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Highlights:

•	 The transcriptional machinery can be selectively targeted 
through inhibitors of CDK7, CDK8, CKD9, CDK12, CDK13 and 
BRD4 

•	 Genetic alterations in Myc, p53, DNA damage repair, immunity 
and growth factor signaling pathways are common drivers in 
triple-negative breast cancer

•	 The transcriptional machinery could be an underlying vulner-
ability of these genetic alterations and a promising target for 
TNBC therapy
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Abstract
Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer 
defined by lack of the estrogen, progesterone and human epidermal growth factor 
receptor 2. Although TNBC tumors contain a wide variety of oncogenic mutations and 
copy number alterations, the direct targeting of these alterations has failed to sub-
stantially improve therapeutic efficacy. This efficacy is strongly limited by interpatient 
and intratumor heterogeneity, and thereby a lack in uniformity of targetable drivers. 
Most of these genetic abnormalities eventually drive specific transcriptional pro-
grams, which may be a general underlying vulnerability. Currently, there are multiple 
selective inhibitors, which target the transcriptional machinery through transcriptional 
cyclin-dependent kinases (CDKs) 7, 8, 9, 12 and 13 and bromodomain extra-terminal 
motif (BET) proteins, including BRD4. In this review, we discuss how inhibitors of the 
transcriptional machinery can effectively target genetic abnormalities in TNBC, and 
how these abnormalities can influence sensitivity to these inhibitors. These inhibitors 
target the genomic landscape in TNBC by specifically suppressing MYC-driven 
transcription, inducing further DNA damage, improving anti-cancer immunity, and 
preventing drug resistance against MAPK and PI3K-targeted therapies. Because the 
transcriptional machinery enables transcription and propagation of multiple cancer 
drivers, it may be a promising target for (combination) treatment, especially of hetero-
geneous malignancies, including TNBC.

1. Introduction
Breast cancer is the most common type of cancer in women and affects approximately 
1 in 8 women. Triple-negative breast cancer (TNBC) is one of the most aggressive 
subtypes of breast cancer and accounts for approximately 15% of all breast can-
cer cases1. TNBC is defined by the lack of estrogen (ER), progesterone (PR) and 
human epidermal growth factor receptor 2 (HER2) expression, and therapies against 
these receptors are therefore not effective in TNBC patients. Although a subset of 
TNBC patients respond relatively well to neo-adjuvant chemotherapy and surgery, 
most of these patients still experience early recurrence and have poor responses to 
adjuvant chemotherapy, while no other effective alternatives are available2,3. Targeted 
therapies, including PARP inhibitor and immune checkpoint blockade therapy, have 
recently been approved for the treatment of a subset of TNBC patients, yet this is not 
applicable to all patients and most treated patients still have poor clinical prognosis 
due to an eventual relapse. Therefore, more effective (combination) treatments tar-
geted against TNBC drivers are urgently needed.

The main problem of finding targeted therapy for TNBC is that its actionable drivers 
are very heterogeneous among patients and within one tumor. Through their tran-
scriptomic profile, TNBC patients can be classified in different molecular subtypes, 
including the basal-like 1 and 2, immunomodulatory, mesenchymal-like, mesenchy-
mal stem-like and luminal AR subtypes4. In addition, genomic profiling has identified 
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numerous mutations and copy number alterations in TNBC5–9. However, these 
alterations are also very heterogenous among patients, except for TP53, which is 
compromised in most TNBC patients, but cannot be well exploited with therapy. Other 
frequent genomic alterations include mostly mutations or copy number alterations in 
DNA damage signaling and repair pathways (e.g., BRCA1), cell cycle regulators (e.g., 
RB1, CDK6, CCND1), growth factor signaling pathways (e.g., PIK3CA, EGFR) or 
their downstream transcription factors (e.g., MYC) (Figure 1A,B)5,6,9. 

Another great challenge in treating TNBC is the large intratumor heterogeneity, which 
is widely supported by recent single cell RNA and DNA sequencing data of TNBC 
primary tumors10–14. Within one tumor, different cell subpopulations can be assigned 
to different TNBC molecular subtypes. These subpopulations also have major differ-

Figure 1. Genomic alterations of frequently altered pathways and the transcriptional machin-
ery (TM) in TNBC. (A) Copy number alterations and (B) mutations in genes from TNBC patients from 
the METABRIC study (TNBC and other BC) or TCGA (pan-cancer) derived from cBioportal. Shown 
are the most frequently altered genes within cell cycle, DNA damage response (DDR) and growth 
factor signalling pathways.

A

B
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ences in oncogenic driver mutations and copy number alterations10,11,13. This intratumor 
heterogeneity can contribute to drug resistance by providing cell subpopulations with 
differential therapeutic vulnerabilities15,16. Most targeted therapies that have been in 
clinical trials are directed against one, or two of the genetic alterations characterizing 
the bulk tumor. Although targeted 

therapies have provided benefits for more uniformly driven cancers, such as BRAF-
driven melanoma or hormone-positive breast cancer, the heterogeneity in TNBC 
limits clinical responses to most targeted therapies. A promising strategy to combat 
TNBC would require the simultaneous tackling of multiple alterations in the complex 
genomic landscape of this cancer. Many of these abnormalities eventually drive can-
cer progression through selectively driving oncogenic transcriptional programs. This 
transcriptional addiction is a common feature of most cancers17, and the transcrip-
tional machinery (TM) is thus a common hub that may be targeted to simultaneously 
tackle multiple TNBC drivers.

Several components of the TM can be effectively and selectively targeted, such as 
transcriptional cyclin-dependent kinases (CDK) and bromodomain and extra-terminal 
(BET) proteins that induce transcription by regulating RNA polymerase II activity. 
Understanding how these TM inhibitors (TMi’s) interact with various cancer drivers 
is critical to rationally design therapeutic strategies, for example, biomarker-based 
patient selection and combination therapies. In this review, we discuss: (1) how the 
TM can be targeted; (2) how its activity is altered in TNBC; and, (3) how it interferes 
with the heterogeneous TNBC drivers. Overall, this review identifies the opportunities, 
challenges and knowledge gaps concerning the genomic landscape of TNBC and its 
indirect targeting by TMi’s (Figure 2). 

2. Targeting the TM in TNBC
Transcription of mRNA occurs through a series of steps, including transcription ini-
tiation, pausing, elongation and termination, which are driven by RNA polymerase 
II. RNA polymerase II is regulated by a complex set of proteins composing the TM, 
which has recently been extensively reviewed18. Within the TM, only a limited num-
ber of proteins can currently be pharmacologically and selectively inhibited to halt 
uncontrolled transcription. In this review we focus on these actionable proteins, which 
mainly include the transcriptional CDKs 7, 8, 9, 12, 13 and 19, and the bromodomain 
and extra-terminal (BET) protein bromodomain-containing protein 4 (BRD4).

