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Abstract

Triple-negative breast cancer (TNBC) patients commonly
exhibit poor prognosis and high relapse after treatment, but
there remains a lack of biomarkers and effective targeted
therapies for this disease. Here, we report evidence highlighting
the cell-cycle–related kinase CDK7 as a driver and candidate
therapeutic target in TNBC. Using publicly available transcrip-
tomic data from a collated set of TNBC patients (n ¼ 383) and
the METABRIC TNBC dataset (n¼ 217), we found CDK7mRNA
levels to be correlated with patient prognosis. High CDK7
protein expression was associated with poor prognosis within
the RATHER TNBC cohort (n ¼ 109) and the METABRIC TNBC
cohort (n ¼ 203). The highly specific CDK7 kinase inhibitors,
BS-181 and THZ1, each downregulated CDK7-mediated

phosphorylation of RNA polymerase II, indicative of transcrip-
tional inhibition, with THZ1 exhibiting 500-fold greater poten-
cy than BS-181. Mechanistic investigations revealed that the
survival of MDA-MB-231 TNBC cells relied heavily on the
BCL-2/BCL-XL signaling axes in cells. Accordingly, we found
that combining the BCL-2/BCL-XL inhibitors ABT-263/ABT199
with the CDK7 inhibitor THZ1 synergized in producing growth
inhibition and apoptosis of human TNBC cells. Collectively, our
results highlight elevated CDK7 expression as a candidate bio-
marker of poor prognosis in TNBC, and they offer a preclinical
proof of concept for combining CDK7 and BCL-2/BCL-XL inhi-
bitors as a mechanism-based therapeutic strategy to improve
TNBC treatment. Cancer Res; 77(14); 3834–45. �2017 AACR.

Introduction
Triple-negative breast cancer (TNBC), which is denoted by

negative expression of estrogen receptor (ER), progesterone recep-
tor (PR), and HER2, is a heterogeneous subgroup that exhibits
substantial genotypic and phenotypic diversity (1, 2). Currently,
no established targeted therapeutics or biomarkers of outcome/
response have been clinically approved in the context of TNBC.
TNBC patients commonly exhibit poor prognosis and high
relapse rates at early stages after conventional neoadjuvant che-
motherapy treatment (3, 4). The aggressive nature of TNBC is
also reflected by an increased likelihood of distant recurrence and
death within 5 years following primary intervention (3) and a
shorter survival once diagnosed with metastatic disease (5).
Interestingly, patients with a pathologic complete response fol-
lowing primary systemic chemotherapy have an excellent 3-year
overall survival. In contrast, in patients with residual disease,
those with TNBC displayed shorter overall survival (4). This
clearly demonstrates that the poorer outcomes observed in TNBC
may be largely due to the fraction of patients with chemoresistant
disease, which represent over 50% of cases (6). This observation
underscores the need to identify the patients that are unlikely to
benefit from existing chemotherapeutics using prognostic mar-
kers and to develop alternative therapeutic options.

CDK7 belongs to the cyclin-dependent kinase family, a major
class of kinases involved in cell-cycle regulation. It binds to cyclin
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H and MAT1 forming a trimeric cyclin-activating kinase (CAK)
that executes its function by phosphorylating other CDKs
involved in cell-cycle control (7). Each complex controls specific
transitions between two subsequent phases in the cell cycle. CDK7
is required for both activation and complex formation of CDK1/
cyclin-B during the G2–M transition and for activation of CDK2/
cyclin-E during the G1–S transition (8). In addition, CDK7 reg-
ulates polymerase II–mediated RNA transcription through the
binding of CAK to the TFIIH basal transcription factor complex,
which phosphorylates the C-terminal domain of the largest
subunit of RNA polymerase II (RNAPII) (9, 10). Previously, it
was shown that CAK also phosphorylates and enhances activities
of transcriptional regulators (11, 12). Therefore, CDK7 affects
both cell-cycle progression and transcriptional activity. Recent
studies highlighted the role ofCDK7as a transcriptional regulator,
a key mechanism that many aggressive cancers rely on, which
provided a promising therapeutic target in these hard-to-treat
diseases, particularly in TNBC and other cancers that followMYC-
driven oncogenic transcription addiction (13–16).

Numerous attempts have beenmade to identify key oncogenic
pathways altered at the molecular level in TNBC. Previously, a
high frequency of mutations in the TP53 tumor suppressor gene,
along with amplification of the transcription factor–encoding
MYC and the anti-apoptoticMCL-1 genes, were found in residual
neoadjuvant chemotherapy–treated TNBC (17). MYC, a pleiotro-
pic transcription factor that dimerizes with MAX to bind to
enhancer box (E-box) sequences in the promoters of active genes,
plays a key role in a myriad of tumor types (18). Aberrant
expression of MYC family members commonly leads to deregu-
lated transcription and metabolism, resulting in uncontrolled
tumor growth and proliferation, and elevated expression of these
oncogenes is often linked to poor prognosis (19, 20).

MCL-1 is a member of the antiapoptotic BCL-2 family that
governs mitochondrial apoptosis through protein–protein inter-
action. Given MCL-1 its short half-life, MCL-1 is significantly
affected by transcriptional inhibition and is one of the most
commonly amplified genes in cancer (21). To date, the small-
molecule inhibitors of MCL-1 that have been developed (22) do
not have nanomolar affinity of binding equivalent to the BH3
mimetics ABT-263 (binds to BCL-2, BCL-XL and BCL-W;
refs. 23–25) and ABT-199 (binds to BCL-2; refs. 26, 27). Inhibi-
tion of the antiapoptotic proteins is capable of killing cells that are
dependent on those antiapoptotic proteins for survival. BH3
profiling is a useful tool for assessing antiapoptotic dependency.
BH3 peptides generated from the functional BH3 domain of
particular proapoptotic proteins are added to permeabilized cells
and loss of mitochondrial potential or cytochrome c is measured
as a functional readout of antiapoptotic dependency (28, 29).

