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Chapter 7

Triple-negative breast cancer (TNBC) is a subtype of breast cancer with very poor
prognosis and limited treatment options®. In this thesis, our primary objective was
to explore novel approaches for the treatment of TNBC. Our investigation began
by assessing the responsiveness of TNBC cells to kinase inhibitors, revealing their
relative resistance to several kinase inhibitors, including differential sensitivity to
those targeting MEK and AKT pathways, while demonstrating notable sensitivity to
pan-CDK inhibitors (Chapter 2). Building upon these findings, our research refined
its focus to examine inhibitors targeting a more specific subset of CDKs, namely
transcriptional CDKs, as promising and previously underexplored therapeutic targets
for TNBC (Chapter 3-6). In this section, we will discuss the main findings from this
thesis and their implications for the research field. Moreover, we will discuss the used
technology and highlight current advances that could enhance future research in this
area.

Fundamental insights and their implications in advancing
transcriptional cyclin-dependent kinases as targets for cancer
therapy

Resilience of TNBC against targeting of single signaling pathways

In Chapter 1, we discuss frequently altered pathways in TNBC and the ongoing
progress in targeting these pathways for treatment. Despite decades of effort, with
the exceptions of PARP inhibitor therapy and immunotherapy, targeted treatment
approaches have largely fallen short. Even PARP inhibitor treatment and immuno-
therapy, are effective only in a subset of patients?®. Moreover, although they offer
improved responses and fewer severe side effects compared to chemotherapy, they
do not consistently lead to durable outcomes.

In Chapter 2, we conducted a comprehensive analysis of the sensitivity of 20 TNBC
cell lines to a large kinase inhibitor library. This investigation revealed that the targeting
of individual deregulated proteins typically fails to inhibit TNBC cell proliferation effec-
tively. Even the inhibition of critically deregulated and mutated pathways, such as the
PI3K and MAPK pathways, remained ineffective in most cell lines. This observation
aligns with the limited patient benefits observed for these inhibitors in clinical trials*.
Although we found a cell cycle gene expression signature that could distinguish these
PI3K and MAPK pathway inhibitor-resistant cells from sensitive ones, we were not
able to restore this sensitivity, highlighting the need for alternative therapies.

The general lack of success in clinical studies aimed at enhancing TNBC targeted
therapy (Chapter 1) coupled with the overall resistance observed in our kinase inhib-
itor study (Chapter 2), suggests that targeting one or two proteins within a pathway,
involving numerous other mediators, to eventually regulate cell survival and prolif-
eration, may not be the most effective approach for TNBC treatment. The intricate
signaling network between the target and effectors of cell survival and proliferation
may give too many opportunities for drug resistance. In Chapter 2, we also identified
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a select number of kinase inhibitors to which most TNBC cell lines displayed relative
vulnerability, particularly pan-CDK inhibitors such as flavopiridol and dinaciclib. CDKs
have a more direct and central role in regulating critical cellular processes, including
cell cycle progression and transcription, making them compelling targets for TNBC
treatment®.

The transcriptional machinery as core vulnerability underlying various TNBC
dependencies

To address the challenge of targeting individual proteins within signaling pathways,
our research therefore further focused on targeting transcriptional regulation through
transcriptional CDKs in Chapters 3-6. As discussed in Chapter 3, these CDKs serve
as critical hubs, integrating signals from numerous signaling pathways and converging
them to regulate the expression of genes responsible for various cancer hallmarks.
TNBC exhibits rapid proliferation, demanding efficient production of proteins, initially
driven by gene transcription. Transcriptional addiction and oncogene-driven elevation
of global transcription, or “hypertranscription”®-8, underscore the substantial reliance
of cancer cells on the activity of the transcriptional machinery.

Moreover, inhibitors targeting transcriptional CDKs have shown promise in disrupting
specific genes important for cancer, as illustrated in Chapter 3. Here, we examined
the current literature concerning the targeting of the transcriptional machinery in
triple-negative breast cancer (TNBC), focusing on CDKs 7, 8, 9, 12, and 13, as well
as BRD4, and their associations with various genomic abnormalities in TNBC. We
describe that disrupting the transcriptional machinery deregulates genes involved in
processes compromised by genomic aberrations in TNBC, such as the DNA dam-
age response, the cell cycle machinery, super-enhancer transcriptional regulation,
anti-cancer immunity, and various signaling pathways, including the MAPK and PI3K
pathway. It is important to note that disrupting the transcriptional machinery can have
diverse reported effects, depending on factors like the inhibitor type, cancer model,
and focus of the specific study. This diversity and the lack of studies using TNBC
models emphasizes the need for the systematic approach taken in our research on
TNBC throughout the rest of this thesis. Chapters 4 and 5 focus on the impact of
CDK?9 and CDK12/13 inhibition, respectively, while Chapter 6 provides a systematic
comparison of the consequences of targeting transcriptional CDKs 7, 8, 9, 12, and 13.

While CDK7 has previously been described as a critical vulnerability of TNBC?, our
research, including direct comparisons in Chapter 4 and 6, suggests that targeting
CDK9 and CDK12/13 may be equally, if not more, effective. While CDK7 has been
explored thoroughly as a target for TNBC ¢, CDK9 and CDK12 have received
comparatively less attention in TNBC research. Given that their targeting is relatively
underexplored and their high impact on proliferation and gene transcription, the work
in this thesis thus provides important new insights and a strong rationale for develop-
ing transcriptional CDK9 and CDK12-based treatment strategies.

