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KEY WORDS Abstract  Abnormally activated CDK9 participates in the super-enhancer mediated transcription of
short-lived proteins required for cancer cell survival. Targeting CDK9 has shown potent anti-tumor activ-

Acquired resist S . . .
cquured resistance ity in clinical trials among different cancers. However, the study and knowledge on drug resistance to

C];?él;ait;?l?gitors; CDKO inhibitors are very limited. In this study, we established an AML cell line with acquired resistance
Transcription; to a highly selective CDK9 inhibitor BAY1251152. Through genomic sequencing, we identified in the
Single nucleotide kinase domain of CDK9 a mutation L156F, which is also a coding SNP in the CDK9 gene. By

polymorphisms; knocking in L156F into cancer cells using CRISPR/Cas9, we found that single CDK9 L156F could drive
BAY 1251152 the resistance to CDK9 inhibitors, not only ATP competitive inhibitor but also PROTAC degrader. Mech-

anistically, CDK9 L156F disrupts the binding with inhibitors due to steric hindrance, further, the mutation
affects the thermal stability and catalytic activity of CDK9 protein. To overcome the drug resistance
mediated by the CDK9-L156F mutation, we discovered a compound, IHMT-CDK9-36 which showed
potent inhibition activity both for CDK9 WT and L156F mutant. Together, we report a novel resistance
mechanism for CDKO9 inhibitors and provide a novel chemical scaffold for the future development of
CDKO inhibitors.
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1. Introduction

Cyclin-dependent protein kinases (CDKs) are serine/threonine
kinases belonging to CMGC subfamily of the human kinome' and
play crucial regulatory roles in multiple physiological processes in
cells, including cell cycle, proliferation, transcription, and meta-
bolism'~. Dysregulation of CDK kinases contributes to cancer
progression by unscheduled cell cycle and uncontrolled gene
expression”. Targeting deregulated CDKs has shown potent ther-
apeutic efficacy in clinical cancer therapy, such as selective
CDK4/6 inhibitors Palbociclib and Ribociclib, which have been
approved by US Food and Drug Administration (FDA) for HR+
and HER2- breast cancers™’. CDK9-cyclin T1 is the catalytic
subunit in positive transcription elongation factor b complex (P-
TEFb), which phosphorylates the RNA polymerase II CTD at Ser2
and regulates transcription elongation®’. In cancers, abnormally
activated CDK9 participates the super-enhancer mediated tran-
scription of short-lived proteins required for cancer cell survival,
such as MCL1 and MYC®. This transcription addiction makes the
cancer cells more sensitive to CDK9 suppression, which has
shown potent anti-tumor efficacy in pre-clinical tumor models by
inducing MCL1 decrease and cell apoptosis”’. Promising data
from preclinical studies urged the launching of a race for the
development of potent CDK9 inhibitors and some of them are
being tested in clinical trials*'""2, Due to toxicity and adverse
effects as the result of pan-CDK inhibition activity, the develop-
ment of first-generation CDKO9 inhibitors has been hindered, such
as Alvocidib and Dinaciclib'?. However, with increased selectivity
over other CDK kinases, the second-generation inhibitors, such as
BAY 1251152 and AZDA4573, are currently being evaluated in
clinical trials in patients with solid tumors and hematological
malignancies with better safety profiles'®'*,

In spite of the encouraging development of CDK®9 inhibitors in
cancer therapy, little is known about the possible mechanisms that
could lead to resistance to these inhibitors. Just like any other
kinase inhibitors that are in clinical application and evaluation'”,
CDKO9 inhibitors would probably be challenged by various ac-
quired resistances with prolonged drug treatment. The most
common drug resistance mechanisms seen with kinase inhibitors
include secondary mutations in the catalytic domains of the tar-
geted kinases and re-routing of alternative signaling pathways'°.
Understanding of those drug resistance mechanisms is crucial for
the development of the next-generation CDK9 inhibitors that are
able to overcome the predicted resistance. However, because none
of the current CDK®9 inhibitors has been approved for clinical use
yet, the study and knowledge related to drug resistance are very
limited, since now only ubiquitin ligase CUL5 has reported
mediating the resistance to CDK9 and MCL1 inhibitors'”.