Here, we proposed to use an unbiased in silico analysis of
transcriptomic data to identify kinases whose expression was
associated with clinical outcomes in TNBC and validate the
findings at the protein level using IHC on tissue microarrays
(TMA). From this analysis, expression of CDK7, a cyclin-depen-
dent kinase, was found to be closely associated with poor prog-
nosis at both mRNA and protein levels. Moreover, we evaluated
the response in vitro to CDK7 inhibition using both short hairpin
RNAs (shRNA) and two specific CDK7 inhibitors in TNBC.
Inhibition of CDK7 caused inhibition of proliferation, phosphor-
ylation of RNAPII, an indication of transcriptional inhibition,
along with induction of apoptosis. MCL-1 and MYC were down-
regulated in a dose- and time-dependentmanner followingCDK7

inhibition.UsingBH3profiling,we identifiedan increaseddepen-
dency on BCL-2/BCL-XL following CDK7 inhibition and discov-
ered the synergistic combination of the BH3 mimetic ABT-263
with the CDK7 inhibitor THZ1.

Materials and Methods
Study populations
Public TNBC transcriptomic dataset (Cohort I). An in silicomethod
was adopted to explore a publicly available TNBC dataset (30) in
which a method for assigning TNBC status to transcriptomic data
from human breast cancer tissues was employed. A TNBC micro-
arraydataset (n¼383)was reanalyzed to identify genes associated
with survival, with a particular focus on kinases. TNBC patient
sampleswere definedon thebasis of negativemRNAexpressionof
ER, PR, and HER2 genes. The TNBC microarray dataset was split
into training (n ¼ 297) and test (n ¼ 86) datasets. The training
dataset was used for the discovery study. Univariate Cox regres-
sion with proportional hazards models was employed to inves-
tigate kinase genes that were significantly associated with patient
survival in the training dataset. Candidate survival-associated
kinases were then validated in the remaining test dataset. This
entire TNBC microarray dataset was derived from patients with a
median age of 50 years (range, 28–88 years) at the time of
diagnosis, and a median follow-up of 51 months (range, 0–10
years). Patients exhibited tumor grade 1 and grade 2 (n¼ 104) or
grade 3 (n¼234). Information on tumor gradewasmissing for 45
patients. Patients were either treated with adjuvant chemotherapy
(n ¼ 259), or not treated with chemotherapy (n ¼ 87). Informa-
tion on chemotherapy treatment was missing for 37 patients.

Public breast cancer transcriptomic dataset (Cohort II). The online
tool, BreastMark, was used to identify association between CDK7
mRNA expression and clinical outcomes in a breast cancer cohort
with all subtypes. Information on the BreastMark system was
previously described (31). In this study, CDK7mRNA expression
data were analyzed from 2,656 breast cancer patients of mixed
subtypes censored at 10 years.

METABRIC breast cancer transcriptomic (Cohort III) and TMA
(Cohort V) datasets. TheMETABRIC study protocol andmolecular
profiling of the entire cohort were previously described (32). The
entire METABRIC transcriptomic dataset consists of 1,992 breast
cancer patients. In this study, 1,277 breast cancer patients cen-
sored at 10 years were analyzed (Cohort III). TNBC samples were
defined by negative mRNA expression of ER, PR and HER2 genes
(n¼ 217). TNBC patients from this sub-cohort had a median age
of 56 years (range, 28–96 years) at the time of diagnosis. The
median follow-up was 44 months (range, 0–119 months).
Patients were either not treated with any type of therapy (n ¼
33), or treated with chemotherapy, hormonal therapy, radiother-
apy, or a combination of these therapies (n ¼ 184). Patients
exhibited tumor grade 1 (n¼ 4), grade 2 (n¼ 24), or grade 3 (n¼
189). A total number of 1,992 breast cancer patients, containing
mRNA expression data pertaining to CDK7 and MYC, was ana-
lyzed for comparison between each subtype of breast cancer in the
METABRIC transcriptomic dataset.

The METABRIC TMA cohort (Cohort V) contains 1,286 breast
cancer tissues with 218 TNBC cases. In this study, 203 TNBC
patient samples censored at 15 years were analyzed. TNBC
patients had a median age of 56 years (range, 27–96 years) at
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the time of diagnosis. The median follow-up was 62 months
(range, 0–176 months). Patients were not treated with any ther-
apy (n ¼ 29) or treated with either chemotherapy, hormonal
therapy, radiotherapy only, or with combined therapies (n ¼
174). Patients exhibited tumor grade 1 (n¼ 2), grade 2 (n ¼ 27),
and grade 3 (n ¼ 171). Information on tumor grade was missing
for 3 patients.

RATHERTMA cohort (Cohort IV). TheRATHERTNBCTMAcohort
contains tissues from 138 TNBC patients. In this study, 109 TNBC
patient samples censored at 15 yearswere analyzed. These patients
were diagnosed between 1986 and 2010 with a median age of 54
years (range, 26–87 years) at the time of diagnosis. The median
follow-up was 61 months (range, 1–173 months). Patients were
treated with adjuvant chemotherapy (n ¼ 47) or not treated with
adjuvant chemotherapy (n ¼ 62). Patients were treated with
radiotherapy (n ¼ 29) or not treated with radiotherapy (n ¼
80). Patients exhibited tumor grade 2 (n¼ 12) or grade 3 (n¼ 96).
Information on tumor grade was missing for 1 patient.

Consecutive breast cancer TMA cohort (Cohort VI). The consecutive
TMA cohort consists of 512 consecutive breast cancer patients
diagnosed at the Department of Pathology, Malmo University
Hospital, Sweden, during 1988–1992 (33). In this study, a total
number of 346 breast cancer patients were censored at 15 years
with a median age of 67 years (range, 28–96 years). The median
follow-up was 82 months (range, 0–180 months). Patients were
not treated with chemotherapy (n ¼ 247) or treated with che-
motherapy (n ¼ 20). Information on chemotherapy was missing
for 79 patients.

TCGA breast cancer transcriptomic dataset (Cohort VII). In this
study, the The Cancer Genome Atlas (TCGA) breast cancer tran-
scriptomic dataset consisting of 422 breast cancer patients with
mixed subtypes was analyzed for CDK7 and MYC mRNA expres-
sion in each individual subtype of breast cancer.

