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Screening of a kinase inhibitor library identified novel 
targetable kinase pathways in triple-negative breast cancer
Caroline H. Rinderlea, Christopher V. Bakera, Courtney B. Lagardeb, 
Khoa Nguyenb, Sara Al-Ghadbana, Margarite D. Matossianb, Van T. Hoangb, 
Elizabeth C. Martinb, Bridgette M. Collins-Burowb, Simak Alic, 
David H. Drewryd,e, Matthew E. Burowb and Bruce A. Bunnella

Triple-negative breast cancer (TNBC) is a highly invasive 
breast cancer subtype that is challenging to treat due 
to inherent heterogeneity and absence of estrogen, 
progesterone, and human epidermal growth factor 2 
receptors. Kinase signaling networks drive cancer growth 
and development, and kinase inhibitors are promising 
anti-cancer strategies in diverse cancer subtypes. 
Kinase inhibitor screens are an efficient, valuable means 
of identifying compounds that suppress cancer cell 
growth in vitro, facilitating the identification of kinase 
vulnerabilities to target therapeutically. The Kinase 
Chemogenomic Set is a well-annotated library of 187 
kinase inhibitor compounds that indexes 215 kinases 
of the 518 in the known human kinome representing 
various kinase networks and signaling pathways, several 
of which are understudied. Our screen revealed 14 
kinase inhibitor compounds effectively inhibited TNBC 
cell growth and proliferation. Upon further testing, three 
compounds, THZ531, THZ1, and PFE-PKIS 29, had the 
most significant and consistent effects across a range of 
TNBC cell lines. These cyclin-dependent kinase (CDK)12/
CDK13, CDK7, and phosphoinositide 3-kinase inhibitors, 
respectively, decreased metabolic activity in TNBC cell 

lines and promote a gene expression profile consistent 
with the reversal of the epithelial-to-mesenchymal 
transition, indicating these kinase networks potentially 
mediate metastatic behavior. These data identified 
novel kinase targets and kinase signaling pathways that 
drive metastasis in TNBC. Anti-Cancer Drugs 36: 39–48 
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Introduction
Triple-negative breast cancer (TNBC) is an aggres-
sive subtype of breast cancer and has a propensity to 
metastasize. Compared to other breast cancer subtypes, 
TNBC often has worse clinical outcomes and has high 
early recurrence rates [1]. TNBC is a highly invasive, 
metastatic subtype known for its lack of expression of 
estrogen, progesterone receptors, and human epidermal 
growth factor receptor 2 (HER2) [2], making it very dif-
ficult to treat with hormone receptor-specific therapies 
like tamoxifen [3]. Therefore, there is a need to develop 
drugs that more effectively target TNBC.

Metastasis contributes significantly to worse outcomes. 
The TNBC 5-year relative survival rate drops to less than 
15% after metastasizing to distant regions of the body, 
compared to a nearly 32% survival rate for all breast can-
cers combined. In contrast, localized TNBC has a 92% 
survival rate [4], demonstrating the urgent need to iden-
tify novel therapies that prevent metastasis.

Epithelial-to-mesenchymal transition (EMT) is the process 
by which epithelial cells adopt a more mesenchymal pheno-
type. While necessary in the context of embryonic develop-
ment, EMT is utilized by cancer cells to invade and migrate 
to other sites during metastasis [5]. When cancer cells upreg-
ulate mesenchymal genes, they acquire greater potential for 
invasion and migration. In contrast, the upregulation of epi-
thelial genes results in a more benign phenotype, indicating 
that the cells may be less likely to migrate and progress [6].