Furthermore, our findings in Chapters 4-6 supports that targeting various tran-
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scriptional CDKs does not uniformly suppress global mRNA expression. Instead, it
selectively suppresses genes associated with pathways that have potential for cancer
treatment. Genes that were significantly and consistently downregulated following
CDKQ9 inhibition and knockout, or after CDK12 (and CDK13) inhibition or knockout,
in Chapters 4-6, were frequently associated to cell cycle progression and DNA
damage responses. Importantly, their rapid downregulation suggests that they are
not merely consequences but rather the causes of the inhibition of cell cycle pro-
gression discussed in Chapters 4 and 5. This may thus be an alternative approach
to targeting various cell cycle proteins, which has gained substantial interest in the
past decade''®. Furthermore, a similar reduction of DNA damage response genes
was previously identified with the non-selective CDK12 inhibitor dinaciclib, sensitizing
TNBC cells and preventing drug resistance to PARP inhibition'. While selective
downregulation of DNA damage genes has been widely reported after CDK12 inhi-
bition or knockout'2°, such observations of gene-specific control have been limited
following CDK9 inhibition. Additionally, it is worth noting that the concurrent and
specific downregulation of genes associated with cell cycle progression and DNA
replication due to CDK12 inhibition has been acknowledged, but remains a relatively
unexplored area of study, despite the clear interconnectedness of these processes
with the DNA damage response?'.

Chapters 4-6 also show that targeting CDK9 and CDK12 reduces the activity of
transcriptional regulators like transcription factors and histone modifiers, which could
further mediate transcriptional reprogramming after CDK9 and CDK12 inhibition?2.
Epigenetic modifications and the aberrant expression of transcription factors are
increasingly recognized as critical factors in cancer development and targets for
therapy?*-2%, hence their targeting through CDK9 and CDK12 may provide options for
tackling them simultaneously and/or targeting of undruggable transcription factors.
In Chapter 4, we demonstrate that the individual downregulation of several affected
transcription factors, such as SOX9, EN1, PLAG1 and NR2C2, is sufficient to halt
TNBC cell proliferation. While previous research has indicated that inhibition of CDK7
and BRD4 can impair expression of multiple transcription factors through regulation of
super-enhancer activity?-28, this has not yet been well established regarding inhibition
of CDK9 or CDK12/13.

In addition, Chapters 4 and 6 unveil the deregulation of genes involved in cancer
stemness and differentiation following CDK9 and CDK12 inhibition or knockout.
Chapter 6 also shows that CDK8 and CDK13 knockout influence genes related to
stemness and differentiation. Given the importance of cancer stem cells in chemore-
sistance, tumor recurrence, and metastasis?®, future research into the effects of CDK
targeting on the cancer stem cell population is imperative to comprehend potential
mechanisms of drug resistance and the possibility of selectively eliminating cancer
stem cells. Moreover, the deregulation of genes related to immune system pathways
after CDK7, CDK8, and CDK9 knockout underscores the significance of incorporating
immune cell types into our research. Several important studies have indeed shown
the promise of using transcriptional CDK inhibitors to unleash anti-cancer immunity in
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other cancer types®-%,

Additionally, our observations from Chapters 4, 5, and 6 include a notable upregu-
lation of certain genes, particularly those involved in oxidative phosphorylation, after
CDK9 and CDK12 inhibition and knockout. While the functional consequences of
this upregulation remain unclear, it could be part of an adaptive stress response®*-%.
Tumors often experience hypoxia® or rely on aerobic glycolysis instead of oxidative
phosphorylation¥. Therefore, glycolysis is critical for their energy production, and they
may become more susceptible to further metabolic changes as provoked by targeting
CDK9 or CDK12. In Chapter 6, we demonstrate that CDK12 knockout could sensitize
TNBC to a glycolysis inhibitor, PFK15. Similar to genes associated with oxidative
phosphorylation, targeting of CDK9 and CDK12 consistently increased the expression
of genes encoding ribosomal proteins in Chapters 5 and 6. Importantly, CDK12 was
recently also associated with protein translation via 4E-BP1 phosphorylation®*® and
could thus affect both transcription and translation. The increase in ribosomal pro-
teins might represent an adaptive response, improving mRNA translation efficiency
to maintain protein production despite reduced mRNA levels. Recent studies have
indicated that increased ribosomal protein expression and ribosomal RNA expression
can induce breast cancer metastasis®**°, highlighting the need to further investigate
the observed upregulation of these genes and the role of CDK9 and CDK12 therein.
In summary, targeting transcriptional CDKs induces significant reprogramming of the
transcriptome, altering the expression of specific genes, to which cancer cells may
be particularly vulnerable. However, the functional consequences thereof and the
specific mechanisms through which these CDKs precisely regulate the expression
of these genes require further investigation. In addition to the fundamental insight
into how transcriptional CDKs inhibit TNBC cell proliferation, the insights from this
thesis could be used the explore potential combination therapies and biomarkers for
response.

The critical role of ABC-transporters in pharmacological interactions and drug
efficacy

In Chapter 4 and 5, we demonstrate a pronounced synergistic interaction between
CDKinhibitors and various kinase inhibitors, including lapatinib. Intriguingly, our inves-
tigations in Chapter 5 elucidated that this synergy is a consequence of the inhibition of
ATP-binding cassette transporter G2 (ABCGZ2) by these synergistic kinase inhibitors,
reducing the efflux of transcriptional CDK inhibitors. While prior studies have noted
the existence of synergy between different CDK inhibitors and other kinase inhibi-
tors'°4143 the potential involvement of ABC-transporters in mediating this interaction
has largely been overlooked. This mechanistic insight likely extends to scenarios
involving other (yet still unknown) ABCG2 inhibitors and their substrates beyond CDK
inhibitors. However, the precise conditions under which this potent synergy occurs
warrant further investigation. Furthermore, the elevated expression of ABC-transport-
ers in (cancer) stem cells is noteworthy*44®, Given that our CDK inhibitors additionally
influence the expression of genes related to stemness, this underscores the need for
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further investigation of these treatments in this particular population. Nonetheless, the
findings outlined in this thesis warrant a closer examination of these interactions in
general and raise questions about the fundamental insights previously derived from
synergistic interactions involving CDK inhibitors.