Cell culture
All TNBC cell lines were originally purchased from the ATCC

in May 2008 and were regularly authenticated by short tandem
repeat profiling. The most recent reauthentication was com-
pleted in January 2017. BT20 cells were maintained in EMEM
medium. BT549, HCC1143, and HCC1937 cells were main-
tained in RPMI1640 medium. Hs578T and MDA-MB-231 cells
were maintained in DMEM medium. All cell culture media
were supplemented with 10% FBS, 1% L-glutamine, and 1%
penicillin/streptomycin and cells were incubated at 37�C with
5% CO2. Mycoplasma testing was performed on a monthly
basis.

shRNA-mediated knockdown of CDK7
Commercially available (Sigma Aldrich) pLKO vector-based

constructs expressing shRNAs targeting CDK7 (CCGGGCTGTA-
GAAGTGAGTTTGTAACTCGAGTTACAAACTCACTTCTACAGCT-
TTTT, and CCGGCATTTAAGAGTTTCCCTGGAACTCGAGTTC-
CAGGGAAACTCTTAAATGTTTTT) or a pLKO.1-puro nonmam-
malian shRNA control plasmid DNA (CCGGCAACAAGATG-
AAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTTTT;
Sigma Aldrich) were transfected into HEK293 cells using the
Genejuice method. Live viruses were collected, filtered, and used

to transfect BT549 andMDA-MB-231 cells for 24hours. Cellswere
selected using 3 mg/mL puromycin for 5 days.

Colony formation assay
BT549 and MDA-MB-231 transfectants (expressing either non-

targeting control shRNA or CDK7 shRNAs) were seeded at 500
cells/well of 6-well plates in 2-mL growthmedia for 15 days, with
media being replaced by fresh growth media every 5 days until
colonies were visible. Colonies were stained with crystal violet
solution and counted manually.

Wound healing assay
BT549 and MDA-MB-231 transfectants (expressing either

non-targeting control shRNA or CDK7 shRNAs) were seeded
at 3 � 105 cells per well of 12-well plates in 1-mL growth
medium overnight. Growth media were replaced by serum-free
media and incubated for 8 hours before scratches were made.
Initial pictures were taken immediately after scratches were
made and medium was replaced by fresh serum-free media
(0 hour time point). Additional pictures were taken at 24 and
48 hours after medium replacement. Analysis was carried out
using the T-Scratch software (ETH Zurich) that analyzed the
area occupied by cells in the images. Results were graphed as
percentage wound closure over time.

Proliferation: MTT cell viability assay
Cell viability was measured using an MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colori-
metric assay. BT549 and MDA-MB-231 cells were seeded in
sextuplicate at a density of 2,000 cells/well in 96-well plates and
were incubated at 37�C in growth media overnight. Cells were
treated with various doses of BS-181 and THZ1 for 72 hours. Cells
were then incubated with MTT reagent (5 mg/mL) for 3 hours,
after which they were solubilized in dimethyl sulfoxide (DMSO).
Absorbance was measured using a Wallac 1420 multi-label plate
reader at 570 nm. For the combination treatments, cells were
seeded at a density of 2,000 cells/well (BT549 andMDA-MB-231),
3,000 cells/well (BT20), and 5,000 cells/well (HCC1937,
HCC1143 and Hs578T) in 96-well plates and were incubated at
37�C overnight. Cells were treated for 48 hours simultaneously
with THZ1 and ABT-263/ABT-199 at various doses and synergy
was measured using the CompuSyn software. Results were nor-
malized to a DMSO-only control and dose–response curves were
created using GraphPad Prism.

Immunoblotting
The following antibodies were purchased from Cell Signaling

Technology: anti-CDK7 (2916), anti-CDK1 (9116), anti-p-
CDK1 (9111), anti-p-RNAPII Ser-2 (8798), anti-p-RNAPII
Ser-5 (8807), anti-p-RNAPII Ser-7 (13780), anti-c-MYC
(5605), anti-MCL-1 (5453), anti-BCL-2 (2870), and anti-
BCL-XL (2764). Antibodies against RNAPII (sc-17798), vincu-
lin (sc-5573), and a-tubulin (sc-5286) were purchased from
Santa Cruz Biotechnology. The anti-b-actin (A5316) antibody
was obtained from Sigma-Aldrich.

Cell-cycle analysis by flow cytometry
BT549 andMDA-MB-231 cells were collected at 1� 106 per cell

line,washedwithPBS and resuspended inPBS (1mL)per cell line.
Prechilled 70% ethanol (2.5 mL) was added to each cell
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suspension dropwise while vortexing. Cells were immediately
stored at 4�C overnight. Cells were washed with PBS and resus-
pended in PBS (500 mL) and RNaseA (1 mL of 2.5 mg/mL) was
added to each sample and incubated at 37�C for 30 minutes.
Propidium iodide (50 mL of 0.5mg/mL; Sigma P4170)was added
to each sample. The BD Accuri C6 plus (BD Biosciences) flow
cytometer was subsequently utilized for the cell-cycle analysis.

Immunohistochemistry
Sample slides were deparaffinized and rehydrated using a Leica

Autostainer XL. Sampleswere treatedwith 1� citrate buffer pH6.0
at 95�C in the PT module (LabVision, Thermo Fisher Scientific),
incubated with 3% H2O2, blocked using UV-Block reagent and
treated with the anti-CDK7 antibody. Samples were then treated
with primary antibody enhancer (PAE), horseradish peroxidase–
labeled polymer, DAB, and counterstained with hematoxylin.

Digital slide scanning and automated image analysis
The Aperio ScanScope XT slide scanner (Aperio Technologies)

was used for digital scanning at �20 magnification. ImageScope
analysis software was used for viewing and analyzing digital
images. Spectrum was used to generate individual tissue spot
images for automated analysis. The Nuclear Algorithm (Aperio
Technologies) was used to analyze percentage of positive nuclei
against total nuclei. Positive intensity was also measured on cell
pellet control slides using the Color Deconvolution Algorithm
(Aperio Technologies).

Cell death assay: Annexin V/propidium iodide staining
Apoptosis was measured using an Annexin V/propidium

iodide assay. Cells were seeded at a density of 3 � 104 (BT549)
and 4� 104 cells/well (MDA-MB-231) in 24-well plates and were
incubated at 37�C in growth media overnight. Cells were then
treated with various doses of BS-181 and THZ1 for 48 hours or in
combination with ABT-263 or ABT-199 for 24 hours. Cells were
washed with PBS and resuspended in Annexin binding buffer (10
mmol/L HEPES pH 7.4, 140 mmol/L NaCl, and 2.5 mmol/L
CaCl). Cells were then stained with 0.5 mg/mL Annexin V-FITC
and 0.5 mg/mL propidium iodide for 15 minutes before analyz-
ing on the BD Accuri 6 plus (BD Biosciences). Results were
normalized to a DMSO-only control and dose–response curves
were created using GraphPad Prism.