2.1. Regulation of transcription by the TM
CDK7 regulates transcription initiation and promoter escape. Before transcription is 
initiated, a large complex of general transcription factors, the pre-initiation complex 
(PIC), is recruited to the gene promoter18. Some of these general transcription factors 
can recognize specific DNA motifs and can subsequently recruit other factors from 
the PIC. The PIC consists of multiple smaller complexes, including, but not limited 
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to, TFIIH, RNA polymerase II and Mediator. CDK7, part of the TFIIH complex and 
dependent on MAT1 and cyclin H, phosphorylates serine 5/7 residues of the C-ter-
minal domain (CTD) of RNA polymerase II, which stimulates further conformation 
changes and co-factor binding to initiate transcription. Transcription initiation is also 
mediated through another part of PIC, the Mediator complex, of which the kinase 
module includes CDK8, and its paralog CDK19, and Cyclin C. This complex mediates 
interactions between RNA polymerase II and transcription factors. CDK8 further reg-
ulates these interactions by phosphorylating these transcription factors and altering 
Mediator conformation, which either promotes or inhibits transcriptional activity 19. 
After transcription is initiated, DRB Sensitivity Inducing Factor (DSIF) and Negative 
Elongation Factor (NELF) bind to induce the pausing of RNA polymerase II18.

CDK7 further regulates transcription by phosphorylating CDK9. CDK9 and cyclin T, 

Figure 2. Overview of the use of TM inhibitors (TMi’s) to tackle the genomic landscape in 
TNBC. TMi’s can suppress super-enhancer (SE) driven MYC expression and interfere with MYC-driv-
en transcription (Section 3). As TMi’s can improve p53 function and thereby synergize with DNA dam-
aging agents, genomic loss of TP53 in TNBC can reduce the efficacy of these combination therapies 
(Section 4). TNBC is characterized by frequent homologous recombination deficiencies and TMi’s 
further induce genomic instability, thereby sensitizing cells to DNA damaging agents and PARP inhib-
itors. Despite their genomic instability that could evoke immune responses, TNBCs suppress this, for 
example through PD-L1 overexpression (Section 6). TMi’s further induce genomic instability and pre-
vent immune suppressive gene expression, improving anti-cancer immunity and anti-PD-L1 therapy. 
Furthermore, TMi’s can improve therapies directed against the elevated levels of growth factor or AR 
signaling pathways in TNBC, such as PI3K and MEK inhibitors (Section 7). This figure was created 
with BioRender.com (accessed on 8 August 2022).

https://biorender.com/


635486-L-sub01-bw-vdNoord635486-L-sub01-bw-vdNoord635486-L-sub01-bw-vdNoord635486-L-sub01-bw-vdNoord
Processed on: 18-3-2024Processed on: 18-3-2024Processed on: 18-3-2024Processed on: 18-3-2024 PDF page: 54PDF page: 54PDF page: 54PDF page: 54

Chapter 3

54

together referred to as positive transcription elongation factor b (p-TEFb), are part 
of the super-elongation complex (SEC), which is required for transcription pause 
release and further elongation18. P-TEFb releases the TM from promoter-proximal 
pausing by phosphorylating NELF, DSIF and serine 2 residues of the CTD of RNA 
polymerase II. The activity and recruitment of p-TEFb is strongly regulated by the 
SEC itself, but also by BRD4, which is a histone-reader that accumulates on acetyl-
ated enhancer and promoter regions20. This histone acetylation and recruitment of 
BRD4 is regulated by transcription factors and histone modifiers. In turn, BRD4 can 
also recruit other transcription factors in addition to CDK9 and histone modifiers 
and chromatin remodelers to further enhance transcription21,22. In addition to BRD4, 
other BET proteins such as BRD2 and BRD3 also regulate transcription through 
similar, yet distinct, mechanisms23. Histone modifications thus provide a key layer 
of epigenetic control underlying the activity of the TM, not only by recruiting BET 
proteins, but also by altering chromatin structure24. For example, active enhancers 
are characterized by H3K27Ac and H3K4Me1 modifications, while silencer regions 
are characterized by H3K27Me3 modifications25. Histone modifying enzymes, such 
as histone acetyltransferases (HAT), histone deacetyl transferases (HDAC), histone 
lysine methyltransferases (KMT) or histone lysine demethylases (KDM) regulate 
these modifications24. Inhibitors of these enzymes have therefore also been evalu-
ated as potential anti-cancer therapeutics. They may function through de-repression 
of silenced tumor suppressor genes (e.g., HDAC inhibitors) or repression of otherwise 
highly transcribed oncogenes.

Efficient elongation and subsequent RNA processing and termination are further 
facilitated by CDK12 and CDK13, both associated with cyclin K. CDK12 and CDK13 
cooperatively contribute to phosphorylating serine 2 residues of the CTD of RNA 
polymerase II to promote transcription elongation26. In addition, CDK12 and CDK13 
interact with various RNA processing and splicing factors, and their inhibition prevents 
the phosphorylation of several of these27,28. Some of these factors are involved in the 
polyadenylation of transcripts, and CDK12 depletion especially disrupts the expres-
sion of long genes by inducing pre-mature cleavage and intronic polyadenylation of 
the transcripts27,28. Importantly, as will be discussed in this review, (partial) inhibition 
of the various transcription-associated CDKs and BRD4 does not affect global tran-
scription, but rather results into gene-specific effects that can be exploited for cancer 
therapy (Figure 2 and Table 1).

2.2. Genomic alterations of the TM
Compared to well-known tumor suppressor genes or oncogenes such as TP53, 
MYC and PIK3CA, genes expressing components of the TM are neither frequently 
mutated, nor have homozygous (affecting both alleles) amplifications or deletions in 
TNBC or other cancer types (Figure 1A,B)8. However, copy number gains or hemizy-
gous losses (affecting one allele) are frequently identified, which often co-occur with 
well-known driver alterations. Especially hemizygous copy number losses of CDK7 
are more frequently observed in TNBC (72%) versus other cancers (27%)29, which 
co-occurs with losses in DNA damage response genes in the 5q13 region, such as 
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RAD17 (Figure 1A).

Although mutations in most CDKs are rarely observed, CDK12 mutations are observed 
in different cancer types (2.6% of all cases, enriched in ovarian and prostate cancer) 
which are often homozygous and lead to a loss function29–31. While these loss-of-
function mutations are not common in TNBC, a large proportion of TNBC tumors 
express relatively low CDK12 protein levels, and heterozygous CDK12 copy number 
losses do occur relatively frequently (Figure 1A)32. In contrast, in HER2-positive 
breast cancer, the CDK12 gene is often co-amplified in the HER2 amplicon8. Although 
BRD4 amplifications are enriched especially in ovarian cancer, they are also relatively 
frequently observed in (basal) breast cancer (Figure 1A)33. In addition, due to their 
genomic proximity, POLR2A (encoding RNA polymerase II subunit A) hemizygous 
losses frequently co-occur with TP53 copy number losses34. Interestingly, these alter-
ations may alter sensitivity to TMi’s, which may, in TNBC, be particularly exploited 
through reduced CDK7 and POLR2A expression.