In Chapter 4 we observed increased toxicity when combining I-73 with lapatinib in
tumor xenograft mouse models. Given the interaction with ABCG2, this toxicity could
be caused by higher levels of I-73 inside cells. As I-73 is not a completely selective
inhibitor and also inhibits CDK1/2/4, among other kinases, these off-target effects
may contribute to the observed toxicity*®. Consequently, exploring combination treat-
ments involving lapatinib with more selective CDK9 or CDK12/13 inhibitors remains
a promising strategy that warrants further in vivo evaluation. Additionally, considering
interspecies differences in expression levels and substrate affinities between murine
and human ABC transporters*’—9, caution is needed when interpreting these models.

Technological framework of this thesis: current utilization and
future advances

Selectivity of targeting of transcriptional CDKs

The selectivity of transcriptional CDK inhibitors and in vitro tools for selectively deplet-
ing targets, such as CRISPR, has strongly improved in the past decade. Before that,
most of the research about transcriptional CDKs was based on non-selective CDK
inhibitors, such as pan-CDK inhibitors dinaciclib and flavopiridol®®-*2, This complicated
the understanding of the specific function of each transcriptional CDK and the safety
and efficacy of targeting them. In Chapter 4 we showed the efficacy of a panel of
novel CDK9 inhibitors, including I-73%, D10-81 and Y3-21, that are more selective
and potent against CDK9 compared to other targets than the first described pan-CDK
inhibitors. However, these inhibitors still also inhibited at least one or multiple other
CDKs, including CDK1, 2, 4 and 7, at similar potency. Thus the effects observed
in that study cannot be pinpointed to CDK9 with complete certainty. In Chapter 5
and 6 we therefore aimed to use more, recently discovered, selective inhibitors and
CRISPR-Cas9 knockouts to understand the role of each CDK and potency of tar-
geting them. Nevertheless, given their high similarity in kinase domain, there are no
selective kinase inhibitors available for CDK12 and CDK13 individually.

In addition to attributing the deregulated genes described in the previous section with
more certainty to these CDKs, the use of CDK knockouts and selective inhibitors
gave us additional insights. For instance, previous studies have shown great promise
in inhibiting CDK7 using the CDK7/12/13 inhibitor THZ1. However, the use of more
selective inhibitors such as BS-1814% and CT7001 (ICEC0942/Samuraciclib)®, as
well as selective CDK7 knockout, in Chapter 6, enabled us to reveal that, in our
models, targeting CDK7 did not exert effects on gene transcription or proliferation as
strongly as observed with selective CDK9 or CDK12/13 inhibition and knockout.
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Although we did observe overlap in specific pathways and genes deregulated by
knockout of CDK9 and CDK12 versus CDK9 inhibition and CDK12/13 inhibition in
Chapter 6, the overall overlap was limited. For example, while pro-survival MCL1 and
Bcl-xL levels were significantly downregulated after CDK9 or CDK12/13 inhibition,
they were not after CDK9 or CDK12 knockout, despite their efficient proliferation inhi-
bition. Moreover, while we observed strong intronic polyadenylation after CDK12/13
inhibition, we did not observe it after CDK12 knockout. Here, CDK13 inhibition may
enhance the effect of CDK12 inhibition, which has been suggested previously®*%”. This
could be due to that, in addition to CDK12, also CDK13 can contribute to the phos-
phorylation of several RNA processing factors®. Other studies have shown intronic
polyadenylation after CDK12 knockout, indicating potential differences in functionality
and compensation by CDK13 in various cancer models'®%8. Given these findings, and
as specific cancers have CDK12 inactivating mutations®®%°, selective CDK13 inhibition
could potentially be synthetically lethal, providing a rationale for the development of
selective CDK13 inhibitors. As CDK12 knockout did strongly impact gene expression
and proliferation without inducing intronic polyadenylation, this suggests that intronic
polyadenylation is likely not the only mechanism behind gene-specific regulation after
CDK12 (and CDK13) inhibition, urging for further research in this field.

Moreover, the differences between knockout and inhibition may also stem from the
inherent distinction between gene knockout and protein inhibition. A gene knockout
causes an eventual complete, but gradual depletion of the protein expression, ena-
bling adaptation. Moreover, the complete absence of the protein could have different
effects than the inhibition of kinase activity of a protein (e.g. remaining activity or
function and binding not dependent on kinase activity). While CRISPR/Cas9 knock-
out technology®' enabled precise investigation of individual transcriptional CDKs,
its effects may therefore not directly mirror the consequences of selective kinase
inhibitors that are most commonly used in clinical settings. Therefore, alternative
techniques may offer advantages over creating knockouts, including utilizing kinase-
dead mutant proteins®2%3, generating analogue-sensitive proteins®%® or employing
recently refined CRISPR-based techniques including CRISPRI (transcriptional inter-
ference by deactivated Cas9)%, CasTuner (analog tuning of gene expression through
deactivated Cas9, fused to degron and repressor domains)®” or CRISPR-Cas13d
(interference and modulation of RNA)®. Additionally, target-specific effects of inhibi-
tors can be validated through the generation of cells with inhibitor-refractory mutant
protein expression®. Genetic approaches that deplete the protein, instead of inhibiting
it, may have similar effects as molecular degraders, which have also recently been
developed for CDK9 and CDK127°7". Altogether, when assessing the relevance of
targets, it is crucial to consider the method of targeting and its potential implications.
Nevertheless, the combined use of highly selective CDK inhibitors and knockouts
used in Chapter 6 enabled us to identify high-confidence mechanisms and targets.
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High-throughput technologies and transcriptomics to rapidly pinpoint key
players of complex mechanisms

