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Abstract Triple-negative breast cancer (TNBC) is a highly aggressive and metastasizing can-
cer that has the worst prognosis out of all breast cancer subtypes. The epithelial
emesenchymal transition (EMT) and cancer stem cells (CSCs) have been proposed as important
mechanisms underlying TNBC metastasis. CDK9 is highly expressed in breast cancer, including
TNBC, where it promotes EMT and induces cancer cell stemness. In this study, we have iden-
tified a tetrahydroisoquinoline derivative (compound 1) as a potent and selective CDK9-
cyclin T1 inhibitor via virtual screening. Interestingly, by targeting the ATP binding site, com-
pound 1 not only inhibited CDK9 activity but also disrupted the CDK9-cyclin T1 proteineprotein
interaction (PPI). Mechanistically, compound 1 reversed EMT and reduced the ratio of CSCs by
blocking the CDK9-cyclin T1 interaction, leading to reduced TNBC cell proliferation and migra-
tion. To date, compound 1 is the first reported tetrahydroisoquinoline-based CDK9-cyclin T1
ATP-competitive inhibitor that also interferes with the interaction between CDK9 and cyclin
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T1. Compound 1 may serve as a promising scaffold for developing more selective and potent
anti-TNBC agents. Our work also provides insight into the role of the CDK9-cyclin T1 PPI on
EMT and CSCs and highlights the feasibility and significance of targeting CDK9 for the treatment
of TNBC.
Copyright ª 2021, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Triple-negative breast cancer (TNBC) is a difficult cancer to
treat due to its high rate of recurrence and metastasis.1,2

The aggressive behavior of TNBC has been linked to cancer
stem cells (CSCs) and the epithelialemesenchymal transi-
tion (EMT).3,4 CSCs represent a population of cells with high
self-renewal and differentiation ability in primary tumors
and metastases. In solid tumors, CD44 and CD133 are com-
mon CSC biomarkers, either used alone or in combination
with CD24.5 In breast cancer patients, bone marrow me-
tastases and pleural metastases have high proportions of
CD44þ/CD24e cells.6 Meanwhile, EMT is a cellular process in
which malignant epithelial cells modify their transcriptional
expression to lose cell attachments and to become more
motile and mesenchymal.7 The EMT promotes the invasive
and metastatic behavior of epithelial cancers.8,9 The initi-
ation of EMT requires the activity of transcription factors,
such as Twist, Snail, and ZEB1/2.10 In order to maintain the
growth of metastatic lesions, a fraction of tumor cells have
to retain CSC properties to sustain the proliferative reser-
voir.10 The CSC phenotype is typically not inflexible but very
dynamic, which has been associated with an intermediate
EMT condition.11 Hence, inhibiting CSCs and EMT could be an
important strategy for the treatment of TNBC.

Cyclin-dependent kinase 9 (CDK9) is overexpressed in
many types of human cancer, especially in TNBC.12,13 As an
important protein kinase among the CDK family, it plays key
roles in maintaining basal gene transcription and thus
transcriptional homeostasis.14 CDK9 is paired with cyclin T1
to form the main part of the human positive transcription
elongation factor b (P-TEFb) complex, which regulates cell
proliferation and apoptosis.15 Cyclin T1 is essential for
maintaining CDK9 activity.15 Mounting evidence indicates
that CDK9 is a promising therapeutic target for human
diseases, including TNBC.16,17 The simultaneous inhibition
of CDK9 and tumor stem cells has been shown to enhance
antitumor activity.18 Moreover, the inhibition of P-TEFb
downregulates the expression of the EMT transcription
factors Twist1 and Snail, and further delay tumor progres-
sion.19 The expression of Snail is regulated by P-TEFb and
its transcription can be activated by Twist1.20 Targeting
CDK9 to inhibit cancer stemness has also recently aroused
interest and some CDK9 inhibitors have been designed to
suppress EMT and CSCs for cancer treatment.18 However, it
is still unclear how CDK9 is responsible for mediating the
underlying mechanism of EMT and CSCs. In particular, the
further development of CDK9-cyclin T1 proteineprotein
interaction (PPI) modulators is urgently needed as chemi-
cal probes or potential anti-TNBC agents.
Natural products have been a major source of pharma-
ceutical molecules in history.21 However, the limited sup-
plies and structural complexity of natural products have
presented challenges for scientists seeking to harness nat-
ural product scaffolds for medicine.22e24 In this context,
virtual screening can be a highly efficient and cost-
effective strategy for identifying lead compounds from
natural products. In this work, we report the discovery of a
potent and selective small-molecule CDK9-cyclin T1 PPI
inhibitor (compound 1) from a natural product/natural
product-like database using high-throughput virtual
screening. Interestingly, in addition to inhibiting CDK9 ki-
nase activity, compound 1 also blocked the PPI between
CDK9 and cyclin T1. In TNBC cells, compound 1 decreased
EMT and CSC biomarkers, resulting in potent anti-
proliferative and anti-migration effects. Therefore, com-
pound 1 is a promising lead structure for the future
development of more effective drug leads against TNBC.