2.3. Targeting the TM
Multiple selective and potent TMi’s have entered clinical trials (Table 1 and 2). In the 
past, most transcriptional CDK inhibitors were unspecific, inhibiting multiple CDKs 
with similar potency, such as the CDK inhibitors dinaciclib and flavopiridol. This lack 
in specificity limited clinical efficiency due to a narrow therapeutic window and limited 
the understanding of the function of individual CDKs. There are now several selective 
CDK7 (e.g., CT7001 and SY5609) and CDK9 (e.g., CYC065/fadraciclib and VIP152/
BAY1251152) inhibitors in Phase I/II clinical trials for treatment of various hematolog-
ical and solid malignancies, including TNBC (Table 2). Due to high similarity in kinase 
domain of CDK orthologues, there are no kinase inhibitors completely selective 
for CDK8, CDK19, CDK12 or CDK13 alone, but selective dual inhibition of CDK8/
CDK19 and CDK12/CDK13 has been achieved. CDK12/13 can be inhibited through 
THZ531 and SR-4835, yet these inhibitors have not been clinically evaluated35,36. 
CDK8/19 inhibitors SEL120 and BCD-115 have recently entered clinical trials (Table 
2). New opportunities for more selective targeting of these orthologues with highly 
similar kinase domains have been provided by the PROTAC technology, enabling the 
development of selective PROTAC inhibitors for CDK8 and CDK12 (Table 1)37,38. BET 
inhibitors (e.g., JQ1) often selectively inhibit BET family members over other proteins, 
but usually do not discriminate between BRD2, BRD3, and BRD4. Several PROTAC 
BET degraders have been developed, some of which are selective for BRD4 over 
other BET proteins, such as MZ139. BET inhibitors (mostly targeting BRD2, BRD3 
and BRD4) have been tested in multiple clinical trials, however, these have not yet 
resulted in phase III studies due to treatment-related adverse events or limited efficacy 
(Table 2). Therefore, newer strategies to target BET proteins include more localized 
therapies using nanoparticles and prodrugs, more specific inhibition of one of the 
two bromodomains, and/or more specific inhibition of individual BET proteins (e.g., 
BRD4)40–43. Altogether, transcriptional CDKs and BET proteins are thus key targetable 
components of the TM, and, as discussed in the next sections, their inhibition can 
selectively disturb the transcription of multiple TNBC drivers.
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3. TM Inhibition to target MYC and other super-enhancer driven 
oncogenes
MYC is the most frequently amplified oncogene in TNBC (>60% have copy number 
gains or amplifications, Figure 1A)8. This oncogenic and pleiotropic transcription 
factor stimulates various processes important for tumor initiation, stemness, growth 
and drug resistance. MYC is therefore an attractive drug target, yet the development 
of drugs against it has been challenging44. Nevertheless, clinical trials with the first 
direct MYC inhibitors have recently started. Interestingly, TMi’s also interfere with 
MYC expression and function, and could therefore be used to target it indirectly 
(Figures 2 and 3).

3.1. Inhibiting super-enhancer induced expression suppresses Myc-driven 
transcription
TMi’s, including CDK7 and BET inhibitors, can specifically suppress transcription 
promoted by so-called “super-enhancers”, including the transcription of many (TNBC) 
oncogenic drivers, such as MYC (Figure 3A,B). Super-enhancers are genomic 
regions that contain multiple clusters of active enhancers. They are characterized 
by enriched H3K27Ac modifications and enriched binding of multiple transcription 
coactivators, such as MED1 and BRD4, which strongly drive transcription45. BRD4 
binds to H3K27Ac on enhancers. While BRD4 thereby binds both normal enhancers 
and super-enhancers, super-enhancer driven transcription is more sensitive to BRD4 

Figure 3. Effects of CDK7 and BET inhibition on super-enhancer driven transcription. (A) BRD4 
is enriched at super-enhancers, and its inhibition preferentially disrupts this enrichment and expres-
sion driven by super-enhancers, not normal enhancers. (B) CDK7 inhibition preferentially reduces 
RNA polymerase II binding to the transcription start site of genes driven by super-enhancers. This 
figure was created with BioRender.com (accessed on 8 August 2022).

A

B

https://biorender.com/
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inhibition than transcription driven by normal enhancers (Figure 3A)46–49. While the 
exact mechanism of increased sensitivity of super-enhancers over normal enhancers 
is not fully understood, BRD4 inhibition more strongly reduces binding of BRD4 to 
super-enhancers than to normal enhancers49. As MYC overexpression is frequently 
caused by super-enhancer driven transcription, this super-enhancer suppression by 
BET inhibitors is therefore strongly associated with reduction of MYC expression and 
MYC-driven transcription. Accordingly, c-MYC- or N-MYC-driven cancer cells, includ-
ing TNBC, are more sensitive to BRD4 inhibition47,50–52. However, as not all studies 
evaluated the presence of super-enhancers around the MYC or NMYC gene, it is 
unclear whether this selective inhibition of c-MYC or N-MYC is solely effective when 
MYC overexpression is driven by super-enhancers, or also when the MYC or NMYC 
genes themselves are amplified, without a gain in super-enhancer activity. Ectopic 
expression of MYC confers resistance to BRD4 inhibition, supporting the notion 
that BRD4 inhibition is mainly effective for inhibiting super-enhancer driven MYC 
expression53. Importantly, although evaluated in TNBC cell lines and a small number 
of TNBC tumors48,54,55, the super-enhancer landscape in TNBC tumors, including the 
frequency of super-enhancer driven MYC expression, is yet to be defined.

Resistance to BET inhibitors is caused by re-expression of MYC via epigenetic plas-
ticity of active (super) enhancers and induced transcription of MYC by β-catenin/Wnt 
signaling56–59. β-catenin signaling is often deregulated in TNBC, and thus inhibition 
of it may also be needed in combination with BET inhibition57,60. Of interest, CDK8 
and CDK12 drive β-catenin/Wnt signaling and their inhibition thereby suppresses 
Wnt-driven MYC expression61–64. In contrast with BRD4, CDK8/19 inhibition activates 
super-enhancer activity, yet in leukemic cells this resulted in inhibition of proliferation 
by induction of super-enhancer driven transcription of tumor suppressor genes65. It is 
currently not fully understood if cancer cells may in general be sensitive to super-en-
hancer deregulation, both induction and suppression, or if either one of the two is 
more effective, depending on the (epi)genetic background of the cancer. In addition, 
CDK8/19 depletion increases the activation of BRD4-bound super-enhancers by 
redistributing MED12 chromatin occupancy, which sensitizes cells to BET inhibition66. 

Inhibition of CDK7 is associated with reduced occupancy of RNA polymerase II and 
suppression of transcription, which is more pronounced for super-enhancer driven 
genes, including TNBC oncogenes MYC, EGFR and SOX9 (Figure 3B)54,67,68. There-
fore, MYC-driven cancers, including TNBC, are more sensitive to CDK7 inhibition 
54,67–69. CDK7 inhibition also inhibits STAT3 phosphorylation, and reduces binding 
of STAT3 on the promoter of its targets, including MYC70. In addition to the MYC 
promoter, STAT3 binding motifs were also enriched on super-enhancers perturbed 
by CDK7 inhibition in TNBC54. STAT3 is frequently activated in TNBC and is associ-
ated with a worse prognosis 71. Altogether, the disruption of super-enhancer driven 
transcription by CDK7, BRD4 and, potentially, CDK8 inhibition may thus target many 
TNBC driver genes at once, including MYC. Of note, while CDK7, CDK8 and BRD4 
inhibition may interfere with the response of the TM to histone modifications, such as 
active enhancers, inhibitors of histone modifiers can alter the histone modifications 
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themselves. Even HDAC inhibitors that inhibit deacetylation can, unexpectedly, 
reduce super-enhancer H3K27 acetylation and alter the (super-)enhancer landscape 
and BRD4 recruitment to gene bodies and enhancers72–74.

