The therapeutic arsenal with which TNBC can be treated
has failed to expand appreciably since the introduction of chemotherapy,
emphasising the desperate need for the development of novel targeted agents to
combat this intractable illness. As such, the principle aim of this thesis was to identify
novel TNBC-specific dependencies amenable to pharmacological manipulation, with
a key emphasis on the identification of novel synergistic combinations comprised of

clinically approved agents in conjunction with novel targeted molecules.

Chapter 2 explored the differential sensitivity of TNBC cells to MEK and Akt
inhibitors. Kinase inhibitor-based screening of TNBC cell lines showed that they
cluster into three separate groups based on their sensitivity to multiple MEK and Akt
inhibitors; Group 1 (Akt inhibitor-resistant), Group 2 (MEK inhibitor-resistant) or
Group 3 (resistant to both MEK and Akt inhibitors). An increased level of phospho-Akt
and mutations in PIK3CA, PIK3R1 and/or PTEN distinguished MEK inhibitor-
resistant, Akt inhibitor-sensitive cell lines from those resistant to Akt inhibitors yet

sensitive to MEK inhibitors. Co-treatment of double-resistant cell lines with MEK and
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Akt inhibitors was not sufficient to overcome their resistance to either agent, nor did it
lead to synergistic responses in the other groups. To identify alternative, more
appropriate targets for this difficult-to-treat subgroup, transcriptomics- and
proteomics-based gene-set enrichment analyses unveiled a significant enrichment of
genes linked to cell cycle regulation in MEK/Akt inhibitor double-resistant cell lines.
Importantly, cell lines resistant to both MEK and Akt inhibitors showed greater
sensitivity to pan-CDK inhibitors dinaciclib and flavopiridol. These agents potently
inhibited CDK-mediated signal transduction and induced DNA damage, suggesting
that the MEK/AKt inhibitor double-resistant subgroup may benefit from alternative

targeted therapy in the form of CDK inhibitors.

Chapter 3 delineates the resistance of TNBC cells to a panel of epidermal growth
factor receptor (EGFR)-tyrosine kinase inhibitors. Here, | demonstrate that EGFR is
expressed at higher levels in TNBC tumours compared to ER+ breast tumours and
high expression of EGFR is associated with cell lines conforming to a basal-like
subtype. The response of a panel of TNBC cells to EGFR-tyrosine kinase inhibitors
(EGFR-TKIs) was therefore evaluated; the majority of TNBC lines being resistant to
EGFR-targeted therapy, despite the fact that silencing EGFR markedly attenuated
their proliferation. This phenomenon was independent of EGFR pathway functionality
since EGF-mediated stimulation of both EGFR-TKI-resistant and EGFR-TKI-sensitive
TNBC cell lines activated downstream signalling which was inhibited by treatment
with lapatinib, erlotinib and gefitinib. To identify novel compounds which could
sensitise EGFR-TKI-resistant TNBC cells to these drugs, | performed a kinase
inhibitor library screen in combination with a clinically relevant dose of lapatinib. This
screen identified a dual cdc7/CDK9 inhibitor (PHA-767491) as the most promising

candidate compound. Combining PHA-767491 with multiple EGFR-TKIs
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substantially reduced the proliferation of TNBC cells compared to either monotherapy
and induced apoptosis in multiple TNBC cell lines. This co-treatment inhibited signal
transduction crucial for cdc7-regulated DNA replication and the initiation of productive
mRNA transcription controlled by CDK9, with concomitant G2/M cell cycle arrest.
Moreover, increased expression of cdc7 and RNA Polymerase Il, the downstream
target of CDK9, was associated with poorer metastasis-free survival in TNBC
patients. Transcriptomic profiling revealed down-regulation of pathways governing
proliferation, transcription and cell survival in TNBC cells treated with combination
therapy. Additionally, an elevated expression of several genes involved in the
aforementioned signaling pathways, and whose expression is sensitive to the
combination, was associated with a worse metastasis-free survival in CMTN patients,
suggesting targeting CDK9 in conjunction with EGFR may represent a powerful

strategy to combat TNBC.