Materials and methods

Molecular modeling

A chemical library containing over 280,000 natural products
or natural product-like compounds (ZINC natural product
database) was used for docking. The initial model of CDK9-
cyclin T1 in complex with A86 was constructed from the X-
ray crystal structure (PDB: 6GZH) using the molecular
conversion procedure implemented in the ICM-pro 3.6-1d
program (Molsoft).25 The molecular conversion and molec-
ular docking procedures were performed as in previous
reports.22

Cells and reagents

Human embryonic kidney (HEK 293T) cells, normal liver
(LO2) cells, normal breast (MCF-10A) cells and breast can-
cer (MDA-MB-231, MDA-MB-468, BT549, T47D) cell lines
were cultured in DMEM (Gibco, CA, USA) supplemented with
1% penicillin and streptomycin, and 10% fetal bovine serum
(Gibco). Cells were incubated at 37�C/5% CO2 in a humidi-
fied atmosphere. Compounds 1e14 (purity > 95%) were
purchased from J&K Scientific Ltd. (Hong Kong, China). The
positive control dinaciclib (15) was bought from Selleck
(Houston, CA, USA). All the compounds were dissolved in
dimethyl sulfoxide (DMSO). The CDK9 Assay Kit was ob-
tained from BSP Bioscience (San Diego, CA, USA). Actino-
mycin D (ActD) and cycloheximide (CHX) were purchased
from Beyotime (Shanghai, China). TurboFect� Transfection
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Reagent was purchased from Thermal Fisher (Catalog
number: R0532). The sources of the antibodies are indi-
cated separately in the procedures below. CD44-FITC and
CD24-APC were purchased from BioLegend (San Diego, CA,
USA). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide) was obtained from SigmaeAldrich
(St. Louis, MO, USA).
CDK9-cyclin T activity screening assay

The screening of CDK9-cyclin T PPI inhibitors was per-
formed by a chemiluminescence assay following the man-
ufacturer’s instructions. Briefly, the master mixture (25 mL
per well, containing 6 mL 5 � Kinase assay buffer þ 1 mL ATP
(500 mM) þ 10 mL 5 � CDK substrate peptide þ 8 mL distilled
water) was prepared. Then, inhibitor solution (5 mL) was
added into test wells and 20 mL of 1 � Kinase assay buffer
was added to the control well. CDK9/cyclin T1 enzyme
(20 mL) was assigned to the positive control and test wells
and incubated at 30�C. After 45 min, the amounts of
remaining ATP in the kinase reaction were quantified by
Kinase-Glo using a SpectraMax M5 microplate reader (Mo-
lecular Devices, San Jose, CA, USA).
Western blotting

MDA-MB-231 and MDA-MB-468 cells were seeded in a 6-well
plate at a density of 1 � 105/mL and incubated overnight.
The Western blot assay was performed as the previous
report.26 The antibodies against CDK9 (1:1000), Cyclin T1
(1:1000), and b-actin (1:1000) were purchased from Abcam
(Cambridge, MA, USA). Twist1 (1:1000), Snail (1:1000),
OCT4 (1; 1000), CD44 (1:1000), and CD133 (1:1000) were
purchased from Absin Bioscience (Shanghai, China). Pro-
teins bands were detected using enhanced chemilumines-
cent Plus reagents (GE Healthcare) and analyzed by Image
Lab.
Cellular thermal shift assay

MDA-MB-231 cells were seeded in a 100 cm2 dish at a den-
sity of 1 � 105/mL. The cellular thermal shift assay was
performed to detect the target engagement of compound 1
in MDA-MB-231 cell lysates as described in our previous
report.2
CDK9 knockdown assay

MDA-MB-231 cells were seeded in a 6-well plate and incu-
bated at 80% confluence. Lipo3000 reagent, control
scrambled siRNA (SC-35847, Santa Cruz Biotechnologies,
Dallas, TX, USA), CDK9 siRNA 50-GGAGAAUUUUACUGU-
GUUUtt-30 were mixed with DMEM medium for 20 min at
37�C, before adding to cells. After 48 h post-transfection,
the cell density was 95%.
CDK9 plasmid transfection

The HA-CDK9 plasmid was purchased from Addgene (cata-
log: 28102). MDA-MB-231 cells were seeded in a 6-well plate
at a density of 2 � 105 cell/mL. DMEM was mixed with
empty vector control or HA-CDK9 plasmid combined with
TurboFect for 15 min at 37�C, before adding to cells.
Transgene expression was analyzed after 24e48 h.

Cell cytotoxicity and proliferation assay

MDA-MB-231, MDA-MB-468, BT549, T47D, MCF-10A, LO2, and
HEK293Tcell cytotoxicity and proliferation were evaluated by
MTT and colony formation assays as in our previous report.27

Transwell assay

MDA-MB-231, MDA-MB-468, and MCF-10A cells were seeded in
Transwell inserts (1 � 104 cells/well). Migration ability was
detected by the Transwell assay as in our previous report.28