3.2. CDK9 and Myc-dependent transcription pause-release and gene expres-
sion
CDK9 inhibition also represses N-MYC expression through binding to both super-en-
hancer and promoter regions of MYCN75. However, this super-enhancer regulation 
by CDK9 is less described and may not be applicable to the normal MYC gene. In 
contrast, CDK9 inhibition also causes induction of compensatory MYC expression 
via a BRD4-dependent recruitment of the remaining CDK9 from inactive p-TEFb76. 
This specifically promotes p-TEFb activation on the MYC promoter and underlies the 
synergy of CDK9 inhibition with BET inhibition. By suppressing MYC activity, cancer 
cells can also become resistant to chemotherapy77. CDK9 inhibition reverses this 
suppressed MYC activity, and thereby re-sensitizes cells to chemotherapy. MYC pro-
tein expression correlates with sensitivity to CDK9 inhibition, which is also increased 
upon ectopic MYC expression, suggesting this differential sensitivity is independent 
of super-enhancer driven expression78.

While most transcription factors initiate transcription, MYC amplifies transcription 
by inducing pause release79–82. Mechanistically, MYC recruits CDK9 and SEC fac-
tors to the paused RNA polymerase II machinery. Moreover, MYC amplifies global 
transcription by antagonizing CDK9 sumoylation83. SEC inhibitors, which presents a 
novel class of TMi’s, specifically inhibit MYC-target genes which is most effective in 
MYC-driven cancers82. In addition to transcriptional regulation, N-MYC and c-MYC 
link transcription-elongation to suppressing double strand breaks at active promoters, 
by recruiting BRCA1 (N-MYC), and by PAF1C loading (c-MYC) onto RNA polymerase 
II and altering chromatin structure via ubiquitin-mediated regulation84–86. Thus, while 
BRD4 and CDK7 particularly seem to influence super-enhancer linked MYC expres-
sion and subsequently MYC-target gene expression, CDK9 is mostly an effector of 
MYC. Given the dependency on the TM of (super-enhancer driven) transcription, and 
subsequent transcriptional amplification by MYC, these TMi’s seem to be an effective 
strategy to indirectly target MYC-driven cancers.

4. TP53 loss in TNBC and sensitivity to TMi’s
Although mutations in the TP53 gene are present in almost half of human cancers, 
they are strongly enriched in TNBC (approximately 80% mutated and 55% copy num-
ber losses), making the loss of this tumor suppressor a key TNBC driver event9. TNBC 
frequently has a loss of one TP53 allele, and a mutation in the other allele. While most 
mutations lead to a loss of function, other mutations can be dominant-negative and 
cause a gain of function, thereby inhibiting the wildtype (WT) p53 protein and apopto-
sis and promoting cell growth87. Because of the high abundancy of these mutations, 
restoring p53 activity and exploiting vulnerabilities of TP53-mutant cancers are attrac-
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tive strategies for therapy. However, while therapies aiming to rescue p53 function 
are currently in clinical trials, these have not yet led to any major successes88. TMi’s 
are often associated with induction of p53-dependent responses, and p53 mutation 
status may therefore alter sensitivity to these drugs.

4.1. CDK9 inhibition overcomes negative regulation of p53 stability
CDK9 inhibition particularly stabilizes WT p53 by disrupting the phosphorylation or 
expression of its negative regulators MDM2, MDM4, SIRT1 or iASPP89–92. Therefore, in 
this context, p53 WT cells are more sensitive to CDK9 inhibition than cells deficient in 
p5391. Despite these p53-dependent effects, multiple studies report that p53-deficient 
cells are not more resistant to CDK9 inhibition as single treatment78,93. Combined inhi-
bition of casein kinase 1α, CDK7 and CDK9 does cause a p53-dependent cell death 
by simultaneous induction of DNA damage and p53 restoration via MDM2 inhibition92. 
Alternatively, CDK9 can also promote p53-dependent pro-survival responses, which 
may promote DNA repair and therefore protect cells against various stressors94. 
This p53-dependent pro-survival transcription can be prevented by CDK9 inhibition, 
sensitizing cells to topoisomerase inhibitors or other genotoxic stressors94,95. Thus, 
CDK9 inhibition has pleotropic effects on p53 signaling, which may primarily have 
implications for combination therapy with therapies that act through p53.

4.2. BRD4 interacts with (mutant) p53 to induce gene transcription
BRD4 can directly interact with p53 and recruit it to chromatin96,97. The effects of these 
interactions are not consistent, and may be model-dependent. For example, BRD4 
inhibition was also associated with induction of p53 target genes, indicating a potential 
repressive function of BRD4 and causing synergy with MDM2 inhibitors96. Moreover, 
BRD4 inhibition reduced SIRT1 phosphorylation and (mutant) p53 acetylation and 
induced P21 expression and senescence98. BRD4 inhibitors may also specifically 
interfere with mutant p53, with gain of oncogenic functions, which would be a specific 
vulnerability in TP53 gain-of-function mutant cancers, including TNBC. This mutant 
p53 shapes the enhancer landscape and induces the binding of BRD4 to enhancer 
regions in response to chronic immune signaling, promoting cancer growth99,100. BRD4 
inhibition prevents BRD4 co-recruitment with the oncogenic mutant p53 and activation 
of its target genes, and negatively impacts the stability of this mutant p53 protein98,99. 
Overall, the effect of BRD4 inhibition on p53 may thus depend on its mutation status, 
although combination therapy with p53-inducing agents, such as MDM2 inhibitors in 
p53-deficient TNBC will likely not be effective. However, causal effects of mutant p53 
or p53-deficiency on BET inhibition sensitivity are not yet reported.

4.3. CDK7, CDK8 and CDK12/13 inhibitors and induction of p53 responses
CDK7 inhibition does not seem to be dependent on p53 status as it is highly efficient 
in p53-mutated or p53-deficient cell lines, including TNBC, although thorough com-
parisons are lacking101. However, p53 activation induced by the MDM2 inhibitor Nutlin 
and 5-FU increases dependency of p53-dependent transcription by CDK7. CDK7 
inhibition shifts the balance from pro-survival to pro-apoptotic transcription of p53 



635486-L-sub01-bw-vdNoord635486-L-sub01-bw-vdNoord635486-L-sub01-bw-vdNoord635486-L-sub01-bw-vdNoord
Processed on: 18-3-2024Processed on: 18-3-2024Processed on: 18-3-2024Processed on: 18-3-2024 PDF page: 62PDF page: 62PDF page: 62PDF page: 62

Chapter 3

62

targets102. This combination therapy is therefore not effective in p53-deficient cells. 
Moreover, CDK7 inhibition also reduced the expression of mutant p53 in TNBC cells, 
while upregulating WT p53 in ER+ breast cancer cells, although the exact mechanism 
underlying this potential selectivity remains elusive103. Similar to interactions with p53 
and BRD4, CDK8 binds to p53 target genes and is a co-activator of the p53 tran-
scriptional program in response to p53-activating stimuli104. Furthermore, cyclin K, the 
binding partner of CDK12, interacts with SETD1A. The knockout of CDK12 or CCNK 
suppresses induction of DNA damage response genes, and subsequently induces 
DNA damage and p53-dependent apoptosis105. However, CDK12/13 inhibition may 
not solely induce apoptosis via p53-dependent pathways, as many studies describe 
high sensitivity to these inhibitors in p53-deficient cancer cells and this p53-depen-
dency may be more relevant in specific hematologic cancers. In colorectal cancer, 
p53-deficiency is even correlated to sensitivity of CDK12/CCNK degradation106.