Single nucleotide polymorphisms (SNP) are the most abundant
type of genetic variation in human genome'®. The SNPs in
protein-coding regions lead to non-synonymous mutations, which
may induce the misfold, instability, inactivation or dysfunction of
proteins and then induce diseases'’. For example, a SNP in the
(-globin gene, which results in glutamate being substituted by
valine at position 6 in the amino acid sequence, induce sickle cell

anemia that is associated with high morbidity and mortality’.
During the last decade, thanks to genome-wide association studies
(GWAS) and the large-scale next-generation genomic sequencing
in cancer patients, many kinase SNPs are reported to be associated
with susceptibility to cancers, cancer outcomes, or responses to
cancer therapy”' %%

In this report, as an initial effort to characterize the potential
acquired resistance mechanisms to CDK9 inhibitors, we con-
structed an AML cell line resistant to a highly selective CDK9
inhibitor BAY 1251152, and identified the resistant mutation as a
point mutation in the CDK9 kinase domain, L156F. Database
search showed that the mutation we found in the resistant cell line
is a rare coding SNP (rs1158106390). Using CRISPR/Cas9 tech-
nology, we found that targeted gene editing of this SNP is suffi-
cient to render cells resistant to CDK9 inhibitors. The mutation
impairs the binding of inhibitors to CDK9 due to steric hindrance
and influences the CDKO9 kinase catalytic activity. Through high-
throughput screening, we also discovered a novel chemical scaf-
fold of IHMT-CDKO9-36, that is able to overcome the drug resis-
tance mediated by the CDK9-L156F mutation. Together, our
findings report the first drug-resistant mutation against CDK9
inhibitor, which is also a rare SNP, and we provide a new chemical
scaffold that can overcome this resistance for future development
of CDKO inhibitors.

2. Materials and methods

2.1.  Cell culture, cell growth inhibition assay and apoptosis
assay

The human cancer cell lines MOLM13 were provided by Dr. Scott
Armstrong, Dana-Farber Cancer Institute (DFCI), Boston, MA,
USA. MOLM13 was cultured with RPMI medium with 10% FBS.
HeLa, MCF7 cells were obtained from COBIOER (Nanjing,
China) and cultured in DMEM medium with 10% certified fetal
bovine serum (C0400, VivaCell, Shanghai, China). Briefly, cells
were seeded in 96-well plates and treated with serially diluted
compounds. Then, CellCounting-Lite 2.0 (#DD1101-02, Vazyme,
Nanjing, China) was added to evaluate the cell viability. The cell
apoptosis was detected by Annexin V-FITC/PI Apoptosis Detec-
tion Kit (A211, Vazyme, China). Briefly, the cells were collected
and washed with cold PBS twice. After staining by annexin
V-FITC and PI staining solution, the cells were analyzed by flow
cytometry (CytoFLEX, BECKMAN).

2.2.  Reagents and antibodies

Compounds BAY 1251152, AZDA4573 and JSH-009 were pur-
chased from MedChemexpress (Shanghai, China). RNA poly-
merase Il CTD peptide YSPTSPS was synthesized by GL
Biochem (Shanghai, China). Anti-PPP1A/PPP1CA (phos-
phoT320) (#ab62334), anti-RNA polymerase II Ser2 (#ab193468),
Ser5 (#ab240740) and anti-RNA polymerase II antibody
(#ab264350) were purchased from Abcam (Cambridge, MA,
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USA); c-Myc antibody (#5605), PARP antibody (#9532), Mcl-1
antibody (#94296), phospho-Rb (Ser780) (#9307), total Rb
(#9309) and caspase3 antibody (#9665) were purchased from Cell
Signaling Technology (Danvers, MA, USA). PPP1CA antibody
(67070-1-Ig) and GAPDH (60004-1-Ig) were purchased from
Proteintech (Wuhan, China).

2.3.  BAYI251152 resistant cell generation

MOLM13 cells were cultured in 1640 medium with 20 nmol/L
BAY 1251152 initially, then the survival cells were isolated and
treated with gradual dose escalation of BAY1251152 up to
1 pumol/L. Then stable resistance clones were screened by infinite
dilution and cultured in medium without BAY1251152. And the
BAY 1251152 resistance potency of clones was determined by
anti-proliferation assay with CellCounting-Lite 2.0 reagent.

2.4. CDK9 L156F knock-in cell line generation

Guide RNA target CDK9 was designed and cloned into PX459,
and donor DNA for CDK9 L156F knock-in was synthesized by
General Biol. HeLa cells were co-transfected by sgRNA-PX459
and donor DNA (1 pg:1 pg), and selected by puromycin for 48 h.
Then single cell clones were obtained by infinite dilution. The
CDK9 KI cells were analyzed by genomic DNA PCR and
sequencing.

2.5.  RNA sequencing and differential expression analysis

Transcriptome sequencing of MOLM13/MOLM13-BR cells was
performed using the Illumina Novaseq 6000 in LC-Bio (Hang-
zhou, China). Genes differential expression analysis was per-
formed by DESeq?2 software between two different groups (and by
edgeR between two samples). The genes with the parameter of
false discovery rate (FDR) below 0.05 and absolute fold change
>2 were considered differentially expressed genes”.