Co-immunoprecipitation (co-IP) assay

MDA-MB-231 cells were seeded in 75 cm2 flask with density
of 1 � 105/mL. Cells were incubated with indicated con-
centration of compound 1, 15, or DMSO for 12 h. Cell ly-
sates were collected, and protein concentrations were
determined using the Pierce BCA protein assay kit. 20 mg of
each protein sample were incubated overnight with 10 mL
pre-incubated anti-cyclin T1 magnetic beads based on
manufacturer’s protocol. Then, protein levels were
analyzed by Western blotting.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were per-
formed according to manufacturer’s protocols (Millipore,
Bedford, MA, USA) with slight modifications. MDA-MB-
231 cells treated with compound 1 or 15 (5 mM) or DMSO
control for 12 h and cross-linked by incubating with 1% (vol/
vol) formaldehyde-containing medium for 10 min at 37�C.
Then chromatin with DNA fragments between 200 and 1000
base pairs. Anti-CDK9 (Santa Cruz Biotechnology) and Anti-
IgG (Cell Signaling Technology) was used to capture DNA
fragments. Purification was performed using the ChIP DNA
Purification Kit (Active Motif, Carlsbad, CA, USA). ChIP-PCR
analysis were performed by real-time qPCR (ViiA� 7 Sys-
tem, Life Technologies). The PCR primers for the target
promoters are shown in Table S1.

CD44D/CD24e staining analysis

MDA-MB-231 cells were seeded in 100 cm2 dish at a density
of 1 � 105/mL, then treated with compound 1 or 15 (5 mM)
or DMSO control for 12 h. Cells were collected and washed
with PBS, followed by incubation for 30 min at 4�C with
FITC- and APC-conjugated anti-mouse IgG or FITC-
conjugated anti-CD44 and APC-conjugated anti-CD24



Table 1 ZINC number and docking scores of compounds
tested in this study.

Name ZINC No. Relative molecular
weight (Mr)

Scores (CDK9-
cyclin T1)

1 ZINC20113732 438.480 �36.1
2 ZINC19703291 347.751 �37.1
3 ZINC00489528 339.728 �37.1
4 ZINC12296628 540.576 �36.5
5 ZINC08790017 452.396 �34.9
6 ZINC20756959 299.259 �35.3
7 ZINC06624166 383.400 �36.1
8 ZINC70691544 350.418 �38.2
9 ZINC06624559 383.536 �35.1
10 ZINC12296964 326.360 �37.3
11 ZINC96113717 493.488 �40.59
12 ZINC96114636 416.385 �40.75
13 ZINC96114889 432.384 �40.88
14 ZINC96116054 514.442 �37.98
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antibodies. Cells were analyzed by flow cytometry using a
BD LSR Fortessa Flow Cytometer.

Cell cycle analysis

MCF-10A, LO2, and MDA-MB-231 cells were seeded in 6-well
plate at a density of 1 � 105/mL and incubated overnight.
After treatment with 5.0 mM compound 1 or 15 for 12 h,
cells were harvested and washed in cold PBS. Cells were
fixed with 70% ethanol at �20�C overnight. Then, Cell Cycle
and Apoptosis Analysis Kit (Beyotime, Shanghai, China) were
used according to the manufacturer’s instruction. Briefly,
cells were incubated with RNase A and propidium iodide for
30 min at room temperature, and analyzed by flow cytom-
etry using a BD LSR Fortessa Flow Cytometer.

3D cell sphere formation assay

MDA-MB-231 and MDA-MB-468 cells (1 � 103/mL) were
seeded in Nunclon� Sphera� Dishes (Thermo Fisher Scien-
tific) cultured with DMEM/F12 medium, B27 (1:50, Gibco),
human recombinant epidermal growth factor (20 ng/mL,
Gibco), and basic fibroblast growth factor (20 ng/mL,
Gibco). Cells were incubated with compound 1 (10 or
30 mM) or DMSO control for two weeks, and 3D cell spheres
were observed using confocal laser scanning microscopy.
The volume of spheres was quantified by Image J software.

Statistical analysis

All statistical tests were performed using GraphPad Prism
version 8.0 (Graph Pad, San Diego, CA, USA). Statistical
significance was determined using the Student’s t-test for
experiments comparing two groups. Comparisons among
groups were analyzed using analysis of variance (ANOVA).
Unless stated otherwise, P values were 2-tailed and
considered significant if P < 0.05. Error bars represent SEM
of three experiments unless stated otherwise.

Results

Compound 1 is identified as a novel CDK9-cyclin T1
inhibitor via in silico screening

The high-resolution crystal structure of human CDK9-cyclin
T1 in complex with A86, a CDK9-cyclin T1 activity inhibitor
(PDB: 6GZH),25 was used as a molecular model for virtual
screening using the internal coordinate mechanics (ICM)
method [ICM-Pro 3.6-1d program (Molsoft, San Diego, CA,
USA)]. Against this structure, 280,000 natural product or
natural product-like compounds (ZINC natural product
database) were docked against the ATP-binding site. From
the virtual screening results (Table 1), the top hit com-
pounds 1e14 (Fig. 1) were tested by a CDK9-cyclin T1
chemiluminescence assay using the clinical CDK9 inhibitor
dinaciclib (15) as a positive control (Fig. 2A). Compounds 1,
2, 3 and 6, which showed greater than 60% inhibition ac-
tivity in the initial screen, were tested in a doseeresponse
experiment using chemiluminescence assay to further
quantitate their inhibitory potency, revealing IC50 values of
3.0, 3.9, 6.0, and 6.6 mM, respectively against CDK9-cyclin
T1 kinase activity (Fig. 2BeE).