In this research, we utilized multiple high-throughput methods, which have the advan-
tage of providing an unbiased and complete perspective on certain research ques-
tions. This led us to findings that would have otherwise required extensive research
through low-throughput, hypothesis-based research. For example, in Chapter 5
we screened large kinase inhibitor libraries using high-throughput and robust SRB
proliferation assay and ABCG2 inhibitory activity pheophorbide A read-outs. These
screening approaches led us to the unique and simultaneous discovery that an unex-
pected amount of kinase inhibitors could synergize with transcriptional CDK inhibitors
by inhibiting ABCG2; this would have not been possible when testing single agents in
a more narrow, hypothesis-based approach. However, it's important to note that these
compound libraries primarily enable discoveries related to existing drugs, limiting their
applicability to novel target identification, and complicating mechanistic insights due to
potential off-target effects. To overcome these limitations, in Chapter 5, we employed
a whole-genome CRISPR-Cas9 pooled knockout screen to find genes that sensitized
cells to THZ531 treatment upon knockout. This led us to pinpoint ABCG2 as a critical
contributor to THZ531 resistance. Similarly, other CRISPR-based screening technol-
ogies, such as CRISPR interference and activation screening®, and arrayed CRISPR
screening’? enabling phenotypic read-outs, could provide additional insights into drug
resistance of CDK inhibitors in the future.

In addition to these high-throughput interventions for target identification, we turned
to transcriptomics to gain a comprehensive understanding of drug resistance. In
Chapters 2 and 5, we identified gene expression patterns in untreated cell lines,
associated with drug resistance against MEK and Akt inhibitors (elevated cell cycle
signature), as well as transcriptional CDK inhibitors (increased ABCG2 expression),
respectively. Furthermore, we extensively utilized RNA-sequencing in Chapters 4, 5,
and 6 to explore genes and associated pathways deregulated by transcriptional CDK
inhibitors. These findings provided a wealth of insights into the (in)direct mechanisms
of action, potential adaptation, drug resistance mechanisms, and potential biomark-
ers for response and combination treatment strategies. Moreover, in Chapters 5
and 6 we describe a new computational method, utilizing publicly available data
from the polyAatlas, to quantify intronic polyadenylation based on commonly used
whole-transcript mMRNA sequencing data. As this analysis can be applied to regular
mRNA sequencing data, although preferably with higher sequencing depth (50M
reads), it can also be utilized to analyze data generated for regular differential gene
expression analysis or splicing analysis, which includes most sequencing data of clin-
ical samples. However, as intronic polyadenylation could influence transcript stability
and thus mRNA levels™, nascent RNA-sequencing could give a more comprehensive
view of this”™. Moreover, sequencing near the 3’-ends only (3’ sequencing), could
quantify these events with more certainty, and could also quantify other alternative
polyadenylation sites™.
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In addition, more advanced sequencing methods such as nascent RNA-sequencing
and chromatin immunoprecipitation (ChlP) sequencing can give further insights into
distinguishing direct from indirect responses and the mechanism of preferential gene
control (e.g. binding motifs, distribution within gene body and/or distal regulatory
elements)’®’’. By investigating the stability of nascent synthesized RNA (e.g. Bru-
Seq combined with Bru-Chase-Seq), CDK12 inhibition has recently been implicated
in inhibiting transcriptional read-through and possibly and negatively influencing
the stability of mMRNA, which could be an additional mechanism of gene expression
regulation to intronic polyandeylation”. Advanced sequencing techniques are thus
essential for understanding the intricate gene regulation mechanisms by components
of the transcriptional machinery. Moreover, investigating the direct interactions of
(chromatin-bound) transcriptional CDKs with other proteins through (chromatin)
immunoprecipitation pulldown assays followed by proteomics analysis (e.g. RIME?,
IP LC-MS8) and/or effect of their inhibition on the phosphorylation of proteins, using
phospho-proteomics, can shed more light on their function. In addition, further
research is essential to confirm if the genes and pathways described in this thesis
lead to changes at the protein level and affect functionality. In conclusion, our study
leveraged high-throughput technologies and transcriptomics to uncover the conse-
quences of transcriptional CDK depletion and inhibition. While these approaches
yielded valuable insights, the application of additional tools and techniques can
further elucidate the intricate mechanisms underlying these consequences.

Models to study anti-cancer efficacy: limitations of cancer cell lines and tech-
nological advances

In our research, we primarily utilized immortalized cancer cell lines grown on plastic
dishes as models to investigate transcriptional CDKs. These cell line models offer
advantages such as cost-effectiveness, ease of handling, and nearly limitless supply,
making them suitable for the high-throughput studies described in this work. However,
these models have limitations in terms of their representation of human tumors. Over
time, these cells have undergone changes and adaptations through numerous pas-
sages on plastic surfaces and cultivation in medium containing non-representative
and undefined growth factors. Additionally, the in vitro environment of these cell lines
lacks critical components of the tumor micro-environment, such as extracellular matrix
interactions and interactions with others cells, such as immune cells or fibroblasts.

Toimprove the translational potential of our findings in cell lines, we explored the effects
in Hs578T xenografted immunocompromised mice, as described in Chapter 4. This
approach can improve clinical relevance by providing 3D tumor growth surrounded
with extracellular matrix and a more physiologically relevant mixture of growth factors.
However, these xenografts still originate from cell lines that do not represent human
tumors well. We therefore also incorporated a TNBC patient-derived xenograft mouse
model, in which tumor cells from a human TNBC tumor were propagated solely in
mice. While patient-derived xenograft (PDX) in vivo models come closer to mimicking
human tumors, they still lack certain components present in actual human tumors,
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such as immune cells and human growth factors. In addition, these models are not
suitable for the early and high-throughput target discovery described in this research.