BH3 profiling
The sequence of the BH3-only peptides and method of syn-

thesis used were described previously (34). BH3 profiling was
performed by flow cytometry. Briefly, BH3 peptides at 70 mmol/L
were incubated with cells that were being gently permeabilized
with 0.005% digitonin. Following 60-minute incubation, cells
were fixed with 8% formaldehyde for 15 minutes prior to neu-
tralization and staining with cytochrome c at 4�C overnight. The
loss of cytochrome was measured on a CyAn ADP Analyzer
(Beckman Coulter) using the FITC channel. The percentage of
peptide-induced mitochondrial depolarization was calculated by
normalization to the solvent-only control DMSO (0%).

Study design, implementation, and statistical analysis
Due consideration of REMARK guidelines was given in respect

to study design, implementation, and analysis (35). Kaplan–
Meier survival analysis was performed using the SPSS statistical
analysis software (IBM). The Cox proportional hazardmodel was

used for multivariate analysis to illustrate the relationships
between gene/protein expression and breast cancer–specific sur-
vival (BCSS), recurrence-free survival (RFS), distant recurrence-
free survival (DRFS), and overall survival (OS). Hazard ratios
(HR) and 95% confidence intervals (95% CI) were evaluated for
each clinicopathologic variable. A two-tailed test with P value <
0.05was considered to be significant. TheCompuSynmethodwas
used to assess synergy of combination drug treatment (36). A
combination index value of under 1 was considered to be
significant.

Results
High CDK7 mRNA expression is associated with poor clinical
outcomes of patients with TNBC

To identify kinases that are associatedwith clinical outcomes in
TNBC, we reanalyzed publicly available transcriptomic data from
a combined cohort of 579 TNBC patients, of which 383 had
associated clinical outcome data (Cohort I, public TNBC; ref. 30).
From this analysis, CDK7 mRNA expression was linked to poor
prognosis in a TNBC context. Kaplan–Meier survival analysis in
Cohort I (n ¼ 383) demonstrated that, when a median CDK7
mRNA expression cut-off point was used for stratification, high
CDK7mRNAexpressionwas strongly correlatedwith reduced RFS
(P < 0.001; HR ¼ 2.152; CI ¼ 1.576–2.939; Supplementary Fig.
S1A). Further survival analysis was carried out using BreastMark,
an online integrated resource to allow evaluation of genes that are
associated with survival outcomes in breast cancer and its molec-
ular subtypes, in an unstratified cohort of 2,656 breast cancer
patients (Cohort II, BreastMark; ref. 31), which demonstrated no
significant association between CDK7mRNA expression and RFS
(Supplementary Fig. S1B), suggesting that CDK7 is not a prog-
nostic factor in breast cancer as a whole, but rather specifically
predicts outcomes in TNBC.

To further validate our findings, we examined CDK7 mRNA
expression in an independent cohort of the METABRIC (Molec-
ular Taxonomy of Breast Cancer International Consortium;
Cohort III), whichwas composedof a discovery set of 997primary
tumors and a validation set of 995 tumors with long-term clinical
outcomes (32).Within Cohort III, when amedian cut-off point of
CDK7mRNA expression was used, high CDK7mRNA expression
was again significantly associated with poor BCSS specifically in
the TNBC cohort (P ¼ 0.023; HR ¼ 1.598; CI ¼ 1.061–2.406;
Supplementary Fig. S1C).We observed no evidence of association
betweenCDK7mRNA expression and clinical outcomeswhen the
entire cohort was examined (P¼ 0.195; HR¼ 0.885; CI¼ 0.735–
1.065; Supplementary Fig. S1D), again indicating that CDK7
mRNA expression appeared to specifically predict survival out-
comes in a TNBC context.

High CDK7 protein expression is associated with poor clinical
outcomes in a TNBC context

In silico analysis of transcriptomic data suggested that CDK7
mRNA level may differentiate TNBC patients with good versus
poor outcomes. Here, we attempted to validate these results at the
protein level in an independent cohort of patient samples. TNBC
tissues obtained from the RATHER consortium (Rational Therapy
for Breast Cancer, www.ratherproject.com; Cohort IV, n ¼ 109)
were immunohistochemically assessed using an optimized anti-
CDK7 antibody (Supplementary Fig. S2). Automated image anal-
ysis was used to score percentage of tumor nuclei positive for
CDK7 protein expression (over total number of tumor cells)
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across all samples and was subsequently assessed for associations
with clinicopathologic variables. A median cut-off point was
chosen in respect of positivity percentage of CDK7, with repre-
sentative tissue cores illustrating high and low CDK7 protein
expression shown in Fig. 1A. Across the RATHER TNBC TMA
cohort, a high percentage of CDK7-positive tumor cells was
significantly associated with reduced BCSS (P ¼ 0.012; HR ¼
2.516; CI¼1.189–5.324; Fig. 1B), RFS (P¼0.019;HR¼2.208; CI
¼ 1.123–4.344; Supplementary Fig. S3A) and DRFS (P ¼ 0.013;
HR ¼ 2.506; CI ¼ 1.185–5.299; Supplementary Fig. S3C). Mul-
tivariate Cox regression analysis demonstrated that CDK7 protein
expression and tumor size were independent prognostic factors
for reduced BCSS in TNBC (Table 1; for CDK7, P ¼ 0.006; HR ¼
3.045; CI ¼ 1.383–6.701).

Given that we previously observed no correlations between
CDK7mRNA expression and outcomes in a noncategorized breast
cancer cohort, we subsequently analyzed CDK7 protein expres-
sion in tumor tissues from a representative cohort of 346 breast

cancer patients comprised of all major subtypes, namely the
Consecutive array (Cohort VI; ref. 33), which included 33 TNBC
cases. Again, no correlations between CDK7 protein expression
and BCSS (P ¼ 0.313; HR ¼ 0.794; CI ¼ 0.507�1.245; Fig. 1C),
RFS (P ¼ 0.364; HR ¼ 0.852; CI ¼ 0.601�1.206; Supplementary
Fig. S3B), or DRFS (P ¼ 0.662; HR ¼ 0.916; CI ¼ 0.617�1.359;
Supplementary Fig. S3D) were found within this cohort, further
reinforcing a particular association of CDK7 expressionwith poor
clinical outcomes in patients with TNBC.