Compounds 1, 2, 3 and 6, were brought forward for in
cellulo testing. The EMT biomarker Twist1 is directly
regulated by CDK9.20 Therefore, Twist1 protein levels were
detected to verify the potential biological effect of the
compounds in TNBC cells. The results showed that com-
pound 1 exhibited the greatest reduction of Twist1
expression in MDA-MB-231 cells (Fig. 2F). Moreover, a time
course showed that compound 1 achieved optimal inhibi-
tion activity at 12 h (Fig. S1).

Binding mode of compound 1 and kinetics analysis

Molecular modeling revealed the interaction between
compound 1 and the CDK9-cyclin T1 complex. The docking
results showed that compound 1 is situated in the CDK9-
cyclin T1 ATP-binding pocket, forming two hydrogen
bonds with the residues lining the binding site (Fig. 3A).
Moreover, the hydroxyl group of compound 1 acts as an H-
bonding acceptor with Glu66’s side chain, which has been
reported to contribute to the selectivity and potency of
CDK9 inhibitors.29 The imine group of compound 1 was
also predicted to act as an H-bonding acceptor with Lys48.
Interestingly, our docking analysis suggested that the
predicted binding mode of compound 1 was very distinct
to that calculated for ATP (Fig. 3B) or dinaciclib (15)
(Fig. 3C). For example, compound 1 is not predicted to
protrude as far into the binding cavity as ATP or 15, hence
the H-bonds formed between ATP and Asp104 and Cys106
and between 15 and Asp109 and Cys106 are not present in
the binding model of compound 1. Instead, compound 1 is
situated closer to the other side of the site near the hinge
region, forming H-bonds to Glu66 and Lys48 that are not
present in the other two structures. We performed an
enzyme kinetics assay to validate the binding mode of
compound 1. The results showed that compound 1
inhibited CDK9-cyclin T1 activity with a Ki value of
2.14 � 0.2 mM and was competitive with ATP (Fig. 3E, F).
This result supports the hypothesis that 1 targets the ATP-
binding site of CDK9-cyclin T1.



Figure 1 Chemical structures of compounds 1e14 identified by virtual screening, and positive control compound (15).
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Compound 1 selectively binds with CDK9 and
inhibits the CDK9-cyclin T1 PPI

To explore whether compound 1 engages with CDK9 or
cyclin T1, the cellular thermal shift assay (CETSA) was
conducted (Fig. 4A). MDA-MB-231 cell lysates were incu-
bated with compound 1 (10 mM) for 30 min, CDK9, cyclin
T1, and b-actin levels in the soluble fraction were detected
by Western blotting (Fig. 4B, D). CDK9 in cell lysates
treated with compound 1 were significantly stabilized
(DTm: 5.2�C). This result indicated that compound 1 can
engage CDK9 even in the cellular lysate environment. Due
to the high sequence identity among the CDK family,
selectivity is an important issue for screening CDK in-
hibitors. CDK9 shares a high degree of homology with
CDK1, CDK2, CDK5, and CDK12.30 Therefore, we also
detected the binding affinity of compound 1 against CDK1,
CDK2, CDK5, and CDK12 in MDA-MB-231 lysates using CETSA
(Fig. 4E). The results showed that compound 1 exhibited
negligible thermal stabilization of the other CDK members,
indicating that compound 1 had high selectivity for CDK9
(Fig. 4F, J).

Given the promising activity of compound 1 at inhibiting
CDK9-cyclin T1 activity, its in cellulo mechanism of action
was next explored. A co-IP experiment was conducted to
evaluate the effect of compound 1 on the interaction be-
tween CDK9 and cyclin T1 in MDA-MB-231 cells (Fig. 4K).
The result showed that compound 1 could disrupt the
interaction between CDK9 and cyclin T1 in cellulo, as
indicated by the reduction of cyclin T1 co-precipitated with
CDK9. Mechanistically, compound 1 and 15 may act as
different inhibition mechanisms in the cellular context. Our



Figure 2 Compound 1 was identified as the top CDK9-cyclin T1 inhibitor. (A) The effect of compounds 1e14 on the CDK9-cyclin
T1 activity was determined by a chemiluminescence assay. (BeE) Compounds 1, 2, 3, and 6 inhibited CDK9-cyclin T1 activity in a
dose-dependent manner as measured using a chemiluminescence assay. (F) The effect of candidate compounds 1, 2, 3, 6, and 15

on Twist1 expression as detected by Western blotting.