4.4. Specific vulnerability due to monoallelic P53 loss concomitant with POLR2A 
loss
Despite the frequent loss of TP53 in TNBC, this also presents a unique therapeutic 
vulnerability. The POLR2A gene is almost always hemizygously co-deleted with 
TP53 in human cancers, which is the case for up to 53% of TNBC patients and is 
even more frequent in stage III TNBC patients34,107,108. This concomitant decrease in 
RNA polymerase II levels increases sensitivity to direct depletion or inhibition of RNA 
polymerase II. This selective sensitivity was further increased using α-amanitin-conju-
gated trastuzumab in cells expressing (low) levels of HER2107,108. In addition, POLR2A 
siRNA more efficiently targeted TNBC cells carrying hemizygous losses of TP53 and 
POLR2A34.

Altogether, while the frequent p53-deficient background in TNBC often causes drug 
resistance, this does not seem to be a limitation when inhibiting either CDKs or BET 
proteins. However, a systematic comparison of p53-deficient versus p53-proficient 
background in responses to these inhibitors is often lacking, which may be critical 
as at least part of their effects may be mediated through p53. While BET, CDK7 
and CDK9 inhibition can interfere with p53-induced transcriptional programs, the 
combination treatments of TMi’s with p53-inducing agents will not be effective in 
p53-deficient TNBC.

5. TMi’s interfere with DNA damage repair and the replication 
machinery
In addition to TP53 loss, TNBCs often have other defects in DNA damage response 
and repair, including mostly defects in homologous recombination. Homologous 
recombination deficiency (HRD) has been identified in 50–70% of TNBC tumors, 
which is frequently caused by BRCA1/BRCA2 mutations, copy number losses or 
promoter methylations. This HRD phenotype in sporadic tumors is also referred 
to as “BRCAness”109–111 (Figure 1A,B). Although HRD is synthetic lethal with PARP 
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inhibitors, the effect of PARP inhibitors on survival of TNBC patients has still been 
limited by multiple mechanisms of resistance, including restoration of functional 
BRCA1 expression, or rewiring of the DNA damage response. In addition to DNA 
damage response deficiencies, TNBCs often have genetic alterations of regulators of 
the cell cycle and mitosis, e.g., RB1 losses or mutations and amplifications in CCND1/
CCNE1 and CDK6, which further drive cell cycle progression despite the high DNA 
damage burden (Figure 1A,B). TMi’s also induce DNA damage and specifically dis-
rupt DNA damage repair mechanisms, including homologous recombination, and the 
replication machinery (Figure 4).

5.1. Suppression of DNA damage repair genes by TMi’s
Many studies have demonstrated that CDK12 inhibition specifically affects the 
expression of long genes involved in homologous recombination and DNA replication 
(Figure 4C)27,35,36,112–114. CDK12 inhibition induces intronic polyadenylation, which is 
more prominent in these long intron-rich genes, potentially by suppressing phosphor-
ylation of key pre-mRNA processing proteins27,112. Further selectivity of CDK12 for 
DNA damage response genes may also be mediated by SETD1A, that regulates 
recruitment of Cyclin K/CDK12 to these genes 105. By reducing the expression of DNA 
damage response genes, CDK12 inhibition induces HRD, and this causes synergy 
with PARP inhibitors and cisplatin36,115–118. Even in HRD TNBC cells and PDX models, 
CDK12 inhibition reverses de novo and acquired PARP inhibitor resistance by further 
inhibiting residual or restored homologous recombination activity 118. From a clinical 
perspective, biallelic loss-of-function mutations of CDK12 are identified in cancer, and 
are relatively frequent in ovarian and prostate cancers119,120. These CDK12-mutant 
tumors have high genomic instability, evidenced by high frequency of tandem duplica-
tions. Although TNBC tumors are not associated with CDK12 mutations, some TNBC 
tumors, especially those associated with TP53 and BRCA1 or BRCA2 mutations, 
also display a large frequency of tandem duplications, albeit with a difference in size 
distribution compared to those observed for CDK12-mutated tumors121.

BET inhibition also strongly disrupts the expression of DNA damage repair genes 
(Figure 4C), including homologous recombination genes BRCA1 and RAD51, 
by preventing the association of BRD4 with their enhancers and promoters122–124. 
Moreover, it also suppresses genes involved in non-homologous end-joining, such 
as XRCC4 and XRCC5125–127. Importantly, BRCA1 deficiency further sensitizes breast 
cancer cells to BRD4 inhibition, as this inhibition suppresses MYC expression and 
transcription and thereby induces oxidative stress and DNA damage128. Synergy 
of BET and PARP inhibitors has been demonstrated in various models, including 
TNBC, which is mostly mediated through BRD4 inhibition, but also partly through 
BRD2 and BRD3123,124,126,129,130. Even in HRD models, BET inhibition still potentiates 
PARP inhibition, by preventing RAD51 and CtlP expression and overcoming multiple 
mechanisms of PARP inhibitor resistance123,124,131. Altogether, TNBCs with HRD may 
be just as vulnerable to BET inhibition alone or in combination with PARP inhibitors, 
and may be less capable of developing drug resistance. Moreover, BRD4 inhibition 
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sensitizes cells to radiotherapy, ATR and CHK1 inhibition by attenuating various DNA 
repair mechanisms and synergistically increasing DNA damage132–134. Nevertheless, 
as DNA damage response genes are often not driven by super-enhancers, it remains 
unclear how preferentially BRD4 binds to these gene regions and how these genes 
are specifically vulnerable to BET inhibition.

CDK7 and CDK9 have also been shown to interfere with DNA damage responses. 
Genotoxic stress and p38 MAPK signaling activate CDK9, which promotes transcrip-
tion of short pro-survival genes, such as MCL1 and CDKN1A94. Disruption of this 

Figure 4. Effects of TMi’s on DNA damage and the DNA damage response. (A) CDK7 and BET 
inhibitors suppress the expression of mitotic genes (e.g., MCM2, PLK1), and thereby functioning of 
the replication machinery, causing replication fork stalling, transcription-replication conflicts and DNA 
damage. In TNBC, CDK6 and CCND1 amplifications (amp), and RB1 mutations (mut) or losses, 
cause further instability of the replication machinery. (B) In addition to this replication stress from 
improper functioning of the replication machinery, BET and CDK9 inhibitors cause stalling of the TM, 
thereby causing R loop formation, transcription-replication conflicts and, subsequently, DNA dam-
age. In TNBC, these conflicts are further driven by MYC amplifications that drive high transcriptional 
activity and replication stress. (C) Although these R loops and DNA double strand breaks may be re-
paired through proper functioning of DNA damage response and repair, these pathways are impaired 
in homologous recombination deficient TNBC. TMi’s also suppress the expression of DNA damage 
response genes (e.g., BRCA1, RAD51), preventing DNA damage repair and thus inducing further 
DNA damage, all together leading to mitotic catastrophe and cell death. This figure was created with 
BioRender.com, accessed on 8 August 2022.

https://biorender.com/
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by CKD9 inhibitors therefore sensitizes cells to inducers of genotoxic stress, such 
as DNA damaging agents. Inhibition or depletion of CDK7 also disrupts expression 
of homologous recombination DNA damage response genes, including BRCA1 and 
RAD51, and other DNA repair and cell division genes29,135. This subsequently sensi-
tizes cells to PARP inhibitors or radiation. Altogether, CDK7, CDK12 and BRD4 are 
implicated in specifically regulating DNA damage response genes, and their inhibition 
induces HRD. These therapies often synergize with PARP inhibition, which may be a 
potent strategy in treating TNBC.