To better reflect human tumor conditions at early stages of target validation and drug
discovery, avoiding the high costs and ethical issues with in vivo studies, in vitro and
ex vivo culture methods are currently being improved. For example, 3D cultures of
immortalized cell lines using physiologically relevant extracellular matrix materials,
such as basement membrane extract and collagen, can restore functionality and alter
drug responses®-#. To avoid the use of cell lines, patient or patient-derived xenograft
tumor cells can be used directly for drug research, for example as tumor slices, that
maintain relevant extracellular matrix interactions®*, or isolated tumor cells®. More
advanced models involve the culture and expansion of cells isolated from patients
or patient-derived xenograft tumors as 3D organoids in matrices with physiologically
relevant medium conditions®®®”. In Chapter 6, we therefore demonstrated the efficacy
of transcriptional CDK inhibitors in isolated tumor cells from pleural effusions and
patient-derived xenograft organoids from two TNBC patients. This proof-of-concept
further illustrates the potency of transcriptional CDK inhibitors and the utility of these
models to investigate drug efficacy.

Furthermore, the adverse events resulting from [-73 and lapatinib combination
treatment that we observed in the mouse models in Chapter 4, demonstrate that
it is imperative to assess potential toxicity in healthy tissues in early drug and tar-
get discovery as well. Many potential drugs can efficiently kill tumor cells at certain
concentrations, but the clinical therapeutic window is critical for their successful
development as safe and effective anti-cancer treatments. Although mice models can
provide insights into this balance of safety and efficacy, these are usually only used in
later stages of research and significant differences exist between mice and humans
and, in general, murine models are described as poor predictors of human toxicity
and efficacy in clinical trials82°,

Therefore, it is crucial to evaluate the effects in vitro in human healthy tissue alongside
clinically relevant tumor models during early drug and target discovery. Adverse events
causing termination of clinical drug development or market withdrawal are mostly
related to toxicity in the nervous system, liver, or heart®. Moreover, anti-cancer drugs
frequently induce (acute) myelosuppression (e.g. neutropenia, leukopenia, anemia)
and gastrointestinal toxicity (e.g. severe nausea, vomiting and diarrhea, likely caused
through effects on nervous system °'). Notably, the initial clinical trial of a selective
CDK@ inhibitor also observed a high frequency of these adverse events, with myelo-
suppression being the primary cause of the most severe, high-grade events®2. Mode-
ling of these, and other, healthy tissue types, is therefore important to further steer the
optimization of CDK inhibitors, alongside of testing in clinically relevant in vitro/ex vivo
cancer models. While immortalized cell lines representing various healthy tissues are
available, they are not ideal models for the same reasons mentioned for immortalized
cancer cell lines®®. Recent advances include the use of primary cells or differentiation
of inducible pluripotent stem cells (iPSC) that resemble different cell types. Although
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primary cells from organs like the liver®, heart, bone marrow and nervous system
are very limited due to their scarcity as left-over after surgical procedures, mammary
tissue is more readily available from surgeries such as reduction mammoplasty or
(prophylactic) lumpectomy®®. Studying potential toxicity in mammary tissue can reveal
whether a drug selectively kills breast cancer cells compared to healthy breast cells,
shedding light on oncogenic transformation-induced vulnerabilities. Alternatively,
iPSCs can be differentiated into cells and/or organoids resembling various tissues,
such as iPSC-derived hepatocytes, cardiomyocytes and cells representing various
neuronal lineages®. While these differentiated iPSC-derived cells are less mature
than normal tissue cells, and the differentiation process can be laborious, challenging
and costly, these models provide a valuable resource for understanding and avoiding
potential toxicity of novel cancer therapeutics, such as CDK inhibitors.

Concluding remarks and future perspectives

In conclusion, this thesis highlights the potential of transcriptional CDK inhibitors as
a promising avenue for treating TNBC. It systematically compares the efficacy of
targeting various CDKs, with CDK9 and CDK12 emerging as highly potent targets for
disrupting TNBC cell proliferation. These inhibitors induce transcriptional reprogram-
ming rather than global shutdown, shedding light on their mechanisms of action and
potential opportunities for combination treatments. Additionally, our research uncov-
ers a crucial mechanism of drug resistance of transcriptional CDK inhibitors involving
ABCG2 transporters and a means of targeting it. Future research should delve into
understanding the precise mechanisms of gene-selective regulation by CDK9 and
CDK12, as well as investigating resistance mechanisms. Evaluating the efficacy and
safety of these inhibitors in more clinically relevant models, including primary cancer
tissues, healthy tissues, and in vivo models, will be crucial for guiding further clinical
development of these inhibitors. All together, the insights from this thesis, and the
proposed future efforts, will help to further steer the (pre-)clinical development and
strategy of using transcriptional CDK inhibitors for the treatment of TNBC.

References

1. Boyle, P. Triple-negative breast cancer: Epidemiological considerations and recommenda-
tions. Annals of Oncology 23, viT—vi12 (2012).

2. Robson, M. E. et al. OlympiAD final overall survival and tolerability results: Olaparib versus

chemotherapy treatment of physician’s choice in patients with a germline BRCA mutation
and HER2-negative metastatic breast cancer. Annals of Oncology 30, 558-566 (2019).

3. Miles, D. et al. Primary results from IMpassion131, a double-blind, placebo-controlled, ran-
domised phase Il trial of first-line paclitaxel with or without atezolizumab for unresectable
locally advanced/metastatic triple-negative breast cancer. Annals of Oncology 32, 994—1004
(2021).

4. Dent, R. et al. Final results of the double-blind placebo-controlled randomized phase 2 LO-
TUS trial of first-line ipatasertib plus paclitaxel for inoperable locally advanced/metastatic
triple-negative breast cancer. Breast Cancer Res Treat 189, 377-386 (2021).