Figure 3 Low-energy binding conformation of (A) compound 1 (PDB: 6GZH) (B) ATP (PDB: 3BLQ) and (C) dinaciclib (15) (PDB:
6GZH) generated by in silico docking. (AeC) CDK9 is displayed in ribbon form. Compound 1 (A), ATP (B), and dinaciclib (C) are
depicted as a ball-and-stick models showing carbon (yellow), hydrogen (grey), oxygen (red), and nitrogen (blue) atoms. H-bonds
are indicated as blue lines. The binding pocket of the CDK9 is represented as a translucent surface. (D) Chemical structure of
compound 1. (E) LineweavereBurk plot of enzyme activity measured at different ATP concentrations in the presence of different
concentrations of compound 1. (F) Secondary LineweavereBurk plot to obtain the Ki value.
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CETSA and co-IP results indicate that compound 1 binds
with CDK9 and blocks the CDK9-cyclin T1 PPI, with superior
potency compared to compound 15. On the other hand,
compound 15 has been reported as a pan-CDK inhibitor, and
may have CDK9 inhibitory activity without significantly
disrupting the CDK9-cyclin T1 PPI.31 This is supported by our
molecular modeling results, which show a different binding
of compound 1 to 15 in the CDK9-cyclin T1 complex.
Compound 1 inhibits the transcription of EMT and
CSCs biomarkers

Previous research has demonstrated that the CDK9-cyclin
T1 network plays a critical role in regulating EMT and
CSCs by regulating the expression of EMT/CSC-related
genes (such as Twist1, Snail, and OCT4) via directly
binding to their cis-acting element.20,32 The effect of



Figure 4 Compound 1 can selectively bind with CDK9 and by block the CDK9-cyclin T1 interaction in in cellulo. (A) MDA-MB-
231 cell lysates were treated with compound 1 at 10.0 mM CDK9, Cyclin T1, and b-actin content in the soluble fraction were
detected by Western blotting. (BeD) Densitometry analysis of CDK9, cyclin T1, and b-actin content. (E) MDA-MB-231 cell lysates
were treated with compound 1 at 10.0 mM CDK1, CDK2, CDK5, CDK9, and CDK12 content in the soluble fraction were detected by
Western blotting. (FeJ) Densitometry analysis of CDK content. (K) Effect of compound 1 on CDK9-Cyclin T1 interaction as revealed
by co-IP assay. Data are represented as mean � SD. *P < 0.05 vs. DMSO group, (Student’s t test).
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compound 1 on the binding of CDK9-cyclin T1 to the cis-
acting elements of these genes (primers in Table S1) was
explored using the chromatin immunoprecipitation (ChIP)
assay (Fig. 5AeC). After 12 h treatment with compound 1
(5 mM), MDA-MB-231 cells were harvested, cross-linked,
and immunoprecipitated with the anti-CDK9 antibody.
The results showed that compound 1 reduced the occu-
pation of CDK9-cyclin T1 PPI at the upstream regulatory
elements of EMT (Twist1 and Snail) and CSCs (OCT4)
genes in TNBC cells.
Given the ability of compound 1 to decrease occupany of
CDK9-cyclin T1 PPI at the upstream regulatory elements of
EMT and CSC-related genes, we next explored its effect on
the transcription and translation of those genes. Specif-
ically, compound 1 significantly decreased Twist1, Snail,
and OCT4 in MDA-MB-231 (Fig. 5D, F) and MDA-MB-468
(Fig. 5GeI) cells at the transcription level as revealed
using qPCR. Moreover, compound 1 decreased the protein
expression of EMT (Snail and Twist1) and CSC (OCT4, CD44,
and CD133) biomarkers in MDA-MB-231 and MDA-MB-



Figure 5 Compound 1 inhibited Snail, Twist1, and OCT4 at both transcriptional and translational levels. (AeC) Compound 1

inhibited CDK9 at promoters of Snail, Twist1, and OCT4 gene in MDA-MB-231 cells. ChIP assay was conducted with the primary
antibody against CDK9 and IgG. (DeF) Transcriptional levels of snail, Twist1, and OCT4 in MDA-MB-231 and MDA-MB-468 cells
treated with compound 1 or 15 were measured by qPCR. (GeK) Compound 1 inhibited the MDA-MB-231 and MDA-MB-468 stemness
by targeting CDK9. Data are represented as mean � SD. *P < 0.05, **P < 0.01 vs. DMSO group, (Student’s t test).
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468 cells in a dose-dependent manner as measured by
Western blotting (Fig. 5J, K). Although CD44 and CD133 are
not directly regulated by the CDK9-cyclin T1 complex, they
are common biomarkers of CSCs in TNBC.5 Taken together,
these results indicate that compound 1 impairs the
expression of EMT and CSC-related genes at both tran-
scriptional and translational levels in TNBC cells.

To study whether compound 1 regulates gene expression
at the transcriptional or translational level, the expression
assays were repeated in the presence of either a tran-
scription inhibitor (ActD) or a translation inhibitor (CHX).
Cells were pretreated with or without the presence of
transcription inhibitor ActD to block the transcription
progress. The results showed that ActD pre-treatment
abolished the inhibitory effect of compound 1 on Twist1,
Snail, and OCT4 expression, suggesting that compound 1
downregulated their expression at the transcriptional level
(Fig. 6B, D). In addition, cells pretreated with compound 1
were incubated with the translation inhibitor CHX to study
the effect of compound 1 on the protein stability of Twist1,
Snail, and OCT4 (Fig. 6E). The results showed that com-
pound 1 exhibited no significant effect on OCT4, Twist1,
and Snail stability compared to the DMSO group in CHX
treated cells (Fig. 6FeH), suggesting that compound 1 did
not interfere with the post-translational process. Taken
together, these results indicate that compound 1 acts via
regulating transcription of OCT4, Twist1, and Snail expres-
sion rather than translation.