2.6.  Real-time RT-PCR

After drug treatment, the total RNA was extracted by SPARKeasy
Cell RNA Kit (AC0205, Shandong Sparkjade Biotechnology Co.,
Ltd.). cDNA samples were prepared by reverse transcription with
Hifair® V one-step RT-gDNA digestion SuperMix for qPCR
(11142ES60, Yeason, China), and MCLI/MYC mRNA levels
were detected by Hieff® qPCR SYBR Green Master Mix
(11201ESO08, Yeason, China).

PCR Primers used for real-time PCR

MCL1: GCTGGGATGGGTTTGTGGAGT; GCCAAACCAGCTCC

TACTCCA.
MYC: CCTGGTGCTCCATGAGGAGAC; CAGACTCTGA
CCTTTTGCCAGG.
GAPDH: TGGTCACCAGGGCTGCTTTTA; TTCCCGTTCT
CAGCCTTGACG.

2.7.  Protein purification

CyclinT1 (1—298) coding fragment was cloned into pET28A with
an N-terminal GST tag, and purified by GSH resins. Full-length
CDK9 WT and L156F gene fragments were constructed in p-
FASTBAC HTA vector (Invitrogen), and SF9 were transfected of
CDK9 bacmids for the baculovirus package. Briefly, the SF9 cells

were collected after 48 h infection of CDK9 baculovirus. Cells
were sonicated and the suspension was loaded to Ni-NTA Column
(QIAGEN, 1018244). Then the proteins were step eluted with
buffer containing 250 mmol/L imidazole. The eluted CDK9 pro-
teins were mixed with cyclinT1 proteins and loaded on a
Superdex-200 column equilibrated in 50 mmol/L Tris pH 8.0,
500 mmol/L NaCl, 1 mmol/L DTT. Peak fractions were concen-
trated and used for in vitro kinase assay and binding affinity test.

2.8.  Invitro kinase assay

To determine the inhibition activity of compounds, CDKY9/
cyclinT1 proteins were incubated with the gradient diluted com-
pound for 30 min at room temperature. Then, 200 pmol/L. RNA
polymerase CTD peptide substrate and 10 pmol/L. ATP mixtures
were added and reacted at room temperature for 0.5 h. The ADP
produced in the reaction was detected by the ADP-Glo assay from
Promega. Briefly, add 10 nL. ADP-Glo™ Reagent to the reaction
and incubate for 40 min. Then 20 pL Kinase Detection Reagent to
reaction and incubate for 30—60 min. The luminescence was
measured with a plate reader ENVISION, PerkinElmer (Waltham,
MA, USA). Each sample was assembled as follows:

Sample 10 pL/sample
CDKO9/cyclin T1 protein 4 pL
CTD/ATP mix S pL
Inhibitor (in 5% DMSO buffer) 1 pL

For kinetic parameters measurement, the CDK9 proteins were
incubated with saturated RNA Pol II CTD peptide and gradient
diluted ATP for 20 min at room temperature, then ADP produced
in the reaction was detected by the ADP-Glo reagent. The 1Cs, of
compounds and kinetic parameters of kinases were fitted by
GraphPad Prism8.0 software.

2.9.  Micro-scale thermophoresis assay

10 pmol/L. CDKY/cyclinT1 complex proteins were labeled by
RED-NHS protein label KIT (MO-LO11, Nano-Temper). The
labeled protein was diluted to 20 nmol/L with 20 mmol/L Tris,
150 mmol/L NaCl, pH 7.5 buffer. 10 pL proteins were incubated
with 10 pL serial dilution of compounds at room temperature for
30 min. Then the mixture was loaded to capillary supplied by
Nano-Temper and thermophoresis was scanned by Monolith
(Nano-Temper). The equilibrium dissociation constants were
calculated by MO.affinity Analysis software.

2.10.  Xenograft tumor models

Five-week-old female Balb/c nude mice were purchased from
GemPharmatech Co., Ltd. (Nanjing, China). All animals were
housed in a specific pathogen-free facility and used according to
the animal care regulations of Hefei Institutes of Physical Science
Chinese Academy of Sciences. Prior to implantation, cells were
harvested during exponential growth phase. 8 million MOLM13/
MOLM13-BR cells in 1640 medium were formulated as a 1:1
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mixture with Matrigel (BD Biosciences) and injected into the
subcutaneous space on the right flank of nude mice. Animals were
then randomized into treatment groups for the efficacy study.
IHMT-CDK9-36 (8 mg/kg) and BAY1251152 (8 mg/kg) were
delivered every two days in a solution (5% DMSO, 20% Solutol
HS-15 in ddH,O) by intravenous injection. Body weight and
tumor growth were measured every two days after drug treatment.
Tumor volumes were calculated as Eq. (1):

Tumor volume (mm®*) = [(W, x L) /2] (1)

where width (W) is defined as the smaller of the two measure-
ments and length (L) is defined as the larger of the two
measurements.