5.2. Aberrant expression and function of DNA replication machinery and cell 
cycle genes
In addition to specific regulation of DNA damage genes, TMi’s can also suppress 
expression of genes involved in the DNA replication machinery (Figure 4A). BET inhib-
itors reduce expression of multiple DNA replication genes, including AURKA, AURKB, 
CDK4 and CCND1, in multiple cancer types, including TNBC136–140. Thereby BETi’s 
sensitizes cancer cells, even in RB1-deficient cells, to CDK4/6 inhibitors, which have 
currently been approved for the treatment of hormone-positive breast cancers136–139. 
BET inhibitor resistance is associated with upregulation of cell cycle genes, including 
AURKA and PLK1, which induces a therapeutic vulnerability to PLK1 inhibitors141. 
Specific regulation of cell cycle genes may be regulated through co-recruitment of 
BRD4 with E2F1 on their promoter. On the contrary, CDK8 represses E2F1 activity, 
thereby stimulating the β-catenin pathway and stemness61. Selective CDK7 inhibition 
does not globally reduce RNA polymerase II phosphorylation, but rather reduces 
phosphorylation of CDK1 by CDK7 and consequently, E2F-driven, cell cycle-related 
gene expression142,143. Inhibition of E2F-driven transcription has also been observed 
after CDK7 inhibition due to its super-enhancer related gene repression144. Moreover, 
a therapeutic vulnerability to CDK7 inhibition is induced through kinome re-wiring upon 
CDK4/6 inhibition, which results in increased EGFR signaling145. In addition, TNBC 
tumors often have CCND1 amplifications, and CCND1 overexpression reduces global 
transcription activity and increases RNA polymerase II pausing, thereby sensitizing 
lymphoid tumor cells to inhibition of the TM via CDK7 or CDK9146. In addition, CDK12 
inhibition repressed expression of DNA replication genes114. Finally, CDK12-mutant 
associated tandem duplications in prostate cancer are enriched for duplication of 
cell cycle-related genes, such as MCM7 and CCND1, compared to other tandem 
duplication phenotypes120,147. This could indicate that CDK12-mutant tumors are more 
dependent on the expression of these genes, or that these genes are duplicated due 
to transcription stalling and subsequent DNA damage around these genes.

5.3. BRD4 and CDK9 inhibition induce transcription-replication conflicts
In addition to regulation of transcription of DNA damage response and replication 
genes specifically, the TM also directly interacts with DNA repair and replication 
machineries. RNA polymerase II may stall at a site of a DNA lesion, which can be 
recognized by various factors and induce transcription-coupled repair. However, DNA 
damage and prolonged RNA polymerase II stalling can also induce the annealing of 
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the transcribed RNA strand with the template DNA strand, leaving the non-template 
DNA strand as single-stranded DNA, structures called R-loops 148. R-loops more fre-
quently occur with increased transcriptional activity149,150. If not properly resolved and 
repaired, they will lead to DNA damage and genomic instability through a variety of 
mechanisms, including transcription-replication conflicts, blocking the replication fork 
and inducing replication stress (Figure 4B)148. Ultimately, these structures can induce 
DNA damage, including double-strand breaks, and, eventually, mitotic catastrophe 
and cell death.

Importantly, TMi’s can induce R-loop formation and disrupt their repair (Figure 4B). 
BET inhibition deregulates transcription of BRD4-enriched genes, and thereby spe-
cifically induces R-loop formation on its target genes, leading to severe replication 
stress and DNA damage151–153. Similarly, transcription stalling by CDK9 inhibition also 
causes R-loop formation154. Various DNA damage repair proteins and DNA-RNA 
helicases, including BRCA1/2 and topoisomerase I, are involved in the prevention 
and resolving of R-loops155. These factors preventing and repairing R-loops are also 
disrupted by BET inhibition, for example by suppressing expression of topoisomerase 
II binding protein 1 and topoisomerase I153,156. These associations with R-loop forma-
tion are primarily described for CDK9 and BRD4 inhibition, but may also be important 
upon CDK12 inhibition, as this also interferes with the expression of related genes 
and induces DNA damage. Altogether, TMi’s can induce DNA damage by stalling 
transcription in general, and by specifically interfering with the transcription of DNA 
damage response and cell cycle genes.

6. Targeting the TM to unleash anti-cancer immunity against the 
high mutational burden in TNBC
Given the high frequency of deficiencies in homologous DNA recombination and p53 
in TNBC, these tumors have a higher mutation and neo-antigen burden, and may 
therefore be more immunogenic than other breast cancer tumors157. Some TNBC 
tumors also have high T cell infiltrates, and expression of immunosuppressive PD-L1 
and PD-L2 is enriched in high-risk triple-negative breast cancer158,159. PD-L1 inhibitors 
atezolizumab and pembrolizumab have been FDA approved for the treatment of 
PD-L1-positive TNBC, which does significantly improve overall and progression-free 
survival of TNBC patients160,161. However, despite this significant improvement, this 
therapy is not effective in all patients, and there is thus a need to further improve its 
efficacy. TMi’s may improve anti-cancer immunity and thereby enhance the effect of 
these therapies (Figure 5).

6.1. CDK12 deficiencies increase fusion neoantigens and immunogenicity
As mentioned earlier, CDK12 loss-of-function mutant tumors have a distinct genetic 
phenotype, characterized by large tandem duplications120. These tandem duplica-
tions lead to gene fusions, which subsequently cause open-reading frames and a 
high neoantigen burden30,120. These mutant tumors also have elevated expression 
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of chemokine signaling genes associated with higher T cell infiltration scores30,120. 
Accordingly, chemotherapy-naïve prostate cancer patients with biallelic CDK12 
mutations benefit from PD-L1 checkpoint inhibitors120,162. However, pharmacological 
CDK12 inhibition or depletion has not yet been linked to the generation of neoanti-
gens. CDK12/13 inhibition does cause immunogenic cell death by inducing ER stress, 
thereby enhancing anti-PD-L1 therapy efficacy, dendritic cell and T cell activation and 
infiltration163. Moreover, CDK12 is required for expression of target genes from the 
inflammatory NF-κB signaling pathway, and CDK12 inhibition increases sensitivity to 
TNFα-induced cell death164,165. Altogether, CDK12 mutations and inhibition may thus 
induce immunogenicity of tumors and potentiate immunotherapy.

6.2. Induction of interferon responses by CDK7 and CDK9 inhibition
While complete CDK9 inhibition shuts down most active transcriptional programs, 
it also causes chromatin remodeling and thereby re-activation of epigenetically 
silenced genes166. These genes include endogenous retroviral elements, which 
provide tumor-specific T cell epitopes and induce antiviral IFN-γ responses, including 
the upregulation of HLA molecules166. Consequently, CDK9 inhibition induces the 
infiltration of T cells and activates dendritic cells into the tumor environment, which 
is further potentiated by PD-L1 inhibition. CDK9 also directly interacts with YY1, a 
regulator of the 3D chromatin structure. Inhibition of this complex also induces inter-

Figure 5. Effects of TMi’s on anti-cancer immunity. TMi’s improve anti-cancer immunity by sup-
pressing expression of anti-inflammatory cytokines and PD-L1 in cancer cells, but also in immune 
cells directly, thereby inducing inflammatory type 1 immune responses. TMi’s also induce pro-inflam-
matory IFN-y responses in cancer cells, induce sensitivity to TNFα-mediated cell death and induce 
immunogenic cell death. CDK8 inhibition mostly improves anti-cancer immunity by enhancing natural 
killer (NK) cell cytotoxicity. This figure was created with BioRender.com (accessed on 8 August 2022).

https://biorender.com/
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feron responses and regulatory T cell reduction, leading to sensitization to anti-PD-L1 
therapy167. Corresponding to this, high CDK9 levels are associated with tumor stage 
and lower CD8+ T cell infiltration and increased T cell exhaustion168. However, the 
first generation CDK9 inhibitors that are not fully selective for CDK9, have been asso-
ciated with reduction of pro-inflammatory signaling within tumors and reduced T cell 
activation169,170. These effects may be due to non-selective CDK inhibition, prompting 
for the use of highly selective inhibitors. Altogether, specific CDK9 inhibition seems to 
have beneficial effects on the immune response, particularly via interferon responses. 
However, caution is needed for evaluation of potentially negative effects on cancer 
immunity.