Several factors influence TNBC development and 
progression, including environmental factors and 
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genetic mutations [7]. While kinases have key roles 
in cell growth and survival, dysregulated expression 
or activity of kinases results in aberrant cell growth 
and proliferation and can promote tumor develop-
ment. However, kinases are clinically relevant due to 
their targetability [8]. For example, hormone receptor- 
positive/HER2− breast cancer is treated with a  
cyclin-dependent kinase (CDK)4/CDK6 inhibitor 
 combination therapy [9,10] which drives cell cycle 
arrest [11]. Multiple kinase inhibitors are used for 
the treatment of other breast cancer subtypes as well, 
including lapatinib, alpelisib, and everolimus, which 
target HER2, phosphoinositide 3-kinase (PI3K), and 
mechanistic target of rapamycin (mTOR), respec-
tively [12]. Kinase inhibition has proven to be an 
effective means of therapy for multiple cancer types, 
including breast cancer [13,14]. Currently, the only 
kinase inhibitors being used to treat TNBC are tumor 
agnostic in nature [15,16], but there are currently no 
kinase inhibitor compounds FDA-approved for use 
specifically against TNBC [17].

While kinase inhibitors show great potential as ther-
apeutics, some kinases are vastly understudied, and 
therefore, their value as targets is unknown. There are 
518 known kinases in the human kinome, and 164 are 
encoded near gene regions involved in tumor formation 
[18]. Understanding the role of all kinases is necessary to 
understand diseases and how to treat them effectively. 
In order to help identify potential kinase vulnerabilities, 
the Kinase Chemogenomic Set (KCGS), a library of 187 
kinase inhibitors indexing 215 human kinases [19], was 
developed. Screening the KCGS for activity on TNBC 
cells may provide insight into druggable nodes and shed 
light on the roles of studied and understudied ‘dark’ 
kinases.

In this study, a patient-derived xenograft (PDX) model 
of TNBC was used. PDX models are generated from a 
primary tumor isolated from a cancer patient that is trans-
planted and propagated in immunodeficient mice [20]. 
PDX cancer models often maintain the attributes of the 
original tumor, including metastatic potential and cell 
morphology [21,22]. Therefore, primary cell lines derived 
from PDXs are more translational models than previously 
established cell lines.

Here, we used a PDX-derived TNBC cell line, TU-BcX-
4IC cells (4IC), and evaluated cell growth, migration, 
and EMT expression after exposure to the KCGS 
kinase inhibitors. After initial screening for morpholog-
ical changes, more in-depth analyses were performed 
on 4IC and additional TNBC cell lines: BT-20, BT-549 
(549), MDA-MB-231 (231), and MDA-MB-468 (468). An 
estrogen receptor-positive cell line, MCF-7, was included 
as a hormone receptor-positive cell line comparison. 
Morphological imaging and follow-up analyses indicated 
that three compounds (THZ531, THZ1, and PFE-PKIS 

29) were the most effective at altering TNBC morphol-
ogy, survival, and migration.

Methods
Roswell Park Memorial Institute (RPMI) 1640 medium 
(72400-047), fetal bovine serum (FBS) (10437-028), min-
imum essential medium (MEM) amino acids solution 
(11130-051), trypan blue (15250-061), 0.25% trypsin-
EDTA (1×) (25200-056), and antibiotic-antimycotic 
(15240-062) were purchased from Gibco (Thermo Fisher 
Scientific, Waltham, Massachusetts, USA). MEM nones-
sential amino acid solution (M1745) and dimethyl sul-
foxide (D2650) were purchased from Sigma-Aldrich (St. 
Louis, Missouri, USA). Sterile PBS was purchased from 
Cytiva (Marlborough, Massachusetts, USA).

Cell culture
Dr. Burow’s laboratory at the Tulane University School 
of Medicine generated the human PDX-derived TNBC 
cell line used in these studies, TU-BcX-4IC cells [23].

BT-20, BT-549, MCF-7, MDA-MB-231, and MDA-MB-468 
cell lines were obtained from the American Type Culture 
Collection (ATCC, Manassas, Virginia, USA). BT-20, 
BT-549, MDA-MB-231, MDA-MB-468, and TU-BcX-
4IC cells were maintained in RPMI (Gibco 72400-047) 
supplemented with 10% FBS (Gibco 10437-028), 1% 
antibiotic-antimycotic (Gibco 15240-062), 1% MEM 
nonessential amino acids (Sigma M1745), and 1% MEM 
essential amino acid solution (Gibco 11130-051). MCF-7 
cells were maintained in low-glucose DMEM (Gibco 
11885-084) supplemented with 10% heat-inactivated FBS 
(HyClone SH30396.03) and 1% penicillin-streptomycin  
solution (HyClone SV30010, Logan, Utah, USA).