2.11.  Statistical analysis

Statistical significance was defined as a P value using the appro-
priate statistical test method. Error bars are presented as
means =+ standard deviation (SD). Statistical analyses were per-
formed using Prism software (GraphPad 8.0).

3. Results

3.1.  Construction of drug-resistant cell line to a selective CDK9
inhibitor

Since CDK9 inhibitors are still being tested in clinical trials, we
intended to investigate the possible resistance mechanism for
CDKO9 using in vitro cell line models. First, to avoid the off-target
effect induced by targeting other CDKs or kinases, we chose a
highly selective CDK9 inhibitor BAY 1251152 as the tool com-
pound. Since BAY 1251152 is under clinical trial for hematolog-
ical malignancies and advanced blood cancer, we chose a
BAY1251152-sensitive AML cell line MOLM13 to develop an
acquired resistance model. MOLMI13 cells were continuously
cultured in medium with gradual dose escalation of BAY 1251152
and finally maintained in 1 pmol/L BAY 1251152 for 4 weeks.
Stable resistance clones were then screened by infinite dilution
and cultured in medium without BAY1251152 (Fig. 1A). The anti-
proliferation activity of BAY1251152 against these resistant
clones were measured after 24 h of treatment. Among these
clones, MOLM13-BR cell clone (BR denoted as BAY1251152
resistance) showed the highest resistance with Glsg (50% growth
inhibition) = 1050 nmol/L, while the Glso against parental
MOLM13 was only 93.76 nmol/L (Fig. 1B). Through continuous
monitoring the cell viability of MOLM13 and MOLM13-BR cells
in 8 days, we found that the growth rate of MOLM13-BR cells
was slightly slower than parental MOLM13, and a medium dose
of 100 nmol/L BAY1251152 reduced the cell viability in
MOLM13 cells but not in MOLM13-BR cells (Fig. 1C). Mean-
while, the anti-tumor efficacy of BAY 1251152 was evaluated in
mouse xenograft models inoculated with MOLM13 or MOLM13-
BR cells. Consistent with our in vitro results, tumors derived from
MOLMI13-BR cells also exhibited resistance to BAY1251152
(Fig. 1D, Supporting Information Fig. S1).

To verity that the drug resistance in MOLM13-BR is mediated
through the CDK9 signaling pathway, we then investigated
CDKO9-related transcription activity in MOLM13 and MOLM13-
BR cell lines. First, the differential transcriptomic analysis showed
that the total number of down-regulated genes by BAY 1251152
was reduced in MOLMI13-BR cells (Supporting Information

Fig. S2). In particular, upon BAY 1251152 treatment, the tran-
scription levels of the anti-apoptosis factor MCL1 and survival-
related gene MYC underwent dramatic changes in MOLM13,
which showed no significant change in MOLMI3-BR cells
(Fig. 2A). The reduced suppression by BAY1251152 on MCL1/
MYC transcription in MOLM13-BR cells was also validated by
real-time RT-PCR (Fig. 2B). We then validated the transcriptomic
result by examining the inhibition potency of BAY 1251152 on the
phosphorylation of RNA Pol II CTD Ser2 and the protein level of
MCL1/MYC, which also significantly attenuated in MOLM13-BR
cells (Fig. 2C), suggesting that the relatively abundant MCL1/
MYC helps to protect the resistance cells from undergoing
apoptosis, which is seen with parental MOLM13 cells (Fig. 2D).
Taken together, we obtained an acquired resistant cell line to
BAY 1251152 mediating through the CDK9 signal pathway, and it
is no longer sensitive to BAY 1251152 either in vitro or in vivo.

3.2.  Resistance to CDK9 inhibitor is conferred by CDK9 LI156F
mutation

To identify the resistance mechanism in MOLM13-BR cells, we
first compared the genome of MOLM13-BR cells with parental
MOLM13 by whole exome sequencing, in which a point mutation
was identified in CDK9 coding region only in MOLM13-BR cells
but not parental MOLM13 cells (Fig. 3A). Subsequent Sanger
sequencing confirmed the mutation is a C>T substitution in
MOLM13-BR CDK9 gene sequence, which results in an amino
acid substitution from leucine (CTT) to phenylalanine (TTT) of
residue 156 located in the beta-sheet just after the catalytic loop in
the c-lobe of CDKO9 (Fig. 3B).