To scrutinise the potential of targeting aberrant CDK9-mediated transcriptional
regulation as a novel target for TNBC, the efficacy of a panel of CDK inhibitors with
prominent activity against P-TEFb/CDK9 function was assessed in TNBC cell lines in
Chapter 4. TNBC cells were sensitive to inhibitors with strong activity against CDK1,
CDK2, CDKY7 and CDKO9, highlighting their exquisite dependence on regulation of the
cell cycle and transcription. Treatment with these inhibitors abolished P-TEFb/CDK9-
controlled phosphorylation of RNA Polymerase Il and rapidly attenuated the
expression of multiple anti-apoptotic factors including MCL-1 and BCL-xL.
Accordingly, these inhibitors induced dose-dependent apoptosis and DNA damage in
TNBC cell lines. CDK9 inhibitor-induced depletion of MCL-1 was found to occur in a
proteasome-dependent manner, since proteasome inhibitor MG-132 prevented

MCL-1 depletion. Transcriptomic profiling was subsequently performed in order to
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elucidate which pathways and transcriptional programmes were most sensitive to
disruption by these CDKS9 inhibitors. TGF-B, BMP and Wnt/B-catenin signalling, as
well as genes involved in cell cycle progression, DNA repair and epithelial-to-
mesenchymal transition (EMT), featured prominently amongst the down-regulated
genes. The most strongly affected transcripts were enriched for transcription factors;
a number of these (SOX9, EN1 and PLAG1) were crucial for the proliferation of
multiple TNBC cell lines and were highly expressed in basal-like tumours. Altogether,
these findings demonstrate that CDK inhibitors with potent anti-P-TEFb/CDK9 activity

are highly efficacious against in vitro models of TNBC.

Since resistance to single targeted therapies almost invariably develops in the clinic,
the effect of combining the CDK9 inhibitors described in Chapter 4 with clinically-
approved agents or agents under pre-clinical investigation was evaluated in Chapter
5. Strong synergy was observed when combining pre-clinical BET inhibitor JQ1 with
I-73 or LY3-21, resulting in depletion of MCL-1 and BCL-2 with concomitant activation
of the DNA damage response. Combining |-73 and LY3-21 with EGFR-TKIs lapatinib
and gefitinib synergistically reversed the insensitivity of TNBC cells to EGFR-tyrosine
kinase inhibition and induced G2/M cell cycle arrest accompanied by apoptosis. RNA
sequencing-based analysis revealed that co-treatment of TNBC cells with I-73 and
lapatinib augmented the general inhibition of transcription induced by I-73. TGF-$
signalling, cell cycle progression and stem cell pluripotency were amongst the
pathways most strongly down-regulated under co-treatment conditions. A number of
transcriptional regulators specifically down-regulated by combining I-73 and lapatinib
were associated with a significantly poorer metastasis-free survival in a cohort of
TNBC patients. In short, inhibiting P-TEFb/CDK9 function can alleviate the resistance

of TNBC cells to EGFR-TKIs and BET inhibitors.
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In conclusion, the work presented in this thesis illustrates that CDK inhibitors with
potent activity against P-TEFb/CDK9 can be used to target common transcriptional
nodes in cancers addicted to receptor tyrosine kinase-mediated signal transduction

or which depend on delicately controlled cell cycle progression.
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Resumen (Espanol)
Terapias dirigidas contra el cancer de mama triple negativo
El cancer de mama triple negativo (CMTN) es un cancer virulento que se destaca
por la falta de expresion de receptores para hormonas (estrégeno y progesterona)
y la ausencia de amplificacion del gen HER2, por lo que el tratamiento de este
cancer con terapias antihormonas es inutil. Hoy dia, el tratamiento de CMTN
consiste en quimioterapia, radioterapia y cirugia para remover tumores. Sin
embargo, el abanico de tratamientos con el que se puede tratar estos tumores no
se ha ampliado lo suficientemente en los afios posteriores a la introduccion de la
quimioterapia, creando, de esta manera, la urgente necesidad de desarrollar
nuevas terapias dirigidas que funcionen de una manera eficaz. Por lo tanto, el
objetivo principal de esta tesis es la identificacion de nuevas dependencias
moleculares en las células CMTN susceptibles a manipulacion farmacolégica, con
un énfasis particular en el descubrimiento de nuevas combinaciones sinérgicas
compuestas por agentes clinicamente ya aprobados y nuevas terapias dirigidas

molecularmente.