To further validate the prognostic value of CDK7 at the protein
level in TNBC, we carried out TMA analysis in the METABRIC
cohort, which was composed of 203 TNBC tissues plus additional
948breast cancer tissues fromother subtypes.Whenamedian cut-
off point was used to stratify low and high expression of CDK7
protein, Kaplan–Meier survival analysis demonstrated a strong
negative correlation between CDK7 protein expression and BCSS
(P¼ 0.007;HR¼ 1.921; CI¼ 1.185–3.113; Fig. 1D), aswell asOS
(P ¼ 0.042; HR ¼ 1.489; CI ¼ 1.011–2.193; Supplementary Fig.
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Figure 1.

High CDK7 protein expression is associated with poor prognosis in TNBC tissues. A, Representative scanned images of tumor cores with low or high CDK7
protein expression, as determinedby IHC.B,Kaplan–Meier survival curves showing the relationshipbetweenCDK7protein expression andBCSS in theRATHERTNBC
TMA cohort censored at 15 years (n ¼ 109). C, Kaplan–Meier survival curves showing the relationship between CDK7 protein expression and BCSS in the
Consecutive breast cancer TMA cohort censored at 15 years (n¼ 199). D, Kaplan–Meier survival curves showing the relationship between CDK7 protein expression
and BCSS in the METABRIC TNBC TMA cohort censored at 15 years (n ¼ 203). E, Kaplan–Meier survival curves showing the relationship between CDK7
protein expression and BCSS in the METABRIC breast cancer TMA cohort censored at 15 years (n ¼ 1,151).
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S3E), within the TNBC subset of the cohort. Multivariate Cox
regression analysis confirmed that CDK7 protein expression and
nodal statuswere independent prognostic factors of reducedBCSS
in the TNBC subset (Table 2; for CDK7, P¼ 0.003; HR¼ 2.136; CI
¼ 1.294–3.526). Similarly, using a median cut-off point, we
observed no correlations between CDK7 protein expression and
either BCSS (P¼0.904;HR¼0.987; CI¼0.793–1.227; Fig. 1E) or
OS (P ¼ 0.168; HR ¼ 1.122; CI ¼ 0.952–1.322; Supplementary
Fig. S3F) across the entire set ofMETABRIC breast cancer samples.
Therefore, we have validated both at themRNA and at the protein
levels that high CDK7 expression is associated with poor prog-
nosis specifically in TNBC.

To further understand the underlying basis of CDK70s associ-
ation with poor prognosis in TNBC, we compared CDK7 mRNA
expression levels between different subtypes of breast cancer and
found thatCDK7mRNAexpressionwas lower in TNBC compared
with luminal A and luminal B subtypes in the METABRIC tran-
scriptomic dataset (n ¼ 1,992; P < 0.0001; Supplementary Fig.
S4A) and the TCGA transcriptomic dataset (n ¼ 422; P < 0.0001;
Supplementary Fig. S4B). Previous studies have shown a critical
role for CDK7 in mediating superenhancer–linked oncogenic
transcription in MYC-driven cancer (14) and elevated MYC sig-
naling has been associated with poor prognosis in TNBC (37).
Accordingly, we found thatMYCmRNA expression was higher in
TNBC compared with other subtypes of breast cancer in the
METABRIC transcriptomic dataset (P < 0.0001; Supplementary

Fig. S4C), and the TCGA transcriptomic dataset (P < 0.0001;
Supplementary Fig. S4D).

Knockdown of CDK7 leads to reduced cell proliferation,
migration, and increased response to doxorubicin

To investigate the functional impact ofCDK7onTNBC cells, we
performed shRNA-mediated knockdown of CDK7 in BT549 and
MDA-MB-231 cells. Following efficient knockdown of CDK7 at
both mRNA and protein levels detected via RT-PCR and immu-
noblotting, respectively (Fig. 2A), both BT549 and MDA-MB-231
cell lines with ablated CDK7 demonstrated significantly reduced
number of colonies compared with their respective nontargeting
controls (Fig. 2B). Cell proliferationwas also significantly reduced
upon CDK7 knockdown compared with the respective nontarget-
ing controls in both cell lines (Fig. 2C). Moreover, cell migration
rate was found dramatically decreased at 24 and 48 hours in cells
with CDK7 knockdown (Fig. 2D). Finally, knockdown of CDK7
led to increased TNBC cell sensitivity to doxorubicin following 72
hours of treatment, and only marginally increased responses to
carboplatin and no altered response to docetaxel were observed
(Fig. 2E), whichmay be due to a role of CDK7 in the regulation of
chemotherapeutic agent–induced DNA damage (38, 39).

Targeting CDK7 with specific inhibitors affects proliferation,
apoptosis, and transcription

Recently, a highly specific covalent CDK7 inhibitor THZ1 was
developed (13). Here, we compared the efficacy of THZ1 versus a
previously discovered noncovalent CDK7 inhibitor BS-181 in the
TNBC cell lines BT549 and MDA-MB-231. Cell growth curves
demonstrated that both inhibitors reduced cell proliferation in
the two cell lines tested (Fig. 3A). Interestingly, the newly devel-
oped THZ1 demonstrated an approximately 500-fold higher
potency than BS-181 (Fig. 3A). We next assessed whether inhi-
bition ofCDK7 caused apoptotic cell death bymeasuringAnnexin
Vandpropidium iodide positivity. BothCDK7 inhibitors induced
apoptosis in the BT549 and MDA-MB-231 cell lines (Fig. 3B).
Similar to the cell growth curves, THZ1 displayed higher potency
in terms of apoptosis induction in comparison with BS-181.
Inhibition of CDK7 with THZ1 caused a modest cell-cycle phase
redistribution in theMDA-MB-231 cell line, with an approximate
increase of 10% of cells in the G2–M phase (Fig. 3C); a similar
trend was observed for BT549 cells but this was not statistically
significant. CDK1 is the only essential CDK required for comple-
tion of cell mitosis, which is stringently regulated by CDK7 (40).
Treatment with THZ1 and BS-181 caused a reduction in phospho-
CDK1 in a dose-dependent manner in BT549 and MDA-MB-231
cells (Fig. 3D). In addition, CDK7 plays a key role in RNA
transcription regulation by phosphorylating RNAPII (10). Treat-
ment with THZ1 and BS-181 also caused a dose-dependent
reduction of phosphorylation of RNAPII at the serine 2, the serine
5 and the serine 7 sites in BT549 andMDA-MB-231 cells (Fig. 3E),
suggestive of RNA transcription inhibition through CDK7
inactivation.