To investigate whether CDK9 L156F is the driving force in the
development of resistance to BAY 1251152, we introduced L156F
mutation into the CDK9 gene using CRISPR/Cas9-mediated
genomic editing in HeLa cells, which is sensitive to CDK9 in-
hibitor BAY 1251152 as we previously confirmed. Through
genomic DNA sequencing and allele separation, we validated that
in the edited HeLa cells, one CDK9 gene allele was modified into
TTT at residue 156 for phenylalanine, while the other allele has a
nonsense mutation (TGA) (Fig. 3C). Then cell viability of HeLa
and HeLa-CDKO9-L156F was measured after exposure to
BAY 1251152 for 24 h. As the result showed, BAY1251152 sup-
pressed HeLa cells viability effectively (Glso = 45 nmol/L),
while the suppression vanished in HeLa-CDKO9-L156F cells
(Fig. 3D). Consistent with cell viability result, BAY1251152 in-
hibition on p-Ser2 RNA Pol II CTD phosphorylation in HeLa-
CDKO9-L156F cells attenuated significantly, which is accompanied
by reduced suppression on MYC/MCL1 expression (Fig. 3E and
F). Meanwhile, PARP and caspase3 cleavage was also reduced in
HeLa-CDKO9-L156F cells, suggesting that less apoptosis is
induced by BAY 1251152 in resistant cells upon drug treatment
(Fig. 3E). Based on the above results from two different cancer
cell lines with L156F mutation, we concluded that CDK9 L156F
mutation is the driven force responsible for the acquired resistance
to BAY1251152.

To investigate whether L156F is a common resistance mech-
anism of CDK®9 inhibitors, we tested another two CDK9 inhibitors
AZDA4573 (ATP-competitive) and THAL-SNS-032 (PROTAC
agent able to degrade CDKO protein). After 24-h treatment, the
anti-proliferation activities of both AZD4573 and THAL-SNS-032
decreased by 3- and 8-fold in MOLMI13-BR cells, respectively
(Fig. 4A). Meanwhile, the ability of CDK9 degradation by THAL-
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Figure 1

Vehicle (n=4) BAY1251152 (n=4)

Acquired resistance to CDK9 inhibitor BAY1251152. (A) Schematically graph of the generation of BAY 1251152 resistance cell line.

MOLMI13 cells were cultured in medium with gradient dose escalation of BAY1251152. (B) The anti-proliferation activities of BAY 1251152
against parental MOLM13 and MOLM13-BR cell lines were measured by Cell Titer-Glo. (C) The cell viability of parental MOLM13 and
MOLMI13-BR cell lines monitored for 8 days with or without BAY1251152. (D) The tumor growth inhibition efficacy of 5 mg/kg/Q2D
BAY 1251152 administrated by intravenous injection in mouse engraftment models inoculated with MOLM13 or MOLM13-BR cells (n = 4/
group). Results in the graphs are expressed as means + SD. *P-value < 0.05, **P-value < 0.01 ns, not significant.

SNS-032 also decreased in MOLM13-BR cells (Fig. 4B). Next,
we examined the influence of L156F mutant on drug sensitivity by
in vitro ADP-Glo assay. Consistent with our cellular results, the
inhibitory potency of BAY1251152 and AZD4573 were both
attenuated by the L156F mutation (Fig. 4C), moreover, the equi-
librium dissociation constants K; measured by micro thermo-
phoresis also showed that the binding affinity of BAY 1251152 and
AZDA4573 were disrupted by the mutation (Fig. 4D and E). These
results indicated that L156F could be a general resistance mech-
anism for CDK9 inhibitors.

3.3.  LI56F is a rare coding SNP resulting in reduced CDK9
kinase activity

We next searched this mutation in genetic databases, including
COSMIC and GENIE, and we found no report on this mutation.
However, through analysis of the single nucleotide poly-
morphisms (dbSNP) database, we found a rare SNP rs1158106390
in the CDK9 gene on chromosome 9 that causes the same
missense variation. The SNP causes allele changes as either C > T
or C > A, which result in amino acid substitutions as F156(TTT)
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Figure 3

CDKO9-F156 associated with BAY 1251152 resistance. (A) The genotypes of resistance cell line were analyzed by whole exome

sequencing and CDK9 mutation was validated by sanger sequencing. (B) Schematic of the CDKO protein is shown with both the protein domains
and the position of the L156F mutation. (C) CDK9 L156F mutation was induced into HeLa through CRISRP-Cas9 mediated HDR. Left is the
template ssODN sequence and right is the edited genomic sequence of CDK9 in HeLa cells. (D) The effect of BAY1251152 on cell viability was
evaluated by cell Titer-Glo assay in parental HelLa and HeLa CDK9 L156F cells for 24 h. (E) Immunoblot of CDK9 downstream regulated
proteins and cleavage of PARP and caspace3 after BAY 1251152 treatment at the concentrations indicated for 24 h. (F) Changes of MCL1/MYC
gene expression levels in HeLa and HeLa CDK9 L156F cells after treatment with 1 pmol/L BAY 1251152 for 6 h. Results in the graphs are

expressed as means + SD. *P-value < 0.05, **P-value < 0.01.

or I156(ATT) with no reported clinical significance (Fig. 5A).
Since many SNPs are reported to be associated with drug sensi-
tivity, this SNP could be a predictive biomarker for CDK9 in-
hibitor sensitivity in clinic application.