El Capitulo 2 investiga la respuesta proliferativa de células de CMTN a
inhibidores de las quinasas MEK y AKT. Las células se clasificaron en tres grupos
de acuerdo a su respuesta proliferativa después de ser tratadas con dichos
inhibidores: Grupo 1 (resistente a MEK pero sensible a AKT), Grupo 2 (sensible a
MEK pero resistente a AKT) y Grupo 3 (resistente tanto a inhibidores de MEK
como a los de AKT). Es importante remarcar que la resistencia palpable de las
células del Grupo 3 no se debié a la intercomunicacion entre las dos vias de
sefalizacion, puesto que tratamiento no indujo un aumento en la activacion de la

via de sefalizacion opuesta. De la misma manera, al tratar las células del Grupo 3
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con combinaciones de inhibidores contra MEK o AKT, no se observo sinergia
alguna. Para identificar dianas alternativas y mas apropiadas para este subgrupo
se llevaron a cabo tanto analisis transcriptomicos como protedémicos de las células
pertenecientes a este grupo. Los analisis mostraron un enriquecimiento de genes
vinculados con la regulacion del ciclo celular en las células resistentes tanto a
inhibidores de MEK como a los de AKT. Como resultado, las células del Grupo 3
mostraron una sensibilidad mas alta a inhibidores de quinasas dependientes de
ciclinas (CDKs), especificamente a dinaciclib y a flavopiridol. Estos inhibidores
previnieron potentemente la sefializacion mediada por CDKs e indujeron dafio al
ADN, lo que sugiere que CMTNs similares a los de Grupo 3 podrian aprovechar

de terapia alternativa en forma de inhibidores de CDKs.

El Capitulo 3 detalla la resistencia de las células de CMTN a varios inhibidores
del receptor del factor de crecimiento epidérmico (EGFR -por sus siglas en
inglés-). Esto demuestra que los tumores CMTN expresan niveles de EGFR mas
altos de los que se observan en tumores dependientes de receptores de
hormonas. Considerando esto, se investigd de manera profunda la proliferacion
de células de CMTN en respuesta a multiples inhibidores de EGFR. La mayoria
de las células mostro resistencia a los inhibidores de EGFR a pesar de que la
expresion de este receptor fuera imprescindible para su supervivencia. También
se comprobo que esta resistencia no esta relacionada con una falta de integridad
o funcionalidad de la via de transduccion de sefial mediada por EGFR. Para
poder identificar compuestos que pudieran sensibilizar células de CMTN
resistentes a inhibidores de EGFR, se realizé un tratamiento a las mismas esas
células utilizando 273 inhibidores de quinasas en combinacion con una

concentracion clinicamente relevante de lapatinib (un inhibidor de EGFR). A
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través de esta biblioteca, se identificé un inhibidor de cdc7 y CDK9, su nombre
siendo PHA-767491, como el candidato compuesto mas prometedor. Al combinar
PHA-767491 con multiples inhibidores de EGFR, se observé una induccion de
apoptosis ademas de una reduccion sustancial en la proliferacion de las células
de CMTN. Esta combinacion inhibié la transduccion de sefiales requeridas para la
replicacion de ADN mediada por cdc7 y también la de las que se requieren para la
iniciacion de transcripcion de ARN mensajero (ARNm) mediada por CDK9, con
una detencion del ciclo celular concomitante. Ademas, la expresion elevada de
cdc7 o ARN Polimerasa Il (ARN Pol II; la enzima requerida para la transcripcion
de ARNm y cuya funcion depende de la accion de CDK9) se vinculd con una baja
supervivencia libre de metastasis en los pacientes CMTN. Al perfilar
transcriptomicamente las vias de sefializacion afectadas por la combinacion, se
observé una inhibiciébn de las vias que son necesarias para la proliferacion,
transcripcion y supervivencia celular, entre otras. Cabe destacar que una
expresion elevada de varios genes involucrados en las vias de sefalizacion
anteriormente mencionadas, y cuya expresion es sensible a la combinacion, se
vinculé con una baja supervivencia libre de metastasis en pacientes de CMTN.
Considerandolo todo, la inhibicion de EGFR en conjuncién con inhibidores de

cdc7 y/o CDKO, representa una estrategia potente para combatir CMTN.