Kinase Chemogenomic Set
The KCGS library was created by the Structural 
Genomics Consortium at The University of North 
Carolina at Chapel Hill and purchased from CancerTools 
(cancertools.org, London, England, UK). The 187 kinase 
inhibitors were provided in a 384-well plate with 1 µL 
aliquots of 10 mM compound in DMSO. Upon receiving 
the plate, each well was diluted to provide a compound 
concentration of 1 mM in DMSO (Sigma D2650). Before 
treating the cells, the kinase inhibitors were diluted into 
complete RPMI media to a final concentration of 1 µM.

Crystal violet staining
TU-BcX-4IC cells were seeded overnight at 8000 cells/
cm2 in 24-well tissue culture plates. The following day, 
the cells were treated with the kinase inhibitors at a 
concentration of 1 µM; 72 h after initial treatment, com-
pounds were removed, and cells were washed with 1× 
sterile PBS. The cells were stained with 3% crystal violet 
(Sigma C0775) in 100% methanol (Spectrum 67-56-1) for 
30 min. The stain was removed, and wells were washed 
with DI water until clear. The stain dried overnight.
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The same protocol was followed for MCF-7, 
MDA-MB-231, and BT-20 cell lines, which were all 
seeded at 18,000 cells/cm2 in 48-well plates 1 day before 
treatment with the 14 hits from our initial screen on the 
TU-BcX-4IC cells (Table 1).

The cells were imaged at 4× and 20× magnification using 
an inverted Agilent Cytation 10 confocal imaging sys-
tem (Santa Clara, California, USA) and quantified using 
ImageJ software (National Institutes of Health, Bethesda, 
Maryland, USA; http://imagej.nih.gov/ij/).

Immunofluorescence staining
TU-BcX-4IC, MDA-MB-231, BT-549, and MCF-7 cells 
were seeded overnight in 8-well chamber slides (Nunc 
Lab Tek 154534; Rochester, New York, USA) at a density 
of 3500, 7000, 4500, and 4500 cells/cm2, respectively. Cells 
were treated with 1 µM kinase inhibitor for 72 h. The 
cells were fixed in 10% formalin and then stained with 
Phalloidin-iFluor 488 Reagent (Abcam ab176753; Waltham, 
Boston, Massachusetts, USA) according to the manufactur-
er’s protocol. Counterstaining with DAPI-AntiFade was per-
formed. The cells were imaged at 40× magnification using 
an inverted Agilent Cytation 10 confocal imaging system.

Quantitative reverse transcription-PCR
Total RNA from vehicle-treated cancer cells (DMSO) 
and compound-treated cancer cells were isolated 

using an RNeasy Mini RNA extraction kit (Qiagen, 
Germantown, Maryland, USA). A total of 500 ng of 
RNA was used for cDNA synthesis with an Applied 
Bioscience purification kit (Thermo Fisher Scientific, 
USA). qRT-PCR was performed using the SYBR 
Green qPCR SuperMix (Bio-Rad, Hercules, California, 
USA) according to the manufacturer’s protocol. 
Oligonucleotide primers were designed using the ven-
dor’s software (IDT, Coralville, Iowa, USA). Table 2 
lists the primer sequences used for qRT-PCR. PCR 
conditions were 2 min at 95 °C, 40 cycles of 15 s at 95 
°C, and 30 s at 60 °C. The target and reference genes 
were amplified in separate wells. All reactions were 
performed in duplicate. The 2−∆∆CT method was used 
to quantify gene expressions and normalized data to  
glyceraldehyde-3-phosphate dehydrogenase, which 
was used as an internal control.

Cell Titer Glo assay
TU-BcX-4IC, MCF-7, and MDA-MB-231 cells were 
seeded in a 96-well plate at 45,000 cells/cm2 density. The 
cells were treated with THZ531, THZ1, and PFE-PKIS 
29 for 72 h at a concentration of 1 µM. After treatment, 
the Cell Titer Glo (CTG; Promega G7570; Madison, 
Wisconsin, USA) was performed according to the manu-
facturer’s protocol.