CDK7 inhibition also induces IFN-γ and TNFα signaling responses, which is caused by 
DNA damage and micronuclei formation rather than chromatin remodeling143. Subse-
quently, CDK7 inhibition increases tumor infiltration of activated effector CD4+ T cells 
and cytotoxic CD8+ T cells, enhancing combination treatment with anti-PD-1 antibod-
ies. Furthermore, CDK7 inhibition also enhances anti-PD-1 therapy by suppressing 
expression of MYC target genes, including PD-L1, and thereby induced infiltration of 
CD8+ T cells171. CDK7 inhibition also prevents the upregulation of immunosuppressive 
genes upon EGFR CAR T-cell therapy172. Although CDK7 inhibition also suppresses 
the expression of inflammatory genes associated with super-enhancers in activated 
macrophages, this is a beneficial effect in combination with CAR T cells, preventing 
cytokine release syndrome173.

6.3. BRD4 inhibition suppresses immune escape mechanisms
BET inhibitors are associated with promoting pro-inflammatory type 1 immune 
subsets, while suppressing pro-tumor type 2 immune subsets. In cancer cells BRD4 
inhibition suppresses super-enhancer and IFN-γ driven transcription of PD-L1 
(CD274 gene) by preventing binding of BRD4 and IRF1 to its promoter and enhancer 
regions174–178. BRD4 inhibition was also shown to decrease M2 tumor-associated 
macrophage (TAM) proliferation, particularly by directly inhibiting HIF1α expression in 
tumor cells, thereby inhibiting the secretion of M2-promoting colony-stimulating factor 
1 (CSF1)179. Furthermore, BRD4 inhibition induces the immunogenic cell death of 
cancer cells and subsequently induces phagocytosis by dendritic cells and expansion 
of CD8+ cytotoxic T cells180–182. BET inhibition also interferes with NFκB signaling by 
preventing recruitment of BRD4 to NFκB target genes, and thereby sensitizes cells 
to TNFα-induced cell death and to T cell or immune-checkpoint blockade therapy in 
a TNFα-dependent manner183,184. BET inhibitors also have a direct effect on immune 
cells. BRD4 inhibition has been demonstrated to directly improve anti-cancer (CAR) 
CD4+ and CD8+ T cell activity, for example by inducing cytotoxicity and reducing T 
cell exhaustion185–188. BRD4 inhibition also suppresses IFN-γ responses of T cells, 
which prevents PD-L1 upregulation of TNBC cells189. In addition, BET inhibitors 
reduce PD-L1 levels on tumor-associated dendritic cells and macrophages, and 
thereby increase cytotoxic activity of tumor-associated T cells174,190. Moreover, BRD4 
inhibition promotes depolarization of M2 macrophages to M1 macrophages, reduces 
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regulatory T cells and enhance NK-cell mediated toxicity191–193. Alternatively, BRD4 
inhibition might also inhibit immune surveillance, for example of oncogene-induced 
senescent cells during tumor development by preventing secretion of inflammatory 
cytokines194. The described inhibitory effects on IFN-γ responses can also reduce 
immune responses, which is, however, not frequently described in the context of 
BET inhibitors. Thus, while BET inhibition primarily seems to have positive effects on 
anti-cancer immunity, their potential negative effects do also need further investiga-
tion.

6.4. CDK8 inhibition potentiates Natural Killer (NK) cell activity through STAT1 
inhibition
The effects of CDK8 inhibition on anti-cancer immunity described so far are mostly 
limited to promoting anti-cancer NK cell activity195–197. These effects may partly be 
mediated via inhibition of CDK8-dependent STAT1 (S727 residue) phosphorylation in 
NK cells directly, which enhanced their cytotoxic activity. Although CDK8 regulation 
of pause-release via STAT1 is required for IFN-γ-induced cytotoxic activity of NK 
cells, NK cells can also be activated through other stimuli, such as IL-12, enabling 
CDK8-independent activation198,199. CDK8 inhibition or knockdown also inhibits IFN-
γ-induced STAT1 phosphorylation in TNBC cells196. This causes induction of ICAM-1 
and reduction of MHC1 and PD-L1, which both may otherwise inhibit NK cells, and 
thereby induces NK-cell mediated tumor cell clearance. In summary, TMi’s can 
improve anti-cancer immunity mostly by inducing pro-inflammatory responses and 
suppressing anti-inflammatory responses in both immune and cancer cells.

7. TMi’s cooperate with inhibitors of growth factor or hormone 
signaling pathways
Genes driving and/or controlling MAPK and PI3K signaling pathways are often altered 
in TNBC tumors. For example, TNBC tumors often have PTEN or NF1 losses or muta-
tions, which normally repress the PI3K or PI3K/MAPK pathways, respectively (Figure 
1). Moreover, TNBC and other breast cancer subtypes have a high frequency of AKT3 
amplifications, PIK3CA amplifications and mutations8,9. TNBCs also occasionally 
have EGFR, BRAF or KRAS amplifications, gains, or mutations. While inhibitors of 
these pathways have not resulted in improved clinical responses, TMi’s may prevent 
the development of drug resistance to these inhibitors (Figure 2).

7.1. Preventing kinome reprogramming upon MAPK/PI3K pathway inhibition 
using BET inhibitors
Although BET inhibition is not usually associated with reduced transcription of com-
ponents of the MAPK pathway specifically, it may particularly prevent drug resistance 
to MEK inhibitors. Multiple studies have demonstrated that combined BRD4 and MEK 
inhibition is beneficial, especially in KRAS/NRAS-driven or NF1-deficient cancer, 
including TNBC 200–205. Mechanistically, MEK inhibitor resistance is often associated 
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with kinome reprogramming. This causes upregulation of MYC or of various receptor 
tyrosine kinases, and which subsequently stimulate MAPK and PI3K signaling204–207. 
This kinome reprogramming can be mediated through enhancer remodeling and 
increased binding of BRD4 to those enhancers or promoter regions204,205. BRD4 and 
CDK9 depletion or inhibition prevents this upregulation and BRD4 inhibition disturbs 
the global enhancer remodeling, sensitizing TNBC to MEK inhibition204,205,207. Elevated 
RAS/MAPK activity also causes resistance to BET inhibitors, which can be caused 
by a downregulation of negative regulators of the MAPK pathway after BRD4 inhibi-
tion203,208,209. Therefore, MEK inhibition also sensitizes cells to BET inhibitors.