5. Ettl, T., Schulz, D. & Bauer, R. The Renaissance of Cyclin Dependent Kinase Inhibitors.

201




Chapter 7

10.
11.
12.
13.

14.

15.
16.

17.

18.
19.
20.
21.
22.
23.
24,
25.

26.
27.

28.
29.
30.
31.
32.

33.

202

Cancers (Basel) 14, 293 (2022).

Bowry, A., Kelly, R. D. W. & Petermann, E. Hypertranscription and replication stress in can-
cer. Trends Cancer 7, 863-877 (2021).

Lin, C. Y. et al. Transcriptional amplification in tumor cells with elevated c-Myc. Cell 151,
56-67 (2012).

Bradner, J. E., Hnisz, D. & Young, R. A. Transcriptional Addiction in Cancer. Cell 168, 629—
643 (2017).

Wang, Y. et al. CDK7-Dependent Transcriptional Addiction in Triple-Negative Breast Cancer.
Cell 163, 174—-186 (2015).

McDermott, M. S. J. et al. CDK?7 Inhibition Is Effective in all the Subtypes of Breast Cancer:
Determinants of Response and Synergy with EGFR Inhibition. Cells 9, (2020).

Tang, L. et al. SOX9 interacts with FOXC1 to activate MYC and regulate CDK7 inhibitor
sensitivity in triple-negative breast cancer. Oncogenesis 9, (2020).

Xia, L. et al. Targeting Triple-Negative Breast Cancer with Combination Therapy of EGFR
CAR T Cells and CDK?7 Inhibition. Cancer Immunol Res 9, 707-722 (2021).

Li, B. et al. Therapeutic rationale to target highly expressed CDK7 conferring poor outcomes
in triple-negative breast cancer. Cancer Res 77, 3834—-3845 (2017).

Charles Coombes, R. et al. Dose escalation and expansion cohorts in patients with ad-
vanced breast cancer in a Phase | study of the CDK7-inhibitor samuraciclib. Nat Commun
14, (2023).

Suski, J. M., Braun, M., Strmiska, V. & Sicinski, P. Targeting cell-cycle machinery in cancer.
Cancer Cell 39(6), 759-778 (2021).

Otto, T. & Sicinski, P. Cell cycle proteins as promising targets in cancer therapy. Nat Rev
Cancer 17, 93-115 (2017).

Johnson, S. F. et al. CDK12 Inhibition Reverses De Novo and Acquired PARP Inhibitor Re-
sistance in BRCA Wild-Type and Mutated Models of Triple-Negative Breast Cancer. Cell Rep
17, 2367-2381 (2016).

Dubbury, S. J., Boutz, P. L. & Sharp, P. A. CDK12 regulates DNA repair genes by suppress-
ing intronic polyadenylation. Nature 564, 141-145 (2018).

Dubbury, S. J., Boutz, P. L. & Sharp, P. A. CDK12 regulates DNA repair genes by suppress-
ing intronic polyadenylation. Nature 564, 141-145 (2018).

Quereda, V. et al. Therapeutic Targeting of CDK12/CDK13 in Triple-Negative Breast Cancer.
Cancer Cell 36, 545-558.e7 (2019).

Paul, A. et al. CDK12 controls G1/S progression by regulating RNAPII processivity at core
DNA replication genes. EMBO Rep 20, e47592 (2019).

Cheng, Y. et al. Targeting epigenetic regulators for cancer therapy: mechanisms and ad-
vances in clinical trials. Signal Transduction and Targeted Therapy 2019 4:1 4, 1-39 (2019).
Dawson, M. A. & Kouzarides, T. Cancer Epigenetics: From Mechanism to Therapy. Cell 150,
12-27 (2012).

Garcia-Martinez, L., Zhang, Y., Nakata, Y., Chan, H. L. & Morey, L. Epigenetic mechanisms in
breast cancer therapy and resistance. Nature Communications 2021 12:1 12, 1-14 (2021).
Henley, M. J. & Koehler, A. N. Advances in targeting ‘undruggable’ transcription factors with
small molecules. Nature Reviews Drug Discovery 2021 20:9 20, 669-688 (2021).

Pott, S. & Lieb, J. D. What are super-enhancers? Nat Genet 47, 8—12 (2015).

Chipumuro, E. et al. CDK7 inhibition suppresses super-enhancer-linked oncogenic tran-
scription in MYCN-driven cancer. Cell 159, 1126—1139 (2014).

Lovén, J. et al. Selective inhibition of tumor oncogenes by disruption of super-enhancers.
Cell 153, 320-334 (2013).

Ayob, A. Z. & Ramasamy, T. S. Cancer stem cells as key drivers of tumour progression.
Journal of Biomedical Science 2018 25:1 25, 1-18 (2018).

Zhang, H. et al. CDKY Inhibition Potentiates Genome Instability Triggering Anti-tumor Immu-
nity in Small Cell Lung Cancer. Cancer Cell 37, 37-54.€9 (2020).

Zhang, H. et al. Targeting CDK9 Reactivates Epigenetically Silenced Genes in Cancer. Cell
175, 1244 (2018).

Wau, Y. M. et al. Inactivation of CDK12 Delineates a Distinct Inmunogenic Class of Advanced
Prostate Cancer. Cell 173, 1770-1782.e14 (2018).

Jin, P. et al. Mitochondrial adaptation in cancer drug resistance: prevalence, mechanisms,



Summary, discussion and future perspectives

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

and management. Journal of Hematology & Oncology 2022 15:1 15, 1-42 (2022).

Brace, L. E. et al. Increased oxidative phosphorylation in response to acute and chronic dna
damage. NPJ Aging Mech Dis 2, (2016).