The above data demonstrate that CDK7 inhibitors BS-181 and
THZ1 trigger antitumor effects by inducing transcription inhibi-
tion and apoptosis in a dose-dependent manner.

Combination treatment of THZ1 with ABT-263 shows
synergistic effects causing reduced TNBC cell survival

Given the negative effect on RNAPII phosphorylation with
CDK7 inhibitor treatment, we assessed the expression of two

Table 1. Multivariate Cox regression analysis of BCSS in the RATHER TNBC
dataset

BCSS
Clinicopathologic variables P HR (95% CI)

CDK7 protein 0.006
Low 1
High 3.045 (1.383–6.701)

Age (continuous) 0.427 1.010 (0.985–1.036)
Tumor size (continuous) 0.002 1.397 (1.128–1.730)
Tumor grade 0.802
Grade 2 1
Grade 3 0.880 (0.323–2.396)

Nodal status 0.675
No 1
Yes 1.189 (0.530–2.667)

Chemotherapy 0.912
No 1
Yes 1.044 (0.487–2.237)

Table 2. Multivariate Cox regression analysis of BCSS in the METABRIC TNBC
dataset

BCSS
Clinicopathologic variables P HR (95% CI)

CDK7 protein 0.003
Low 1
High 2.136 (1.294–3.526)

Age (continuous) 0.254 0.988 (0.967–1.009)
Tumor size (continuous) 0.183 1.008 (0.996–1.020)
Tumor grade 0.131
Grade 1þ2 1
Grade 3 1.957 (0.819–4.676)

Nodal status 0.018
No 1
Yes 2.446 (1.169–5.117)

Chemotherapy 0.449
No 1
Yes 0.744 (0.346–1.600)
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Figure 2.

Knockdown of CDK7 diminishes cell viability, proliferation, migration, and increases cell response to doxorubicin. A, Immunoblotting and qRT-PCR analysis of
CDK7mRNA expression post-shRNA knockdown of CDK7 in BT549 and MDA-MB-231 cells (n ¼ 3). A nontargeting shRNA and two independent hairpins targeting
CDK7 (shRNA1 and shRNA2) are represented by NTC, sh1, and sh2. Data are presented as mean � SD (�� , P < 0.01; ��� , P < 0.001). B, Colony formation
assay following CDK7 knockdown in BT549 and MDA-MB-231 cells (n ¼ 3). Colony numbers are presented as mean � SD (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
C, MTT cell viability assay following CDK7 knockdown in BT549 and MDA-MB-231 cells (n ¼ 3). Proliferation is presented as mean absorbance � SD
(�� , P < 0.01; ��� , P < 0.001). D, Cell migration analysis following CDK7 knockdown (n ¼ 3). Migration is presented as mean closure distance � SD (� , P < 0.05;
�� , P < 0.01; ��� , P < 0.001). E, MTT cell viability assay following CDK7 knockdown and treatment with chemotherapeutic agents for 72 hours in BT549 and
MDA-MB-231 cells (n ¼ 3). IC50 values of NTC, shRNA1, and shRNA2 knockdown cells are presented in the mini-tables.
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proteins with short half-lives, namely the transcription factor c-
MYC and the antiapoptotic protein MCL-1. There was a time-
dependent reduction in the expression of both c-MYC and
MCL-1 following treatment with either BS-181 or THZ1
(Fig. 4A). We assessed the expression of two other antiapoptotic
proteins, BCL-2 and BCL-XL, finding that their levels did not
alter greatly following exposure to either CDK7 inhibitor (Fig.
4B). Using dynamic BH3 profiling, we aimed to measure the
effect of CDK7 inhibition on mitochondrial priming and anti-
apoptotic dependency (28, 41). Following treatment for 16
hours with THZ1, BH3 profiling was performed on the MDA-
MB-231 cell line. The BH3 peptides BAD and HRK caused a
greater loss of cytochrome c following treatment with THZ1
(Fig. 4C). The BAD peptide binds to the antiapoptotic proteins
BCL-2, BCL-XL and BCL-W, while the HRK peptide only binds
to BCL-XL. Following treatment with THZ1, there is a reduction
in the expression of MCL-1 (Fig. 4A); therefore, the increased
response to the HRK and BAD peptides suggest that pro-death

proteins that were bound by MCL-1 now bind to BCL-2/BCL-XL
following THZ1 treatment. To test this hypothesis, we com-
bined THZ1 treatment with the BH3 mimetic ABT-263 (which
inhibits BCL-2, BCL-XL and BCL-W) in both BT549 (Fig. 4D, I)
and MDA-MB-231 (Fig. 4D, II) cell lines. As is evident from the
heatmap representation of the MTT assay, the combination
treatment caused a synergistic inhibition of proliferation. The
combination of THZ1 and ABT-199 caused synergy mainly in
the BT549 cell line (Fig. 4D, III), while synergy could not be
determined in the MDA-MB-231 cell line as an IC50 value for
ABT-199 could not be calculated by the MTT assay (Fig. 4D, IV).
The combination treatment of THZ1 and ABT-263/ABT-199
was tested in 4 additional TNBC cell lines. MTT assays dem-
onstrated synergistic effects in the HCC1143, HCC1937, and
Hs578T cell lines with THZ1 and ABT-263 treatment (Supple-
mentary Fig. S5A). However, the combination treatment of
THZ1 and ABT-199 only showed synergy in HCC1937 cells
(Supplementary Fig. S5B). No synergy was detected in the BT20
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Figure 3.