BET inhibition similarly sensitizes cells to PI3K pathway and EGFR inhibition. Resis-
tance to Akt and PI3K inhibition is also mediated through chromatin remodeling and 
increased binding of multiple transcription factors, including BRD4, to gene regions 
of MYC and multiple receptor tyrosine kinases210,211. BRD4 inhibition reverses this 
mechanism of drug resistance and sensitizes cells to PI3K or Akt inhibition. Impor-
tantly, PIK3CA mutations confer resistance to BRD4 inhibition in breast cancer, which 
can be reversed using PIK3CA-specific or mTOR inhibitors212. PI3KCA mutations or 
PTEN losses also cooperate with MYC overexpression in mammary tumorigenesis213. 
Although PTEN directly regulates the activity of PI3K, it also suppresses transcription 
in TNBC through PTEN binding to chromatin and interaction with RNA polymerase II, 
CDK7 and CDK9214. Thereby, PTEN deficiency is associated with sensitivity to TMi’s.

Although functional associations between these PI3K/MAPK pathways and transcrip-
tional CDKs have also been identified, the synergistic potential of these combinations 
are not widely described215. While many studies describe synergy with CDK7/12/13 
inhibitors THZ1, THZ531 and inhibitors of receptor tyrosine kinases and MAPK or 
PI3K signaling, these mechanisms are often inconsistent or lacking. The potency of 
these CDK inhibitors, including THZ1 and THZ531, is strongly influenced by ABCG2, 
and many tyrosine kinase inhibitors, including EGFR inhibitors can inhibit ABCG2, 
which clouds the mechanism behind this synergistic action216,217. Nevertheless, given 
the collaboration of p-TEFb and BRD4, and the similar binding of BRD4 and CDK7 to 
active enhancers, inhibitors of CDK7 and CDK9 may also sensitize cells to PI3K and 
MAPK pathway inhibitors.

7.2. Targeting androgen receptor-driven transcription of luminal TNBC
The luminal subtype of TNBC has a distinct genomic and transcriptomic landscape, 
associated with increased amplifications of EGFR and mutations in PIK3CA, and is 
more dependent on androgen receptor (AR) signaling9. AR is a nuclear hormone 
receptor and transcription factor, and like BRD4 it binds to active enhancers, and 
is more enriched at super-enhancers. Deregulation of AR signaling is also associ-
ated with chromatin relaxation, which is mediated through bromodomain-containing 
proteins including BRD4218. While AR seems to influence BRD4 recruitment, BRD4 
inhibition disrupts AR recruitment and AR-mediated gene transcription41,218,219. 
BRD4 inhibition is thereby more effective in cancer cells with high AR activity and 
dependency. Increased androgen-independent, but AR-dependent, super-enhancer 
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activity can also drive resistance to antiandrogens and is dependent on BRD4220. 
Besides these interactions with BRD4, both CDK7 and CDK9 phosphorylate and 
stabilize AR221–223. CDK9 inhibition thereby preferentially inhibits AR-driven oncogenic 
programs, especially of highly transcribed genes with high mRNA turnover221. Given 
these distinct mechanisms of AR regulation, BET inhibitor resistant prostate cancers 
demonstrated reactivation of AR signaling via CDK9-mediated phosphorylation of 
AR224. This induces a therapeutic vulnerability for CDK9 inhibitors. Antiandrogen 
therapy resistance is associated with increased MED1 phosphorylation, which can 
be prevented by CDK7 inhibition through inhibition of AR and MED1 recruitment to 
super-enhancers225. Although these studies generally focus on prostate cancer, which 
is mostly driven by AR signaling, these strategies, including BET inhibition can, for 
the same reason, also be especially effective in AR-driven TNBC 226. Overall, TMi’s, 
and especially BET inhibitors, can overcome drug resistance to inhibitors of the 
MAPK and PI3K pathways by preventing adaptive transcription and TMi’s can target 
AR-dependencies.

8. Conclusions and future perspectives
Although the TM, including targetable transcriptional CDKs and BRD4, globally drives 
gene transcription, it is also an accomplice of the oncogenic (epi)genomic landscape in 
TNBC. TMi’s may specifically disturb this controlled network of oncogenic aberrations 
at its core. Given the large interpatient and intratumor heterogeneity and the lack of 
effective therapy, this strategy may be especially attractive in TNBC. Briefly, most of 
these inhibitors can induce DNA damage and interfere with its repair, suppress tran-
scription of (super-enhancer driven) oncogenes, suppress transcriptional plasticity at 
the source of drug resistance, interfere with the function of oncogenic transcription 
factors and improve anti-cancer immunity (Figure 2). Although not discussed in this 
review, other cancer hallmarks such as cancer stemness and metabolism, can also 
be influenced by these inhibitors. While not discussed in much detail here, CDK8/19 
inhibition does interfere with metabolic responses to hypoxia and reduces cancer 
stem cell properties227. Inhibition of the TM is a therapeutic strategy to indirectly target 
multiple important cancer hallmarks simultaneously, which potentially limits the devel-
opment of acquired or intrinsic drug resistance.

Most genomic alterations in TNBC, such as TP53 mutations, HRD and MYC amplifica-
tions do not seem to limit the effects of these inhibitors and rather induce therapeutic 
vulnerabilities. Overexpression of oncogenic transcription factors such as MYC, may 
even sensitize TNBC to these inhibitors. Nevertheless, mutations and copy number 
alterations in the MAPK/PI3K signaling pathways may limit their sensitivity, prompting 
for a combination treatment with inhibitors of these pathways. In contrast, the direct 
effect of genetic alterations in TNBC on the sensitivity to TMi’s is not sufficiently 
systematically studied. The effects by these alterations may be clouded by the large 
variety of different mutations and copy number variations present, which may all 
have different effects on sensitivity to these inhibitors. Moreover, the TM seems to 
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be strongly exploited at highly active (onco)genes which are regulated by epigenetic 
factors, such as super-enhancers and histone modifications. While TNBC models 
specifically representing certain cancer mutations or copy number variations are 
available, systematic models for these epigenetic alterations are lacking. Moreover, 
while many studies have thoroughly investigated the genomic, transcriptomic, and 
proteomic landscape in TNBC tumors, the epigenomic landscape in human TNBC 
tumors, including super-enhancer driven gene transcription, for example of MYC, is 
relatively underexplored. Further knowledge of the epigenetic landscape in TNBC 
and its effect on sensitivity to TMi’s may be critical to understand the potential benefits 
of, specifically, CDK7, CDK8 and BRD4 inhibition, and therefore to guide rationally 
designed combination therapies and clinical trials.

Currently ongoing trials will point out the potential of these TMi’s. Theoretically, epi-
genetic and transcriptional inhibitors hold exciting promise for the future, especially 
for targeting heterogeneous diseases without uniform drivers, such as TNBC. The 
large amount of preclinical in vivo studies demonstrates proof of concept of their 
safety and efficacy. Understanding how the (epi)genomic landscape contributes to 
differential responses may be necessary to improve clinical outcomes and design 
effective combination therapies. This review discussed our current understanding of 
this with regards to the genomic alterations in TNBC. TMi’s induce various therapeutic 
vulnerabilities, such as sensitivity to DNA damaging agents and PARP inhibitors, 
or sensitivity to immunotherapy such as immune checkpoint inhibitors, which have 
recently been approved as new therapies for TNBC. Although the mechanisms 
behind the specific regulation of gene transcription by the TM is not fully understood, 
this gene-specific regulation provides therapeutic opportunities for targeting multiple 
heterogeneous TNBC drivers at once.
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