Tsvetkov, P. et al. Mitochondrial metabolism promotes adaptation to proteotoxic stress. Nat
Chem Biol 15, 681-689 (2019).

Favaro, E., Lord, S., Harris, A. L. & Buffa, F. M. Gene expression and hypoxia in breast
cancer. Genome Med 3, 1-12 (2011).

Gatenby, R. A. & Gillies, R. J. Why do cancers have high aerobic glycolysis? Nat Rev Cancer
4, 891-899 (2004).

Choi, S. H. et al. CDK12 phosphorylates 4E-BP1 to enable mTORC1-dependent translation
and mitotic genome stability. Genes Dev 33, 418—435 (2019).

Ebright, R. Y. et al. Deregulation of ribosomal protein expression and translation promotes
breast cancer metastasis. Science (1979) 367, 1468—1473 (2020).

Prakash, V. et al. Ribosome biogenesis during cell cycle arrest fuels EMT in development
and disease. Nature Communications 2019 10:1 10, 1-16 (2019).

Rusan, M. et al. Suppression of adaptive responses to targeted cancer therapy by transcrip-
tional repression. Cancer Discov 8, 59-73 (2018).

Tee, A. E. et al. Combination therapy with the CDK?7 inhibitor and the tyrosine kinase inhibitor
exerts synergistic anticancer effects against MYCN-amplified neuroblastoma. Int J Cancer
147, 1928-1938 (2020).

Sun, B. et al. Inhibition of the transcriptional kinase CDK7 overcomes therapeutic resistance
in HER2-positive breast cancers. Oncogene 39, 50-63 (2020).

An, Y. & Ongkeko, W. M. ABCG2: The key to chemoresistance in cancer stem cells? Expert
Opin Drug Metab Toxicol 5, 1529-1542 (2009).

Zhou, S. et al. The ABC transporter Berp1/ABCG2 is expressed in a wide variety of stem
cells and is a molecular determinant of the side-population phenotype. Nat Med 7, 1028—
1034 (2001).

Rahaman, M. H. et al. CDKI-73: an orally bioavailable and highly efficacious CDK9 inhibitor
against acute myeloid leukemia. Invest New Drugs 37, 625-635 (2019).

Mazur, C. S. et al. Human and Rat ABC Transporter Efflux of Bisphenol A and Bisphenol A
Glucuronide: Interspecies Comparison and Implications for Pharmacokinetic Assessment.
Toxicological Sciences 128, 317-325 (2012).

Morris, M. E., Rodriguez-Cruz, V. & Felmlee, M. A. SLC and ABC Transporters: Expression,
Localization, and Species Differences at the Blood-Brain and the Blood-Cerebrospinal Fluid
Barriers. AAPS J 19, 1317 (2017).

Jani, M. et al. Structure and function of BCRP, a broad specificity transporter of xenobiotics
and endobiotics. Arch Toxicol 88, 1205—-1248 (2014).

Wells, C. I. et al. Quantifying CDK inhibitor selectivity in live cells. Nature Communications
2020 11:1 11, 1-11 (2020).

Parry, D. et al. Dinaciclib (SCH 727965), a novel and potent cyclin-dependent kinase inhibi-
tor. Mol Cancer Ther 9, 2344-2353 (2010).

Asghar, U., Witkiewicz, A. K., Turner, N. C. & Knudsen, E. S. The history and future of tar-
geting cyclin-dependent kinases in cancer therapy. Nat Rev Drug Discov 14, 130 (2015).
Lam, F. et al. Targeting RNA transcription and translation in ovarian cancer cells with phar-
macological inhibitor CDKI-73. Oncotarget 5, 7691-704 (2014).

Ali, S. et al. The development of a selective cyclin-dependent kinase inhibitor that shows
antitumor activity. Cancer Res 69, 6208—6215 (2009).

Patel, H. et al. lcec0942, an orally bioavailable selective inhibitor of cdk7 for cancer treat-
ment. Mol Cancer Ther 17, 1156—1166 (2018).

Quereda, V. et al. Therapeutic targeting of CDK12/CDK13 in triple-negative breast cancer.
Cancer Cell 36, 545-558 (2019).

Fan, Z. et al. CDK13 cooperates with CDK12 to control global RNA polymerase |l proces-
sivity. Sci Adv 6, (2020).

Krajewska, M. et al. CDK12 loss in cancer cells affects DNA damage response genes
through premature cleavage and polyadenylation. Nat Commun 10, 1757 (2019).

Popova, T. et al. Ovarian Cancers Harboring Inactivating Mutations in CDK12 Display a
Distinct Genomic Instability Pattern Characterized by Large Tandem Duplications. Cancer

203




Chapter 7

60.
61.
62.
63.
64.
65.
66.

67.

68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.

79.

80.

81.

82.
83.
84.

85.

204

Res 76, 1882—-1891 (2016).

Wau, Y. M. et al. Inactivation of CDK12 Delineates a Distinct Inmunogenic Class of Advanced
Prostate Cancer. Cell 173, 1770-1782.e14 (2018).

Mali, P. et al. RNA-guided human genome engineering via Cas9. Science 339, 823-826
(2013).

Choi, S. H. et al. CDK12 phosphorylates 4E-BP1 to enable mTORC1-dependent translation
and mitotic genome stability. Genes Dev 33, 418—435 (2019).

Ganuza, M. et al. Genetic inactivation of Cdk7 leads to cell cycle arrest and induces prema-
ture aging due to adult stem cell exhaustion. (2012) doi:10.1038/emb0oj.2012.94.
Bartkowiak, B., Yan, C. & Greenleaf, A. L. Engineering an analog-sensitive CDK12 cell line
using CRISPR/Cas. Biochim Biophys Acta 1849, 1179 (2015).