XTT assay
MDA-MB-231, TU-BcX-4IC, MDA-MB-468, BT-20, 
BT-549, and MCF-7 cells were seeded in a 96-well 
plate at 45,000 cells/cm2 density. The cells were 
treated with THZ531, THZ1, and PFE-PKIS 29 for 
72 h at a concentration of 1 µM. After treatment, the 
CyQUANT XTT Cell Viability Assay (Thermo Fisher 
X12223) was performed according to the manufactur-
er’s protocol.

Boyden chamber migration assay
TU-BCX-4IC cells were seeded in a Boyden chamber in 
Opti-MEM (Gibco 353182) containing 1 µM THZ531, 
THZ1, or PFE-PKIS 29 at a density of 25,000 cells per 
chamber. DMSO-containing Opti-MEM was used as a 
vehicle control. Complete RPMI media was added below 
the Boyden chamber as a chemoattractant. Cells were incu-
bated for 24 h and stained with 3% crystal violet in metha-
nol. After washing, cells remaining in the top of the Boyden 
chamber were carefully removed using a cotton swab. Cells 
were imaged and quantified using ImageJ analysis software.

Statistical analysis
GraphPad PRISM 8 (GraphPad Software, Boston, 
Massachusetts, USA) was used for all statistical analy-
ses. Paired t-test was used to determine the differences 
between the control and treated groups. Asterisks (*) 
indicate statistical significance: *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001.

Table 1  Fourteen kinase inhibitor compounds that were further 
tested on subsequent cell lines and their targeted kinases

Compound Kinase targets

GW810372X GSK3B, CLK2, HIPK1
GSK461364 PLK1, NEK2
PFE-PKIS 40 PIK3CG, PIK3CA, PIK3C2G, PIK3CD, PIK3CB, PIK3C2B, 

MTOR, PI4KB
GSK237701A NEK9, PDGFRB, PDGFRA, PLK1
GW440146 MAP2K3, BLK
GSK579289A NEK2, NEK9, PLK1
XMD-17-51 NUAK1, ABL1, AURKA
THZ531 CDK12, CDK13
TPKI-26 PLK1, PLK2, PLK3
BI2536 PLK1, PLK2, PLK3, RPS6KA4, CAMKK1, CAMKK2, MYLK
THZ1 CDK7, IGF1R, INSR, MAP3K11, MAPK8, TBK1, TYK2
TPKI-24 PLK1, PLK2, PLK3, MYLK, DAPK3
SB-772077-B ROCK1, ROCK2, RPS6KA5, PIM1, RSK1
PFE-PKIS 29 PIK3CG, PIK3CA, PIK3C2G, PIK3C2B, PIK3CD, PIK3CB, 

MTOR, PI4KB

Table 2  List of primers used for qRT-PCR

Gene Forward (5'–3') Reverse (5'–3')

CDH1 GTTAAGCACAACAGCAACA GCATCAGCATCAGTCACT
CD24 TGCTCCTACCCACGCAGATT GGCCAACCCAGAGTTGGAA
VIM GAGAACTTTGCCGTTGAAGC GCTTCCTGTAGGTGGCAATC
JAG1 GACTCATCAGCCGTGTCTCA TGGGGAACACTCACACTCAA
SNAI1 TTCTCCTCTACTTCAGTCTCT GGCTGAGGTATTCCTTGTT
GAPDH CGCTGAGTACGTCGTGGAGTC GCAGGAGGCATTGCAGATGA

CDH1, epithelial cadherin; CD24, cluster of differentiation 24; GAPDH,  
glyceraldehyde-3-phosphate dehydrogenase; JAG1, Jagged1; qRT-PCR, 
Quantitative reverse transcription-PCR; SNAI1, snail family transcriptional repres-
sor 1; VIM, Vimentin.