Para escudrifiar la potencial de inhibir la regulacion de transcripcién aberrante
mediada por CDK9, la eficacia de inhibidores de CDKs, sobre todo los con
actividad potente contra P-TEFb/CDK9, se evalué en lineas celulares de CMTN
en Capitulo 4. Células de CMTN son exquisitamente sensibles a inhibidores
contra CDK1, CDK2, CDK7 y CDK9, asi enfatizando su dependencia de la

regulacion del ciclo celular y transcripcion. Estos inhibidores abolieron la
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fosforilaciéon de ARN Pol Il mediada por P-TEFb/CDKY, llevando a la atenuacion
de factores pro-supervivencia como MCL-1 y BCL-xL. En consecuencia, los
inhibidores indujeron la muerte de las células de CMTN e invocaron dafio al ADN.
La deplecion de MCL-1 procede de manera dependiente del proteasoma, puesto
que un inhibidor del proteasoma previno la deplecion de MCL-1 inducida por los
inhibidores. Con posterioridad, los perfiles transcriptémicos de células tratadas
con los CDK9 inhibidores se analizaron con la intencién de identificar cuédles vias
de sefalizacion se afectaban mas por la inhibicién de P-TEFb/CDK9 y asi poder
profundizar conocimiento sobre su eficacia. Tanto sefialamiento a través de TGF-
B, BMP y Wnt/B-catenin, como genes involucrados en la progresion del ciclo
celular, reparacion de dafio a ADN vy la transicion epitelial a mesénquima (EMT),
contaban entre las vias de sefalizacion y genes mas afectados por el tratamiento.
Las transcripciones de ARNm mas afectadas por los inhibidores se destacaron
por su enriquecimiento en factores de transcripcion, de los cuales SOX9, EN1 y
PLAG1 eran imprescindible para la proliferacion de varias células de CMTN. Por
afadidura, se notd una expresion bastante alta de esos genes en tumores
basales tales como CMTN. En conjunto, en este capitulo se indica que inhibidores

de P-TEFb/CDK9 son altamente eficaces en modelos de CMTN.

Dado que la resistencia a terapias dirigidas invariablemente se desarrolla en
pacientes, en Capitulo 5 se evalud la potencial de combinar inhibidores de otras
quinasas con los inhibidores de CDK9 descritos en Capitulo 4. Se observo
sinergia al combinar JQ1 (inhibidor de BRD4) con I-73 o LY3-21, llevando a la
deplecion de MCL-1 y BCL-2 y la activacion de sefalamiento vinculado al dafio de
ADN. La adicion de I-73 o LY3-21 superd la resistencia de células de CMTN a

inhibidores de EGFR como lapatinib y gefitinib, induciendo detencion del ciclo
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celular acompanada por apoptosis. Un analisis transcriptomico reveld que el
tratamiento de las células de CMTN con una combinacién de I-73 y lapatinib
aumento la inhibicion general de transcripcion otorgada por I-73 a las células de
CMTN. Senalizacién a través de TGF-B, progresion por el ciclo celular y la
pluripotencia de células madre se contaban entre las vias de sefalizacién mas
fuertemente inhibidas por la combinacion. La expresion de algunos reguladores
de transcripcion afectados por la combinaciéon se asocié también con una baja
supervivencia libre de metastasis en los pacientes de CMTN. En sintesis, se
demuestra en este capitulo que la inhibiciéon de P-TEFb/CDK?9 es suficiente para

superar la resistencia de las células CMTN a inhibidores de EGFR y BET.

Para concluir, las investigaciones delineadas en esta tesis demuestran que
inhibidores con actividad potente contra P-TEFb/CDK9 no sélo podrian ser
utilizados contra nodos de transcripcién aberrantes en aquellos canceres adictos
a la transduccion de senales mediada por receptores tirosina quinasas, sino
también contra aquellos canceres que no pueden prescindir de una regulacion

estricta de la progresion del ciclo celular.
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Nederlandse samenvattin

Doelgerichte therapie voor triple negatieve borstkanker

Triple negatieve borstkanker (TNBK) is een agressieve vorm van borstkanker die,
anders dan de hormoongevoelige vormen, gekenmerkt wordt door het ontbreken
van de volgende hormoonreceptoren: de estrogeen receptor (ER), de progesteron
receptor (PR) en de HER2 receptor. Dit heeft tot gevolg dat anti-hormonale
therapieén zoals tamoxifen niet werken in TNBK en de huidige therapie nog
steeds bestaat uit een combinatie van het chirurgisch verwijderen van de tumor,
chemotherapie en/of bestraling. Na de ontdekking van chemotherapie, zijn geen
nieuwe behandelingen voor TNBK op de markt gekomen, wat eens te meer
duidelijk maakt dat ontwikkeling van nieuwe specifieke geneesmiddelen essentieel
is voor de genezing van deze ziekte. Daarom was het voornaamste doel van dit
proefschrift het ontdekken van nieuwe TNBK-specifieke afhankelijkheden, met een
belangrijke nadruk op nieuwe synergetische combinaties bestaande uit klinisch

goedgekeurde middelen in combinatie met nieuwe doelgerichte moleculen.