Structural analysis using available CDK9 protein crystallog-
raphy data revealed that, current CDK9 inhibitors occupy the
ATP-binding pocket that is sandwiched between Ala46 (located in

N-lobe) and Leul56 (located in the @-sheet just after the cata-
lytical loop, PDB ID:6z45). Leul56 is located in close vicinity
with its side chain pointing to the ATP-binding pocket (Supporting
information Fig. S3A). Therefore, we hypothesized that the bulky
phenylalanine side chain in the L156F mutation might abrogate
the binding of inhibitors to CDK9 protein due to steric hindrance.
To support our hypothesis, we performed computer-aided
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L156F is a common resistance mechanism of CDKO9 inhibitors. (A) The 24 h anti-proliferation activity of AZD4573 and THAL-SNS-

032 on MOLM13 and MOLM13-BR cells. DRI (drug resistant index) is evaluated based on Gls, in parental and resistant cells. (B) The CDK9
degradation potency of THAL-SNS-032 on MOLM13 and MOLM13-BR cells. (C) Inhibition activity against CDK9 WT/cyclinT1 and L156F/
cyclinT1 complex proteins measured by ADP-Glo assay. (D) The equilibrium dissociation constants Ky of BAY 1251152 and AZD4573 with wild-
type and L156F CDKO9 kinases determined using micro thermophoresis. (E) Inhibitor-binding constants and inhibition activity summary for

BAY1251152 and AZD4573.

structure modeling of BAY1251152 bound to CDK9 variants
based on public wild-type CDK9 crystal structure (PDB:6z45) by
AutoDock?® (Fig. 5B). The modeling data showed that,
BAY 1251152 interacts with CDK9 at the ATP-binding pocket
with hydrogen bonds forming between BAY 1251152 and Cys106,
Glul07, and Aspl09 residues in the hinge region. However, in
L156F mutant CDK9, the distance between the two benzene rings
from F156 and BAY 1251152 is less than 2 A, which could induce
steric hindrance and impair the binding of BAY 1251152 to CDKO.

To further understand the effect of L156F mutation on CDK9
kinase protein, we then compared the protein sequences across the

CDK family. The alignment result revealed that this leucine is
conserved in the CDK family (Fig. S3B) and it has been reported
that mutation in CDK2 at this conserved position (Leul43 in
CDK2) resulted in a dramatic loss in kinase catalytic activity®’. As
CDK kinases share similar protein structures and functions, it
indicated that this leucine residue is important for the structure
stability and catalytic activity of CDK kinases.

To investigate whether the intrinsic property and kinetics
characters of CDK9 were interfered by L156F substitution, we
examined the protein thermal stability of the CDK9/cyclinT1
complex. Through differential scanning fluorimetry technique
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Figure 5 F156 is a SNP (rs1158106390) disrupt the binding with BAY 1251152 and kinase activity. (A) The SNP of CDK9 rs1158106390 was

analyzed by dbSNP. (B) Here is the modeling structure of BAY 1251152 with CDK9 (PDB ID:6z45) showed in PyMol (The PyMol Molecular
Graphics System). L156F mutation was obtained in PyMol using protein mutagenesis wizard function. The modeling was completed by
AutoDock. (C) The denatured temperature (7;,) of CDK9 variant proteins were measured by NanoDSF. (D) Comparison of the activity of the WT
and L156F kinases. The activity of wild type and mutant CDK9 was determined by in vitro kinase assay with saturating ATP and synthesized CTD
peptide YSPTSPS as substrate, and the fold activity is normalized to the activity of the wild type CDK9. (E) The activity of WT and L156F CDK9
in the presence of increasing concentration of ATP and saturating CTD peptide. (F) Summary of the kinetic parameters for ATP of WT and L156F
CDKO9 kinases. Results in the graphs are expressed as means + SD. **P-value < 0.01, ***P-value < 0.001.

(DSF), we found that the substitution caused a 4-degree downshift
of T, (protein melting temperature), which suggests that L156F
mutation perturbs the stability of CDK9/CyclinT1 (Fig. 5C), and
this result further verified that the Leul56 is important for the
CDK9 complex structural stabilization. Since the mutation is
located in ATP binding pocket, we wondered whether the catalytic

activity is affected by this substitution. By comparing the activities
of WT and L156F kinases by in vitro kinase assay with saturated
concentrations of ATP and substrate peptide, we found that the
L156F activity is slightly weaker than WT kinase (Fig. 5D). When
we determined the kinetic parameters of two kinases, the K, of
L156F for ATP increases about 10 folds, which implies that the
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affinity of ATP to L156F mutant is reduced with the amino acid
change (Fig. 5E). However, the actual effect on ATP binding is
likely to be subtle due to the high cellular ATP concentration at
millimolar ranges. Further, the Vi, and the K /K, (arp; of
L156F also decreased compared to that of wild-type CDKO,
suggesting that L156F affects the catalytic activity of CDK9
(Fig. 5F). Consistently, cells harboring CDK9 L156F mutation
exhibit reduced proliferation rate and tumor growth rate in mouse
models, as CDKO is necessary to sustain the expression of genes
essential for cancer cells, such as MCL1 and MYC.