https://imagej.net/ij/
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Results
Significant morphological changes detected in breast 
cancer cells treated with kinase inhibitors
TU-BcX-4IC cells were treated with the KCGS com-
pound library at a concentration of 1 µM and, after 72 h, 
stained the cells with crystal violet (see Supplementary 
data 1, Supplemental digital content 1, http://links.lww.
com/ACD/A564). The crystal violet dye stains proteins, 
DNA, and lipids. During EMT, mesenchymal cells have 
more fibroblastic shapes, while epithelial cells are more 
round [24], and morphological changes may give insight 
into major gene and protein expression alterations [25]. 
Therefore, this technique provided preliminary insight 
into morphological changes and suggested EMT transi-
tion changes that could be observed after treatment. A 
total of 14 compounds caused noticeable morphological 
changes in vitro (Table 1), including but not limited to 
decreased cell number and spread cytoplasm (Fig. 1a). 
However, only 11 of these compounds (GSK461364, 

PFE-PKIS 40, GSK237701A, GW440146, GSK579289A, 
THZ531, TPKI-26, BI2536, THZ1, TPKI-24, and PFE-
PKIS 29) caused a significant, quantifiable decrease in 
cell number compared to the vehicle-treated control 
suggesting these kinase inhibitors affected cell growth or 
survival with inhibitor treatment (Fig. 1b).

To assess whether the changes in morphology and cell 
growth induced by the KCGS compounds could be gen-
erally applied to TNBC, the 14 inhibitors were screened 
in three additional breast cancer cell lines: MCF-7, 
BT-20, and MDA-MB-231, and stained with crystal vio-
let. Three compounds demonstrated consistent effects 
on cellular morphology across TNBC cell lines: THZ531, 
THZ1, and PFE-PKIS 29 (Fig. 2a). These three inhibi-
tors cause visible and quantifiable reductions in cell num-
ber compared to vehicle-treated control groups (Fig. 2b). 
Screening the remaining 11 compounds of the 14 orig-
inal hits in the MCF-7, BT-20, and MDA-MB-231 cell 

Fig. 1

Crystal violet staining of TU-BcX-4IC cells after treatment with KCGS library for 72 h. (a) Morphological changes were observed in treated cells 
kinase inhibitor drugs (GW810372X, GSK461364, PFE-PKIS 40, GSK237701A, GW440146, GSK579289A, XMD-17-51, THZ531, TPKI-26, 
BI2536, THZ1, TPKI-24, SB-772022-B, and PFE-PKIS) at 4× magnification. (b) Quantification of the total cell area in each treatment well (4× mag-
nification) using ImageJ analysis software. The values are the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. KCGS, Kinase Chemogenomic 
Set.

http://links.lww.com/ACD/A564
http://links.lww.com/ACD/A564
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lines revealed less consistent across cell lines compared 
to the three lead compounds (see Supplementary data 2, 
Supplemental digital content 2, http://links.lww.com/ACD/
A565).

Lead compounds altered cytoskeletal actin filaments in 
MCF-7, TU-BcX-4IC, MDA-MB-231, and BT-549 cell lines
To further evaluate actin cytoskeletal morphology changes 
after treatment with the KCGS library compounds, we 
performed a phalloidin stain after 72 h of treatment at 
1 µM on MCF-7, TU-BcX-4IC, MDA-MB-231, and 
BT-549 cell lines. Distinct morphological changes were 
observed after exposure to the kinase inhibitors (Fig. 3), 
including but not limited to cytoskeletal shrinkage and 
altered cell shape.

Kinase inhibition significantly decreased cellular 
proliferation and metabolism of breast cancer cells
In order to understand how the kinase inhibitor com-
pounds affected viability, a CTG viability assay was 
performed. THZ531 and THZ1 decreased the viability 
of TU-BcX-4IC, MDA-MB-231, and MCF-7 breast can-
cer cell lines, while PFE-PKIS 29 only altered viabil-
ity in the TU-BcX-4IC cell line (Fig. 4a). To validate 

the changes in viability seen in the CTG assay, the 
orthogonal XTT cell metabolic assay was performed. 
THZ531, THZ1, and PFE-PKIS 29 all caused a sig-
nificant decrease in cellular metabolism across the five 
breast cancer cell lines evaluated regardless of hormone- 
receptor status (Fig. 4b).