In hoofdstuk 2 werden de verschillen in gevoeligheid van TNBK cellen voor MEK-
en Akt-remmers onderzocht. Screening van kinase remmers in TNBK cellijnen liet
zien dat deze cellijnen in drie afzonderlijke groepen te verdelen zijn op basis van
gevoeligheid voor meerdere MEK- en Akt-remmers; Akt-remmer resistente
cellijnen (Groep 1), MEK-remmer resistente cellijnen (Groep 2) of MEK- en Akt-
remmer resistente cellijnen (Groep 3). Een verhoogd niveau van gefosforyleerd
Akt en mutaties in PIK3CA, PIK3R1 en/of PTEN onderscheiden MEK-remmer-
resistente/Akt-remmer-gevoelige cellijnen van Akt-remmer-resistente/MEK-

remmer-gevoelige cellijinen. Behandeling van dubbelresistente cellijnen met een
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combinatie MEK- en Akt-remmers veranderde niets aan de ongevoeligheid van
deze cellijnen, noch resulteerde het in synergistische responsen in de andere
groepen. Analyse van transcriptomics en proteomics data liet significant hogere
niveaus zien van genen betrokken bij regulatie van de celcyclus in MEK/Akt-
remmer dubbelresistente cellijnen. Daarnaast waren cellijnen die resistent zijn
tegen zowel MEK- als Akt-remmers gevoeliger voor pan-CDK-remmers dinaciclib
en flavopiridol. Behandeling met deze remmers verminderde CDK-gemedieerde
signaaltransductie en induceerde DNA-beschadiging, hetgeen suggereert dat de
MEK/Akt-remmer dubbelresistente subgroep kan profiteren van een alternatieve

therapie in de vorm van CDK-remmers.

In hoofdstuk 3 wordt de resistentie van TNBK cellijnen voor epidermale
groeifactor receptor (EGFR) — tyrosine kinaseremmers (TKIs) beschreven. EGFR
niveaus zijn hoger in TNBK in vergelijking met ER positieve tumoren en daarnaast
geassocieerd met het basale cellijn subtype. Uit onderzoek naar de respons van
verscheidene TNBK cellijnen op EGFR-TKIs bleek dat de meerderheid van de
TNBK cellijnen resistent was tegen EGFR-remmers, ondanks dat het verminderen
van de EGFR expressie zelf de groei van de cellijnen duidelijk remde. Deze
verschillen in gevoeligheid waren onafhankelijk van de functionaliteit van EGFR
signalering: in alle cellijnen werd deze signalering geactiveerd na behandeling met
EGF en geremd na behandeling met de EGFR-TKIs lapatinib, erlotinib en gefitinib.
Om nieuwe remmers te identificeren die EGFR-TKI-resistente TNBK cellen
gevoelig zouden kunnen maken, werden TNBK cellijinen behandeld met
verscheidene kinaseremmers in combinatie met een klinisch relevante dosis van
lapatinib. Het combineren van de dubbele cdc7/CDK9-remmer PHA-767491 (PHA)

met EGFR-TKIs verminderde de groei en induceerde apoptose in TNBK cellen in
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vergelijking met monotherapie, wat PHA een veelbelovende kandidaat remmer
maakt. De dubbele behandeling van PHA met EGFR-TKIs verminderde
signalering die essentieel is voor cdc7 gereguleerde DNA replicatie en CDK9
gecontroleerde initiatie van transcriptie en leidde gelijktijdig tot een stop in de G2-
M fase in de celcyclus. Bovendien waren verhoogde niveaus van cdc7 en RNA
polymerase Il, het eiwit waar CDK9 direct op aangrijpt, geassocieerd met een
grotere kans op het ontwikkelen van uitzaaiingen in TNBK patiénten. Combinatie
therapie in TNBK cellen resulteerde in remming van signaalroutes betrokken bij
celgroei, transcriptie en overleving, wat suggereert dat gerichte remming van
CDK9 in combinatie met EGFR remming een krachtige strategie kan zijn om

TNBK te bestrijden.