Mammary epithelial cells of MCF-10A exhibit similar
characteristics of TNBC cancer cell lines and are usually used
to investigate EMT pathways in breast cancer.33,34 Therefore,
we evaluated the EMT signature in MCF-10A cells, which
include EMT-related proteins underlying the CDK9-cyclin T1
pathway and migration ability (Fig. S2). The results showed
that compound 1 could suppress Twist1 and Snail protein
levels in a dose-dependent manner (Fig. S2aec). In addition,
compound 1 decreased the migration activity of MCF-10A
cells (Fig. S2dee). All of these results indicated that com-
pound 1 may reverse EMT and reduce cancer cell stemness
via blocking the CDK9-cyclin T1 PPI and thus downregulating
the levels of associated genes.
CDK9-dependent inhibition of EMT and CSCs
biomarkers by compound 1

To further verify whether compound 1 targets CDK9 to
exert its effects, a knockdown experiment was performed
(Fig. 7A). The results showed that compound 1 or CDK9
siRNA treatment significantly reduced EMT biomarkers



Figure 6 Compound 1 decreased OCT4, Twist1, and Snail expression by a transcriptional mechanism. (A) MDA-MB-231 cells were
pretreated with 0.1 mM ActD for 1 h and then treated with 5 mM of compound 1 for 12 h. Twist1, Snail, OCT4, and b-actin were
analyzed by Western blotting. (BeD) Quantification analysis of Twist1, Snail, and OCT4 in Western blotting. Data are represented as
mean � SD. **P < 0.01, ***P < 0.005 vs DMSO group, (Student’s t test). (E) Protein stability of Twist1, Snail, and OCT4 in MDA-MB-
231 cells. Cells were treated with 5 mM of compound 1 for 12 h and then treated with CHX (5 mM) for 0, 0.5, 1, 3, 6 h. Equal amounts
of whole cell lysates were analyzed by Western blotting with Twist1, Snail, OCT4, and b-actin. (FeH) Densitometry analysis of
Twist1, Snail, and OCT4 content.
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(Snail and Twist1) and CSC biomarkers (CD44 and CD133) in
MDA-MB-231 TNBC cells (Fig. 7B, F). Importantly, compound
1 induced no significant decrease in CSC and EMT protein
levels compared to the DMSO group in CDK9 knockdown
cells. These results indicated that the suppression of EMT
and CSC biomarkers by compound 1 in cellulo could be
associated, at least in part, with the targeting of CDK9.

To further study whether compound 1 acts through tar-
geting CDK9, the CDK9 plasmid was transfected into MDA-
MB-231 cells. EMT biomarkers (Snail and Twist1) were
detected and the cytotoxicity of compound 1 was evalu-
ated in both knockdown and CDK9-overexpressing cells
using the MTT assay (Fig. S3). The results indicated that
CDK9-overexpressing cells were more sensitive to EMT
biomarker (Snail and Twist1) reduction and cytotoxicity
induced by compound 1 compared to parental cells and
knockdown cells, suggesting that compound 1 targets CDK9
to exert its biological effects.
Compound 1 effectively suppresses 3D spheroids
formation by inhibiting the CDK9-cyclin T1 pathway

3D tumor spheres possess characteristic features of CSCs,
such as a high capacity of self-renewal, metastasis, and
differentiation.35 3D tumor spheres also express higher
levels of CSC and EMT genes than 2D monolayer cells.36

Therefore, we used a 3D cell culture assay to evaluate the
effect of compound 1 on spheroid formation and the self-
renewal potential of tumor sphere cells. MDA-MB-231 and
MDA-MB-468 cells were seeded in low-cell attachment
dishes to stimulate spheroid formation, then incubated
with 10 or 30 mM of compound 1 or DMSO for two weeks
(Fig. 8A, B). The results indicated that 10 and 30 mM of
compound 1 can inhibit 3D tumor growth in TNBC cells
(Fig. 8C, D).

TNBC with a high percentage of the CSC biomarkers
CD44þ/CD24e have a more aggressive phenotype with a



Figure 7 Compound 1 directly abrogated CDK9 activity via disrupting the CDK9-cyclin T1 PPI and negatively regulating its
downstream genes. (A) CDK9 siRNA treatment produced efficient target knockdown in MDA-MB-231 cells. CDK9, cyclin T1, Twist1,
Snail, OCT4, CD44, CD133, and b-actin were blotted to control for total protein levels. SiControl: SiRNA control; SiCDK9: SiRNA
CDK9. (BeF) Quantification analysis of CDK9, Twist1, Snail, OCT4, CD44, and CD133 in Western blot. Data are represented as
mean � SD. *P < 0.05, **P < 0.01 vs. DMSO group, (Student’s t test).
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higher capacity for cell proliferation and metastasis.37

Hence, the CD44þ/CD24e populations were detected after
treating MDA-MB-231 cells with compound 1 or 15 (5 mM).
The results showed that compound 1 can decrease CD44þ/
CD24e stem-like populations in MDA-MB-231 cells (Fig. 8E).
Taken together, our findings suggest that compound 1 can
suppress cell stemness and cell renewal, presumably
through inhibiting CDK9-cyclin T1 signaling thus down-
regulating the transcription and expression of EMT (Snail
and Twist1) and CSC (OCT4, CD44, and CD133) genes
(Fig. 5AeK).
Compound 1 exhibits the anti-proliferation activity
and anti-migration activity in TNBC cells

EMT and CSCs control various cellular processes such as
migration, invasion, and apoptosis.36 Moreover, the CDK9-
cyclin T1 complex is critical for cell proliferation and
knockdown of CDK9 suppresses cell proliferation and
migration.38,39 Hence, the cytotoxicity, proliferation, and
migration effect of compound 1 on both breast cancer cells
and normal breat epithelial cells were evaluated.