3.4.  Novel chemical scaffold overcomes SNP-F156 drug
resistance

Because CDK9-L156F renders most of the current CDK?9 inhibitors
ineffective, we next set out to discover compounds with novel
scaffolds that are able to overcome this resistance. Through
screening in our in-house compound library consisting over 3000
small molecules, we discovered compound IHMT-CDK9-36
(Fig. 6A, Supporting Information Fig. S4) with potent anti-
proliferation activity in both parental and resistant cells
(MOLM13 GlIsy = 2157 nmol/L, MOLMI3-BR
Glsp = 3.019 nmol/L), meanwhile, the compound exhibited high
inhibition potencies for both wild-type and mutant CDK9 (wild-
type ICso = 2.766 nmol/L, L156F ICso = 10.15 nmol/L) (Fig. 6B).
IHMT-CDK9-36 has similar binding affinities for both WT and
L156F, indicating that the interaction of CDK9 with IHMT-CDK9-
36is not significantly influenced by the mutation (Fig. 6C). To better
understand the structural basis of CDK9 inhibition by IHMT-
CDK9-36, we docked IHMT-CDK9-36 molecule into CDK9 vari-
ants, and as the modeling result showed, IHMT-CDK9-36 adopted
ATP-competitive binding mode. The pyrilamine ring formed two
hydrogen bonds with hinge region residue C106, and methylpiper-
azine formed a hydrogen bond with E107. In addition, the dihy-
droisoquinolin interacted with L48 through a hydrogen bond
(Fig. 6D). The distance between the phenyl ring of F156 and the
dihydroisoquinolin of IHMT-CDK9-36 is enough to accommodate
the binding of IHMT-CDK9-36 with CDK9.

Transcriptomic analysis revealed that the total number of
differentially expressed genes and biological process enrichment
by IHMT-CDK9-36 was similar in both MOLM13 and MOLM13-
BR cells (Supporting Information Fig. S5A and S5B). The
changes in transcriptional level of MYC and MCL1 are significant
in both MOLM13-BR and MOLM13 cells after exposure to
IHMT-CDK9-36 (Fig. 6E), which were validated by real-time RT-
PCR (Fig. 6F). At the protein level, IHMT-CDK9-36 suppressed
the RNA Pol II Ser2 phosphorylation and expression of MCL1/
MYC in both resistant and parental cells to similar degrees
(Fig. 6G). Additionally, apoptosis was rapidly induced by IHMT-
CDK9-36 in resistant cells within 24 h (Fig. 6H). Similar results
were obtained in another genome-edited HeLLa-CDK9-L156F cell
line, in which IHMT-CDK9-36 was also able to overcome the
drug resistance conferred by this mutation (Fig. S5C).

As off-target inhibition of other CDK kinases is a major safety
concern in the clinical application of CDK9 inhibitors, we next
evaluated the cellular selectivity of IHMT-CDK9-36 among other
CDK family kinases in MCF7 cells’®. As the result showed,
IHMT-CDK9-36 only inhibited the phosphorylation of CDK9
substrate-Ser2 of RNA Pol II but not those of CDK2/4/6/7 kinases
up to 1 pmol/L, which suggests that IHMT-CDK9-36 is a selective
CDKO inhibitor (Fig. 6I). Further, we performed a commercial

affinity-based kinome selectivity assay (Supporting file 2) and
found that, other than CDK9, IHMT-CDK9-36 also showed
binding affinity to CDK7 (Supporting Information Fig. S6A and
S6B), which does not accord with cellular selectivity result.
Since affinity-based result does not necessarily translate to enzy-
matic inhibition, we performed in vitro kinase assay on CDK7
(Fig. S6C) and the result confirmed that our compound does not
affect the catalytic activity of CDK?7. In conclusion, both affinity-
based kinase profiling and in vitro kinase assay showed that
IHMT-CDK9-36 achieved moderate selectivity among CDK ki-
nases, which is consistent with the cellular selectivity results.