In hoofdstuk 4 is de effectiviteit van een verscheidene CDK-remmers met sterke
anti-P-TEFb/CDK?9 activiteit vastgesteld, om zo de potentie van het aangrijpen van
de afwijkende transcriptie regulatie via CDK9 te onderzoeken. TNBK cellijnen
waren gevoelig voor remmers van CDK1, CDK2, CDK7 en CDK9, wat benadrukt
dat deze cellen erg afhankelijk zijn van regulatie van de celcyclus en transcriptie.
Behandeling met deze remmers voorkwam de P-TEFb/CDK9-gemedieerde
fosforylering van RNA polymerase |l en de expressie van verschillende anti-
apoptotische factoren, zoals MCL-1 en BCL-xL. Daarnaast induceerden deze
remmers apoptose en DNA schade in de TNBK cellijnen. De depletie van MCL-1
door CDK9-remmers vond plaats via een proteasoom-afhankelijke manier,
aangezien de proteasoom remmer MG-132 de MCL-1 depletie voorkwam. Om te
achterhalen welke moleculaire routes en transcriptionele programma’s het meest
worden beinvioed door deze remmers, werd het transcriptoom na behandeling

met deze CDK9-remmers in kaart gebracht. Genen betrokken bij TGF-3, BMP en
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Whnt/B-catenin signaleringsroutes, progressie van de celcyclus, het herstellen van
DNA schade, en epitheliaal-naar-mesenchymaal transitie (EMT) waren de meest
verminderd tot expressie gekomen genen. De transcripten die het meest
aangetast werden waren voornamelijk transcriptiefactoren. Een aantal van deze
(SOX9, EN1 en PLAG1) waren cruciaal voor de proliferatie van verschillende
TNBK cellijnen en kwamen hoog tot expressie in basale-achtige tumoren.
Samenvattend laten deze resultaten dus zien dat CDK-remmers met anti-p-TEFb/

CDKO9 activiteit erg efficiént zijn in in vitro modellen van TNBK.

Aangezien resistentie tegen therapieén met één aangrijpingspunt zich bijna altijd
ontwikkeld in de kliniek, is in hoofdstuk 5 het effect van het combineren van de
CDK9-remmers beschreven in hoofdstuk 4 met geneesmiddelen die ofwel
geaccepteerd zijn voor klinisch gebruik, ofwel zich momenteel in pre-klinische
onderzoeksfasen bevinden, getest. Sterke synergie werd gezien bij combinatie
van de pre-klinische BET-remmer JQ1 met CDK9-remmers |-73 of LY3-21. Deze
synergie leidde tot vermindering van MCL-1 en BCL-2 expressie, en activering van
de respons die DNA schade herstelt. Combinatie van I-73 en LY3-21 met EGFR-
TKis lapatinib en gefitinib herstelde de gevoeligheid van TNBK cellen voor EGFR
tyrosine kinase inhibitie en induceerde een halt in de G2/M fase van de celcyclus,
wat gepaard ging met apoptose. Via het kwantitatief in kaart brengen van de
algehele RNA expressie, ofwel ‘RNA sequencing’, werd achterhaald dat de
combinatiebehandeling van I-73 en lapatinib de inhibitie van transcriptie door 1-73
versterkte. De signaleringsroutes die hierbij het meest verstoord werden waren
TGF-B signalering, progressie van de celcyclus en stamcel pluripotentie. Een
aantal transcriptionele regulators die specifiek verlaagd tot expressie kwamen

door de combinatie van I-73 en lapatinib waren geassocieerd het vormen van
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uitzaaiingen in een cohort van TNBK patiénten. Kortom, het remmen van P-TEFb/
CDK9 activiteit kan de resistentie van TNBK cellen tegen EGFR-TKIs en BET-

remmers teniet doen.

Concluderend, het werk in dit proefschrift laat zien dat EGFR-resistente TNBK
tumoren gevoelig gemaakt kunnen worden met behandeling met CDK-remmers,
welke transcriptie remmen via P-TEFb/CDKS9 in tumoren die afhankelijk zijn van
EGFR-gemedieerde signaaltransductie en/of een nauwkeurig gecontroleerde

celcyclus hebben.
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