The cytotoxicity of compound 1 was investigated in
different breast cancer cell lines, as well as human normal
cell lines by the MTT assay. Compound 1 exhibited potent
cytotoxicity against the TNBC (MDA-MB-231, MDA-MB-468
and BT549) cell lines with estimated IC50 values of 6.2,
7.4, and 12.6 mM, while showing lower toxicity against non-
TNBC breast cancer cell lines (T47D: 52.5 mM; MCF-10A:
35.5 mM). Moreover, compound 1 showed no obvious ac-
tivity (IC50 � 100 mM) against the human normal cell lines
LO2 and HEK 293T (Fig. 9A). Similarly, the colony formation
assay demonstrated that compound 1 could inhibit the
proliferation of MDA-MB-231 and MDA-MB-468 cells
(Fig. 9BeE). As a comparison, we also determined the
cytotoxicity of the positive control dinaciclib (15) in MDA-
MB-231 (0.007 mM), MDA-MB-468 (0.01 mM), BT549
(0.026 mM) cells, MCF-10A (0.03 mM), T47D (0.33 mM), LO2
(0.02 mM), and HEK 293T (0.04 mM) cells using the MTT assay
(Fig. S4). The therapeutic index of compound 1, which was
defined as the ratio of IC50 values of normal cells against
MDA-MB-231 cells, was at least 16 for both normal cell lines,
whereas compound 15 exhibited lower therapeutic indices
of 2.9 and 5.7 for LO2 and HEK 293T respectively over MDA-
MB-231. This showed that while compound 1 had lower
cytoxicity than dinaciclib (15) against breast cancer cells, it
possessed superior selectivity for TNBC cells over normal
cells.

Reports have suggested that CDK1, 2, and 6 together with
their cyclin subunits are responsible for cell cycle progress,
while CDK7 and 9 are responsible for transcription.40 In
addition, it has been reported that CDK9-cyclin T1 activity
are not cell cycle regulated.15,41 Consistent with this, our



Figure 8 Compound 1 inhibited TNBC stemness by targeting CDK9. (A, C) Compound 1 reduced 3D tumor sphere formation in
MDA-MB-231 and MDA-MB-468 cells. Scale bars represent 100 mm. (B, D) Relative tumor sphere volume. (E) Effect of compound 1 or
15 (5 mM, 12 h) on CD44þ/CD24e populations by flow cytometric analysis. Data are represented as mean � SD. *P < 0.05, **P < 0.01,
****P < 0.0001 vs. DMSO group, (Student’s t test).
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results showed that compound 1 had no significant effect on
cell cycle progress, suggesting that the inhibition of the
CDK9-cyclin T1 PPI and downstream EMT and CSCs markers by
compound 1 is not dependent on the cell cycle (Fig. S5).

Finally, the effect of compound 1 on the migration
ability of MDA-MB-231 and MDA-MB-468 was also studied.
The results showed that compound 1 showed dose-
dependently inhibited migration activity in TNBC cells
(Fig. 9FeI). Taken together, these results indicated that by
antagonizing the CDK9-cyclin T1 interaction in cellulo,
compound 1 can exert anti-proliferation and anti-migration
phenotypes.
Discussion

Kinases are very important targets for drug discovery due to
their pivotal roles in human diseases, including cancer.42

CDK9 has important roles in regulating basal gene tran-
scriptional homeostasis, as well as EMT and CSC pheno-
types.18,43 Since CDK9 is often dysregulated in cancer, it is
emerging as an important target in cancer therapy.16 Tar-
geting a PPI to directly or indirectly to regulate protein
kinase activity could be an alternative strategy to inhibit
the CDK9-cyclin T1 activity.44 Since cyclin T1 is regulatory
subunit that activates the activity of CDK9, developing se-
lective PPI inhibitors for the CDK9-cyclin T1 PPI could be a
viable approach for treating cancer. A previous study per-
formed computational analysis of the CDK9-cyclin T1 com-
plex to design peptide and small molecule inhibitors
binding to the CDK9-cyclin T1 interface or the ATP-binding
pocket.45,46 Another report described the in silico docking
of drugs to the ATP site of CDK9-cyclin T1.47 However, to
our knowledge, no CDK9-cyclin T1 PPI inhibitor has yet been
reported for targeting TNBC metastasis.