THZ531, THZ1, and PFE-PKIS 29 significantly changed 
epithelial-to-mesenchymal transition marker gene 
expression
To determine if exposure to the kinase inhibitors 
impacted transcription of genes that drive the EMT 
suggested by changes in morphology, qRT-PCR was 
performed after 1 µM THZ531, THZ1, and PFE-
PKIS 29 treatments on TU-BcX-4IC and MCF-7 
cells (Fig. 5). In both cell lines, THZ531 and THZ1 
decrease the expression of cluster of differentiation 
24 (CD24) and Jagged1 (JAG1), suggesting a rever-
sal of EMT. Snail family transcriptional repressor 1 
(SNAI1) expression is upregulated in both cell lines 
treated with all three lead compounds, suggesting that 
EMT is likely. However, upregulated epithelial cad-
herin (CDH1) paired with downregulated CD24 and 
Vimentin (VIM) in the THZ-treated TU-BcX-4IC 

Fig. 2

THZ531, THZ1, and PFE-PKIS 29 result in significant morphological changes to other triple-negative and hormone-dependent breast cancer cell 
lines. (a) MCF-7, BT-20, and MDA-MB-231 breast cancer cell lines indicate severely altered morphologies after treatment with three kinase inhibitor 
drugs from the KCGS compound library. The total cell area in each treatment well for MCF-7 (b), BT-20 (c), and MDA-MB-231 (d) cell lines was 
quantified and compared to the vehicle-treated control group. The values are the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. KCGS, Kinase 
Chemogenomic Set.

http://links.lww.com/ACD/A565
http://links.lww.com/ACD/A565
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is potentially indicative of another process being 
involved.

However, other cell-specific gene expression changes are 
associated with THZ531, THZ1, and PFE-PKIS 29 treat-
ment. Upregulation of CDH1 and downregulation of VIM 
in the 4IC cell line treated with the THZ compounds may 
suggest that the morphologic changes are less likely due 
to a process like EMT after exposure to these specific 
kinase inhibitors. The PFE-PKIS 29-treated MCF-7 cells 
upregulated CDH1, CD24, and JAG1, which was not seen 
during treatment with THZ compounds. Overall, down-
regulation of some mesenchymal-representing genes 
with an increased expression of some genes representing 
an epithelial phenotype after THZ531 and THZ1 treat-
ment in the TU-BcX-4IC cell line suggests reversal of 
EMT or a more epithelial phenotype. The effects of com-
pound treatment on MCF-7 cells were less convincing, as 
reduced expression of CDH1 and amplified expression of 
VIM were associated with THZ531 and THZ1 treatment. 
However, lower expression of CD24 and JAG1 suggests 
that THZ531 and THZ1 treatment may affect the abil-
ity of MCF-7 cells to undergo EMT; however, other pro-
cesses may be involved.

THZ531, THZ1, and PFE-PKIS 29 suppressed triple-
negative breast cancer cell migration
During EMT, cancer cells acquire more migratory and met-
astatic capabilities. To determine if changes to EMT marker 
expression subsequently affected migration potential, we 
assessed 4IC cell migration and invasion post-inhibitor  
treatment. Migration was reduced to 75.5%, 54.2%, and 
58.3% compared to the vehicle-treated control (100%) 
when treated with THZ531, THZ1, and PFE-PKIS 29, 
respectively (Fig. 6). These data suggest that THZ531, 
THZ1, and PFE-PKIS 29 impair migration of TNBC cells.