CDK7 inhibition suppresses cell proliferation and survival via inhibition of RNA transcription. A, Cell survival curves showing IC50 values of BS-181 and THZ1 in BT549
and MDA-MB-231 cells following 72 hours of treatment. B, Apoptosis analysis via Annexin V/propidium iodide staining of BT549 and MDA-MB-231 cells at
various concentrations of BS-181 and THZ1 following 48 hours of treatment. C, Quantification of percentage of BT549 and MDA-MB-231 cells in different
cell-cycle phases following treatment with various doses of THZ1 for 16 hours (n ¼ 3; ��� , P < 0.001). D, Immunoblotting of proteins involved in the signaling
pathway relating to cell cycle following 4 hours of treatment with various concentrations of BS-181 and THZ1 in BT549 and MDA-MB-231 cells. E,
Immunoblotting of proteins involved in transcriptional regulation following 4 hours of treatment with various concentrations of BS-181 and THZ1 in BT549 and
MDA-MB-231 cells.
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cells, suggesting an intrinsically resistant cell line to THZ1 and
ABT-263/ABT-199 treatment.

To validate that the combination treatment caused apoptosis
and not solely inhibition of proliferation, we assessed the com-
bination using Annexin V and propidium iodide staining. As was
evident from the combination index, synergy occurred following
combined treatment with THZ1 and ABT-263 at low doses and
with ABT-199 at a higher dose in both cell lines (Fig. 4E).
Potentially, this suggests that combining the BH3 mimetic
ABT-263 may be an effective treatment strategy for TNBC.

Discussion
Limited success has so far been achieved in respect of biomarker

identification and validation in TNBC, whichmay be attributable
to disease heterogeneity at the molecular level in this particular
subtype. Human proteome studies revealed that more than
50% of human proteins undergo phosphorylation supported
by kinases (42), whereas abnormal activation of protein phos-
phorylation is commonly a cause or consequence of oncogenesis.
Kinases have become one of the most intensively pursued classes
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Identifying rational combination treatments for TNBC. A, Immunoblotting of c-MYC and MCL-1 expression following 200 nmol/L THZ1 treatment at increasing time
points in BT549 and MDA-MB-231 cells. B, Immunoblotting of BCL-2 family protein expression following 24 hours of BS-181 and THZ1 treatment at various
concentrations in BT549 and MDA-MB-231 cells. C, BH3 profile of MDA-MB-231 cells following treatment with either 50 nmol/L THZ1 or DMSO for
16 hours (��, P < 0.01). D, MTT viability assay following treatment for 48 hours with escalating concentrations of THZ1 and ABT-263 in BT549 (I) and
MDA-MB-231 (II) cells, or treatment with escalating concentrations of ABT-199 and THZ1 in BT549 (III) or MDA-MB-231 (IV) cells. Synergy was calculated
using CompuSyn and a combination index value of under 0.7 is marked with an asterisk (�). E, Apoptosis analysis via Annexin V/propidium iodide staining on
BT549 and MDA-MB-231 cells at various THZ1 concentrations in combination with either DMSO, 0.1 mmol/L ABT-263, 0.3 mmol/L ABT-263,
or 3 mmol/L ABT-199 and the combination index was calculated.
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of drug targets in cancer. To date, 28 small-molecule kinase
inhibitors have been approved by the FDA (43), which has
invigorated the search for new kinase inhibitors as anticancer
drugs. As such, we focused on discovery of novel kinase biomar-
kers and tailored therapeutic strategies in TNBC taking advantage
of molecular profiling data and preclinical models.

CDK7 has been reported to be a potential therapeutic target in
MYC-driven and transcription-dependent cancers (13–16). How-
ever, little is known about the value of CDK7 as a prognostic or
predictive marker. A recent study revealed that the CAK complex
was highly expressed in breast cancer and CDK7 expression was
inversely associated with poor prognosis in ER-positive breast
cancer, whichmay be attributable to its role in directly interacting
with ERa (44). Our data provided evidence of a negative asso-
ciation between CDK7 expression and survival outcomes specif-
ically in TNBC, together with a potential role in terms of mod-
ulating response to chemotherapeutic agents.

Previous reports have linked high expression of p53 (45, 46)
and elevated MYC signaling (37) with prognosis in TNBC. How-
ever, we found that MYC or TP53 mRNA expression was not
significantly correlated with RFS in Cohort I (Public TNBC;
Supplementary Fig. S6A and S6B). MYC expression showed no
association with BCSS in this cohort (Supplementary Fig. S6C),
while TP53 expression was only marginally associated with good
BCSS in Cohort III (METABRIC TNBC; Supplementary Fig. S6D).
Surprisingly, analysis of CDK7mRNA expression in subgroups of
breast cancer showed lower overallCDK7mRNAexpression in the
TNBC group compared with the luminal A and luminal B sub-
types in Cohort III (METABRIC breast cancer of all subtypes;
Supplementary Fig. S4A) and Cohort VII (TCGA; Supplementary
Fig. S4B), indicating that CDK7maybe involved inmore activities
in luminal A and luminal B subtypes compared with TNBC and
CDK70s preferential correlation with poor prognosis in TNBC
may be due to its roles in the regulation of transcription and cell
cycle. Indeed, CDK7 has previously been shown to mediate
ligand-dependent activation of ERa via phosphorylation of serine
118 (11), and the expression of CAK (CDK7, cyclinH, andMAT1)
has recently been found to be positively associated with ER
expression (44), which correlates with our observation of higher
CDK7 mRNA levels in the luminal A and luminal B subtypes
compared with the HER2 and TNBC subtypes (Supplementary
Fig. S4A and S4B). Further analysis revealed that MYC mRNA
expression was higher in TNBC compared with other subtypes
(Supplementary Fig. S4Cand S4D). Togetherwith thefinding that
CDK7 inhibition led to reduced MYC expression (Fig. 4A), it is
postulated that MYC-dependent TNBC largely relies on the activ-
ity of CDK7 during tumor progression.