Natural products provide diverse bioactive structural
motifs for drug screening.48 Some natural products have
also shown inhibitory activity against CDK9 kinase.18 For
instance, flavopiridol is a semisynthetic flavonoid with
inhibitory activity against CDK9.15 Seliciclib, a CDK2/7/9
inhibitor in clinical trials, comes from the cotyledons of
radish.12 Wogonin is a natural flavone that targets CDK9 by



Figure 9 Compound 1 induced cell toxicity and inhibited cell migration in MDA-MB-231 and MDA-MB-468 cells. (A) The cyto-
toxicity effect of compound 1 on MDA-MB-231, MDA-MB-468, BT549, T47D, HEK 293T, LO2, and MCF-10A cells. Cells were treated
with indicated concentrations of 1 for 72 h and cytotoxicity results were determined by MTT assay. (B, D) 5 mM of compound 1

inhibited MDA-MB-231 and MDA-MB-468 cell proliferation as detected by a colony formation assay. (C, E) Relative analysis of colony
number compared to DMSO. (F, H) Cell migration effect of compound 1 on MDA-MB-231 and MDA-MB-468 cells treat with 1.5 mM,
5 mM, or 15. (G, I) Quantitative analysis of migration cells. Data are represented as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001
vs. DMSO group, (Student’s t test).
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engaging the ATP-binding pocket.49 At the same time, vir-
tual screening has arisen as a viable and cost-efficient
approach to supplement traditional drug discovery efforts
and is particularly relevant for natural products where
supplies may be scarce.

In this paper, we have identified the tetrahy-
droisoquinoline compound 1 as a potent CDK9-cyclin T1 PPI
inhibitor from a 280,000-compound chemical library of
natural product/natural product-like compounds using in
silico screening against the CDK9 active site. Although
tetrahydroisoquinoline-based compounds have been re-
ported as anticancer agents,50 no pharmacological research
has been documented to shed light on their potential
mechanism. The ability of compound 1 to engage CDK9 in
cell lysates was confirmed using CETSA. Moreover, com-
pound 1 showed stronger engagement to CDK9 compared to
CDK1, CDK2, CDK5, and CDK12 in the CETSA assay, indi-
cating high selectivity for CDK9. CDK family members have
high sequence similarities and most CDK inhibitors usually
lack selectivity, which leads to toxicity and off-target ef-
fects.42 In particular, CDK1, CDK2, CDK5, CDK12 shares a
high degree of homology with CDK9.30

An in vitro chemiluminescence assay demonstrated that
compound 1 acted as a CDK9-cyclin T1 kinase inhibitor. Mo-
lecular modeling analysis suggested that compound 1 can
target the ATP-binding pocket of CDK9, which was supported
by kinetics analysis showing an ATP-competitive mode of
inhibition. Interestingly, in cellulo co-immunoprecipitation
experiments showed that compound 1 also disrupted the
CDK9-cyclin T1 PPI. Substantial evidence has shown that the
active site of protein kinases is allosterically regulated, while
conversely, targeting the ATP site can also alter the confor-
mation of the regulatory regions allosterically, resulting in
the modulation of PPIs.51 Some ATP-competitive inhibitors
have been reported to modulate the PPIs of kinases.52,53 We
speculate that the distinct binding mode of compound 1
relative to ATP or dinaciclib (15) as shown in the molecular
modeling results may account for its unique ability to disrupt
the CDK9-cyclin T1 PP1.

Wang et al18 reported a series of CDK9 inhibitors with
inhibitory activity against CSCs for cancer treatment.
Moreover, the CDK9-cyclin T1 complex controls the
expression of EMT regulators to promote TNBC progres-
sion.54 To explore the mechanism of activity of Compound 1
against TNBC, we detected EMT and CSC biomarkers by
ChIP, qPCR, Western blotting, and flow cytometric analysis.
Pleasingly, compound 1 showed promising activity against
decreasing EMT and CSC biomarkers with comparable ac-
tivity compared to the clinical CDK inhibitor dinaciclib (15).
Compound 1 weakened the amplification of the Twist1,
Snail and OCT4 promoters by CDK9, leading to the abro-
gation of Twist1, Snail and OCT4 at the transcriptional
levels. To further investigate the inhibitory effects of
compound 1 on Twist1, Snail and OCT4, we knocked down
CDK9 which directly regulates these genes. The results
indicated that compound 1 suppressed the levels of EMT
and CSC biomarkers mainly by targeting CDK9. Compound 1
also reduced the volume of cultured 3D tumor spheres, a
model for the CSC and EMT phenotype.35 Breast cancer
cells with characteristics of CSCs and EMT have significantly
enhanced migration ability.55 Compound 1 exhibited dose-
dependent anti-migration ability, suggesting that CDK9
may act as the important regulator of EMT and CSC char-
acteristics. Finally, a cytotoxicity assay showed that com-
pound 1 potently inhibited TNBC cells, with lower toxicity
against normal human cells compared to dinaciclib 15.

Conclusions

In conclusion, we have discovered the first
tetrahydroisoquinoline-based CDK9-cyclin T1 inhibitor
based on virtual screening. In addition to inhibiting CDK9
kinase activity, compound 1 also disrupted the CDK9-cyclin
T1 PPI. By the use of compound 1, our results have revealed
a new mechanism of EMT and CSC induction via the CDK9-
cyclin T1 pathway in TNBC cells. Taken together, our re-
sults demonstrate the importance of CDK9 as a pharmaco-
logical target in TNBC and showcase the potential of
compound 1 as a new lead for developing more selective
and potent CDK9-cyclin T1 PPI inhibitors.
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