Bishop, A. C. et al. A chemical switch for inhibitor-sensitive alleles of any protein kinase.
Nature 2000 407:6802 407, 395401 (2000).

Gilbert, L. A. et al. Genome-Scale CRISPR-Mediated Control of Gene Repression and Acti-
vation. Cell 159, 647-661 (2014).

Noviello, G., Gjaltema, R. A. F. & Schulz, E. G. CasTuner is a degron and CRISPR/Cas-
based toolkit for analog tuning of endogenous gene expression. Nature Communications
2023 14:1 14, 1-17 (2023).

Konermann, S. et al. Transcriptome Engineering with RNA-Targeting Type VI-D CRISPR
Effectors. Cell 173, 665-676.e14 (2018).

Zhang, T. et al. Covalent targeting of remote cysteine residues to develop CDK12 and 13
inhibitors. Nat Chem Biol 12, 876 (2016).

Jiang, B. et al. Discovery and resistance mechanism of a selective CDK12 degrader. Nature
Chemical Biology 2021 17:6 17, 675-683 (2021).

Olson, C. M. et al. Pharmacological perturbation of CDK9 using selective CDK9 inhibition or
degradation. Nature Chemical Biology 2017 14:2 14, 163—170 (2017).

Bock, C. et al. High-content CRISPR screening. Nature Reviews Methods Primers 2022 2:1
2,1-23 (2022).

Herrmann, C. J. et al. PolyASite 2.0: a consolidated atlas of polyadenylation sites from 3’
end sequencing. Nucleic Acids Res 48, D174-D179 (2020).

Tian, B. & Manley, J. L. Alternative polyadenylation of mRNA precursors. Nature Reviews
Molecular Cell Biology 18(1), 18-30 (2016).

Wissink, E. M., Vihervaara, A., Tippens, N. D. & Lis, J. T. Nascent RNA analyses: tracking
transcription and its regulation. Nature Reviews Genetics 2019 20:12 20, 705-723 (2019).
Moll, P., Ante, M., Seitz, A. & Reda, T. QuantSeq 3’ mRNA sequencing for RNA quantifica-
tion. (2014).

Furey, T. S. ChIP-seq and beyond: New and improved methodologies to detect and charac-
terize protein-DNA interactions. Nature Reviews Genetics 13(12), 840-852 (2012).
Magnuson, B. et al. CDK12 regulates co-transcriptional splicing and RNA turnover in human
cells. iScience 25, 105030 (2022).

Mohammed, H. et al. Rapid immunoprecipitation mass spectrometry of endogenous pro-
teins (RIME) for analysis of chromatin complexes. Nature Protocols 2015 11:2 11, 316-326
(2016).

Maccarrone, G., Bonfiglio, J. J., Silberstein, S., Turck, C. W. & Martins-De-Souza, D. Char-
acterization of a protein interactome by Co-Immunoprecipitation and shotgun mass spec-
trometry. Methods in Molecular Biology 1546, 223—-234 (2017).

Ramaiahgari, S. C. et al. A 3D in vitro model of differentiated HepG2 cell spheroids with im-
proved liver-like properties for repeated dose high-throughput toxicity studies. Arch Toxicol
88, 1083—-1095 (2014).

Yamada, K. M. & Cukierman, E. Modeling Tissue Morphogenesis and Cancer in 3D. Cell
130, 601-610 (2007).

Koedoot, E. et al. Differential reprogramming of breast cancer subtypes in 3D cultures and
implications for sensitivity to targeted therapy. Sci Rep 11, 7259 (2021).

Naipal, K. A. T. et al. Tumor slice culture system to assess drug response of primary breast
cancer. BMC Cancer 16, (2016).

Bruna, A. et al. A Biobank of Breast Cancer Explants with Preserved Intra-tumor Heteroge-
neity to Screen Anticancer Compounds In Brief. Cell 167, 260-261.e22 (2016).



Summary, discussion and future perspectives

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Sachs, N. et al. A Living Biobank of Breast Cancer Organoids Captures Disease Heteroge-
neity. Cell 172, 373-386.e10 (2018).

Guillen, K. P. et al. A human breast cancer-derived xenograft and organoid platform for drug
discovery and precision oncology. Nature Cancer 2022 3:2 3, 232-250 (2022).

Atkins, J. T. et al. Pre-clinical animal models are poor predictors of human toxicities in phase
1 oncology clinical trials. British Journal of Cancer 2020 123:10 123, 1496—1501 (2020).
Norman, G. A. Van. Limitations of Animal Studies for Predicting Toxicity in Clinical Trials Is it
Time to Rethink Our Current Approach? (2019) doi:10.1016/j.jacbts.2019.10.008.

Watkins, P. B. Drug safety sciences and the bottleneck in drug development. Clinical Phar-
macology and Therapeutics 89(6), 788-790 (2011).

Navari, R. M. & Aapro, M. Antiemetic Prophylaxis for Chemotherapy-Induced Nausea and
Vomiting. New England Journal of Medicine 374, 1356—1367 (2016).

Diamond, J. R. et al. First-in-Human Dose-Escalation Study of Cyclin-Dependent Kinase
9 Inhibitor VIP152 in Patients with Advanced Malignancies Shows Early Signs of Clinical
Efficacy. Clinical Cancer Research 28, 1285—-1293 (2022).

Pognan, F. et al. The evolving role of investigative toxicology in the pharmaceutical industry.
Nature Reviews Drug Discovery 2023 22:4 22, 317-335 (2023).

Li, A. P. Evaluation of drug metabolism, drug-drug interactions, and in vitro hepatotoxicity
with cryopreserved human hepatocytes. Methods Mol Biol 640, 281-294 (2010).
Rosenbluth, J. M. et al. Organoid cultures from normal and cancer-prone human breast
tissues preserve complex epithelial lineages. Nat Commun 11, (2020).

205