These findings not only highlight the value of CDK7 as a
prognostic marker, but also directly point to therapeutic inter-
ventions, such as direct inhibition of CDK7 that could benefit
TNBC patients. The dual role of CDK7 in transcriptional regula-
tion and cell-cycle controlmayoffer additional benefits forCDK7-
targeted therapy in TNBC. Transcription factors have traditionally
been considered "undruggable" targets due to difficulties in
directly modulating DNA/protein binding (47). In addition,
directly targeting the global transcription machinery may cause
intolerable toxicity due to an essential dependency of nontrans-
formed tissue on transcription. Recent studies have challenged the
predicament and found that the epigenetic modifier JQ1, a BET
bromodomain inhibitor, preferentially inhibits the transcription
of genes with superenhancer regions (48). Moreover, TNBC was

preferentially sensitive to JQ1 treatment when a broad panel of
breast cancer cell lines was assessed (49).

Several studies have been involved in the design and validation
of CDK7 inhibitors. BS-181, a highly selective small-molecule
CDK7 inhibitor, was found to effectively inhibit the growth of an
MCF-7 xenograft (50). Recently, Kwiatkowski and colleagues
developed a highly potent covalent CDK7 inhibitor, THZ1, which
has been extensively evaluated in various types of cancers and
achieved astonishing antiproliferative effects (13–15). A common
feature of these tumors is that they appear to be transcriptionally
driven. THZ1 preferentially inhibited the proliferation ofMYCN-
driven neuroblastoma and the sensitivity correlated with down-
regulation of superenhancer-associated genes (14). Similar results
were found in small-cell lung cancer with a preferential inhibition
of superenhancer-associated genes including MYC, MYCN,
and OTX2 (15). A recent publication by Wang and colleagues
also indicated a preferential sensitivity of TNBC over other
breast cancer subtypes to CDK7 inhibition, using a newly devel-
oped CDK7 inhibitor THZ2 with improved pharmacokinetic
properties (16).

We directly compared, for the first time, the sensitivity of
TNBC cell lines to both BS-181 and THZ1 and found that the
covalent inhibitor THZ1 was over 500-fold more effective at
inhibiting proliferation. Functional assessment of TNBC cells
demonstrated that CDK7 downregulation impaired cell viabil-
ity and proliferation (Fig. 2B and C), indicating that CDK7
plays a key role in the signaling cascades that are responsible for
TNBC progression.

At present, chemotherapy is the main systemic treatment
option for TNBC patients. Our data suggest a potential role
for CDK7 in modulating the sensitivity of TNBC cells to the
chemotherapeutic agent doxorubicin (Fig. 2E). This may provide
additional therapeutic strategies for the fraction of TNBC patients
with poor inherent response to doxorubicin, as well as those
displaying residual disease following good initial response to the
treatment. We also observed a moderate level of increased sen-
sitivity following CDK7 knockdown with carboplatin treatment,
but not with docetaxel treatment (Fig. 2E), suggesting that the
apparent protective effect mediated by CDK7 may be limited to
genotoxic agents. Previous studies demonstrated that CDK7
played a positive role in DNA damage–induced p53 activation
(38, 39). Further investigation of combination treatment with
CDK7 inhibitors and chemotherapeutic agents in a broader panel
of breast cancer cell lines and in vivo is warranted to determine
the effectiveness of such combination treatment and potential
selectivity/utility in a TNBC context.

Profiling of the residual TNBC tumors following neoadjuvant
therapy showed evidence of increased amplification of both
MCL-1 and MYC genes (17). Both CDK7 inhibitors, BS-181 and
THZ1, inhibited phosphorylation of RNAPII in a dose-dependent
manner (Fig. 3E) and caused a reduction in the levels of two short
half-life proteins, c-MYC and MCL-1 (Fig. 4A), which point
toward the assessment ofCDK7 treatment in the refractory setting.
Interestingly, themost commonly amplified genes in solid tumors
include MCL-1 and MYC, as assessed by somatic copy number
alterations in 3,181 different cancer specimens (21). Importantly,
MCL-1 has been identified as a crucial survival factor in TNBC and
MCL-1 knockdown sensitizes TNBC cell response to BCL-XL
inhibition (51).

Using BH3 profiling following treatment with THZ1, we
found that the cells became more dependent on the
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antiapoptotic proteins, BCL-2 and BCL-XL, as indicated by the
increased response to the BAD and HRK BH3 peptides
(Fig. 4C). This is likely due to the reduced expression of
MCL-1 (Fig. 4B) causing a shift of prodeath proteins to BCL-
2/BCL-XL. The BIM and PUMA BH3 peptides did not cause any
statistical differences in cytochrome c release following THZ1
treatment, indicating that the total expression of prodeath
proteins was not altered in response to THZ1. However, a
complete dose response of the BIM and PUMA peptides would
be required to confirm this. We, therefore, tested the rational
combination of THZ1 with the BCL-2/BCL-XL/BCL-W BH3
mimetic ABT-263 or the combination of THZ1 with the BCL-
2–specific inhibitor ABT-199.

We found synergy in five out of six triple-negative cell lines
treated with ABT-263 and THZ1, demonstrating that the com-
bination shows robust synergy acrossmultiple TNBC cell lines. A
recent study showed that the combination of THZ1 and the BH3
mimetic obatoclaxwas an effective combination treatment for T-
cell lymphoma and in vivo treatment with the combination did
not show any evidence of enhanced toxicity (52). ABT-199 was
recently approved by the FDA for the treatment of chronic
lymphocytic leukemia with a chromosomal abnormality of
17p deletion. However, we did not detect robust synergy with
the BCL-2 specific inhibitor ABT-199 in combination with
THZ1, as only two of the six TNBC cell lines tested showed
synergy. This suggests that inhibition of both BCL-XL and BCL-2
is necessary in TNBC to robustly detect synergy with THZ1.
Taken together, these observations showed evidence of a prom-
ising treatment option for TNBC by targeting CDK7 in combi-
nation with BH3 mimetics.

In summary, our data demonstrate that CDK7 is associated
with poor prognosis in TNBC. Phenotypic changes after kinase
depletion indicate that CDK7 is involved in mediating cell
proliferation, migration, and doxorubicin-induced DNA dam-
age. Inhibition of transcription using highly specific CDK7
inhibitors has proven here to be promising in targeting TNBC.
Furthermore, combined inhibition of CDK7 and BCL-2/BCL-XL
using THZ1 and ABT-263 shows synergistic responses, leading
to substantial apoptosis. Considering the lack of established
targeted therapeutics against TNBC, we propose that CDK7 will
be a powerful poor prognostic marker and attractive therapeu-
tic target for TNBC.
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