Discussion
Kinases have been studied for their important roles 
in the progression of cancers [26] including in TNBC. 
AMP-activated protein kinase is upregulated in 
TNBC compared to non-TNBC [27]. Tumor protein 
p53 is upregulated in TNBC subtypes but not in all 
non-TNBC lines [28], indicating the potential role of 
an upstream kinase dysregulator. The FDA has also 
approved several kinase inhibitor drugs for clinical use 
in some breast cancers. For example, HER inhibitors are 
clinically approved against HER-positive breast cancers 

Fig. 3

THZ531, THZ1, and PFE-PKIS 29 cause changes to cytoskeletal actin filaments in other triple-negative and hormone-dependent breast cancer cell 
lines. Phalloidin staining of actin filaments and counterstaining with DAPI further indicate morphological changes induced by compound treatment 
at 40× magnification.
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[10]. Currently, 80 FDA-approved kinase inhibitors tar-
get 22 kinases in the known human kinome [17], and 
about a quarter of all kinases are considered understud-
ied [29]. Understudied kinases may be essential future 
targets for cancer therapeutics, and through the use of 
medicinal chemistry, targeting understudied kinases 
may be achievable [30].
In this study, we treated several breast cancer cell lines 
with the kinase inhibitors of the KCGS and evaluated the 

effects of compound treatment on cell growth and via-
bility, metabolism, morphology, EMT marker expression, 
and migration. Our aim was to identify novel kinase path-
ways that affected breast cancer cell proliferation and 
metastatic capabilities to find new targets for breast can-
cer treatment. We identified three compounds (THZ531, 
THZ1, and PFE-PKIS 29) that resulted in significant and 
consistent morphologic alterations across cell lines and 
inhibited cell proliferation and growth.

Fig. 4

THZ531, THZ1, and PFE-PKIS 29 significantly reduce metabolism and cell viability of triple-negative and estrogen-receptor-positive breast cancer 
cell lines. (a) Cell Titer Glo viability assay shows significantly downregulated viability after 72 h of treatment with novel kinase inhibitor compounds 
in vitro (n = 3). (b) XTT metabolic assay shows significant downregulation of metabolic activity after 72 h of treatment with novel kinase inhibitor 
drugs obtained from the KCGS compound library (n = 3). Values normalized to vehicle-treated control. The values are the mean ± SEM. *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001. KCGS, Kinase Chemogenomic Set.

Fig. 5

Expression of epithelial-to-mesenchymal transition markers after 72 h of treatment of MCF-7 (a–e) and 4IC (f–j) cell lines. qRT-PCR showing the 
expression of CDH1 (a and f), CD24 (b and g), JAG1 (c and h), SNAI1 (d and i), and VIM (e and j). The values are the mean ± SEM. *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001 (n = 3). CDH1, epithelial cadherin; CD24, cluster of differentiation 24; JAG1, Jagged1; qRT-PCR, 
Quantitative reverse transcription-PCR; SNAI1, snail family transcriptional repressor 1; VIM, Vimentin.
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EMT is associated with metastasis and drug resistance 
in cancer [31]. Therefore, monitoring EMT status using 
EMT markers and functional Boyden chamber assays 
is crucial to determining the ability of a compound to 
reduce the risk of EMT-related progression and can-
cer cell migration. In TU-BcX-4IC cells, upregulated 
CDH1 and downregulated JAG1, paired with decreased 
migration and invasion during treatment with all three 
leading compounds, indicate the potential reversal of 
EMT. THZ531 and THZ1 treatment caused decreased 
CD24 and VIM gene expression, suggesting decreased 
EMT capacity and potentially reversing the mesenchy-
mal phenotype. However, upregulation of SNAI1 during 
treatment with all three compounds would suggest EMT 
progression, indicating another pathway may be involved. 
In MCF-7 cells, downregulation of CDH1 during treat-
ment with THZ531 and THZ1 suggests that EMT could 
occur during treatment despite decreased expression of 
CD24 and JAG1 in the same treatment groups. Overall, 
qRT-PCR is a good indicator of changes at the gene level 
but does not provide a full story, as gene expression does 
not necessarily correlate with protein expression and, 
therefore, functional changes in the cell. All three com-
pounds significantly inhibited the invasion and migration 
of TU-BcX-4IC cells through a Boyden chamber, consist-
ent with the increased CDH1 expression and decreased 
CD24, JAG1, and VIM expression in these cells.

The annotation of THZ531, THZ1, and PFE-PKIS 29 
suggests these compounds inhibit CDK12/CDK13, 
CDK7, and PI3K kinases, respectively. Higher expression 

of CDK13 and CDK7 is correlated with worse prognoses 
in breast cancers [32,33], and higher expression of CDK12 
is related to later-stage breast cancers [34], suggesting the 
potential utility of targeting these kinases for breast can-
cer treatment. However, no FDA-approved compounds 
currently target these kinases against TNBC specifically 
[17], despite promising clinical trial outcomes [35].

THZ531 inhibits both CDK12 and CDK13 [36]. CDK12 
plays a part in a range of processes throughout the cell, 
including but not limited to DNA repair, cell cycle, tran-
scription, and translation [37]. This DNA repair regulator 
has implications for various cancers, including breast can-
cer. Its overexpression promotes breast tumor develop-
ment [38]. CDK13 regulates transcript splicing [39] and 
may be necessary for metastatic behavior in cancer cells 
[40]. THZ531 promotes apoptosis through the inhibition 
of DNA repair [36]. Consistent with our studies, another 
CDK12/13 inhibitor, SR-4835, also induces TNBC death 
and alters gene expression pathways [38].

THZ1 mainly targets CDK7 with limited activity towards 
CDK12 and CDK13 [41,42]. CDK7 phosphorylates a 
range of downstream kinases to promote cell cycle pro-
gression under normal conditions [43,44]. Inhibitors of 
CDK7 have been evaluated in TNBC cells specifically, 
as TNBC lines appear especially sensitive to the inhi-
bition of transcription [45]. This may provide a partial 
explanation of the observation that the THZ1, THZ531, 
and PFE-PKIS 29 all had a similar effect on the MCF-7 
cell line, whereas the TNBC cell lines were much more 

Fig. 6

(a) Migration of TU-BcX-4IC cell line during treatment with THZ531, THZ1, and PFE-PKIS 29. (b) Images were quantified using ImageJ analysis 
software and normalized to the control. The values are the mean ± SEM. ***P < 0.001; ****P < 0.0001 (n = 4).
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potently affected by THZ1 than THZ531 and PFE-PKIS 
29. Despite THZ1’s potency in TNBC cell lines, CDK7’s 
important role in transcriptional regulation is evident 
when inhibited in estrogen receptor-positive MCF-7 
cells, as these cells become less resistant to therapy [46]. 
Therefore, CDK7 inhibitors may even be successful in 
hormone receptor-positive breast cancer. Currently, the 
CDK7 inhibitor Samuraciclib is in clinical trials for the 
treatment of hormone receptor-positive and HER2-
negative breast cancers, as well as castration-resistant 
prostate cancer [47].

While data on the use of PFE-PKIS 29 are limited, 
there are studies on the kinases inhibited by PFE-PKIS 
29: the family of PI3Ks (PIK3CG, PIK3CA, PIK3C2G, 
PIK3C2B, PIK3CD, PIK3CB), PI4KB, and mTOR. PI3K 
is a direct upstream activator of CDK7 [48], which may 
partially explain the evident and overwhelming pheno-
typic changes seen in the cells treated with PFE-PKIS 
29. There is evidence that inhibition of several kinases 
simultaneously, including mTOR, significantly affects 
TNBC [49], warranting further investigation of PFE-
PKIS 29 and its targets in TNBC. Additionally, the roles 
of the PI3K kinases are crucial to cell growth and division, 
highlighting the importance of inhibiting their activity as 
potential future therapeutics.

Our screen of well-annotated kinase inhibitors has 
identified THZ531, THZ1, and PFE-PKIS 29 as com-
pounds that elicit strong phenotypic effects in several 
breast cancer cell lines, both triple-negative and estrogen  
receptor-positive. In conclusion, screening well- 
annotated compounds in disease-relevant phenotypic 
assays can provide insight into lead kinase targets. More 
in-depth examination of specific cancer cell biological 
pathways altered by lead compounds of interest may 
result in promising future therapeutics for breast cancer 
in general, specifically TNBC, which urgently requires 
improved targeted therapies.
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