Finally, the in vivo anti-tumor efficacy of IHMT-CDK9-36 was
evaluated in xenograft mouse models, and we found that,
administrated at 8 mg/kg Q2D, IHMT-CDK9-36 exhibited potent
tumor inhibition activity in both MOLM13 and MOLM13-BR
tumor models (TGI = 68% in MOLM13, and TGI = 71% in
MOLM13-BR) (Fig. 7A, Supporting Information Fig. S7) with
suppressed CDKO signaling pathway in tumor tissues. In contrast,
the CDK9 signal pathway was still active after BAY1251152
treatment in MOLM13-BR tumor models, seen from the high level
of RNA Pol II Ser2 phosphorylation and sustained expression of
MCL1/MYC in tumor tissues (Fig. 7B).

4. Discussion

CDKO kinase regulates gene transcription by modulating the ac-
tivity of RNA polymerase II (Pol II), and abnormal overexpression
of CDKO9 has been observed in many human cancers, in which
CDKO plays critical roles in controlling tumor-related gene tran-
scription mediated by super-enhancers. Therefore, targeting CDK9
provides a feasible therapeutic strategy to suppress the dysregulated
transcription process in cancers, thus leading to a decrease of
cancer-promoting proteins, such as MCL1 and MYC, and inhibition
of cancer cell survival. Preclinical research and clinical trials of
selective CDK9 inhibitors have shown promising anti-tumor effi-
cacy in multiple cancer types’. However, the potential resistance
mechanisms to CDK9 inhibitors are poorly understood. Recently,
only one report found that CULS ubiquitin ligase mediates resis-
tance to CDK9 inhibitors in lung cancer cells'’. The canonical
acquired resistance mediated through kinase site mutations has not
been observed for CDKSs inhibitors. As most kinase inhibitors
eventually face resistance challenges in clinical use, studies on the
potential resistance mechanism of CDKO inhibitors are essential for
their clinical application and new drug development'®.

Since CDKO inhibitors are still in clinical trials and no infor-
mation on patient response and drug resistance is available, we
developed resistance models in cancer cell lines and found a point
mutation responsible for drug resistance. Coincidently, this amino
acid substitution is also a reported SNP (single-nucleotide poly-
morphism) in CDK9 gene that causes the same amino acid change
in protein. Previous studies already showed that some SNPs are
associated with drug response rate and sensitivity. To find out
whether this SNP in CDK9 has any clinical significance, we
constructed CDK9-L156F cells using genome editing techniques
based on CRISPR/Cas9 and found that edited HeLa-CDK9-L156F
cells became insensitive to BAY1251152. Structure modeling and
in vitro binding results suggest that leul56 is located at the cat-
alytical loop of CDK9 kinase domain with its side chain pointing
toward the hydrophobic pocket for ATP binding, L156F disrupts
the interaction between CDK9 and the inhibitor due to steric
hindrance caused by the relatively larger side chain of
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Figure 6 Compound IHMT-CDK9-36 overcome L156F induced resistance. (A) Structure of IHMT-CDK9-36. (B) The anti-proliferation ac-
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Figure 7 The anti-tumor efficacy of IHMT-CDK9-36 in MOLM13 and MOLM13-BR inoculated mouse models. (A) Measurement of
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*P-value < 0.05, **P-value < 0.01, ***P-value < 0.001, and ****P < 0.0001, ns, not significant.

phenylalanine. We also found that this conserved leucine is
important for CDK9 protein conformation stability and function,
as we observed CDK9 L156F protein showed reduced structural
stability and catalytic activity compared to the wild-type protein.

Contrary to previous knowledge that drug resistance results from
mutations causing increased affinity between kinase and ATP, it is
unusual what we found here that resistant mutation caused
decreased ATP binding affinity.

are defined as not significant (gray), significant up-regulate (red), significant down-regulate (blue). (F) Transcription change of MCL1 and MYC
was detected by real time RT-PCR. (G) The CDK9 signaling pathway was compared in MOLM13 and MOLM13-BR cells by Western-blot after
exposure to IHMT-CDK9-36 for 2 h. (H) The apoptosis of MOLM13 and MOLM13-BR cells in 24 h induced by 1 pmol/L IHMT-CDK9-36 and
BAY1251152 were analyzed by Annexin V/PI staining and flow cytometry. (I) The selectivity of IHMT-CDK9-36 in CDKs family was deter-
mined in MCF7 cells. Results in the graphs are expressed as means + SD. *P-value < 0.05, **P-value < 0.01, ***P-value < 0.001, and
****P < 0.0001, ns, not significant.
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Since L156F is a reported SNP in human genome, our study
suggested that, this amino acid change not only induce acquired
resistance to CDK9 inhibitors, but also may provide a potential
biomarker for drug response in the clinic as patients carrying this
SNP will not respond to most of the CDKO9 inhibitors. Currently,
we are collecting and screening primary patient cells for this
particular genotype to validate our preclinical results.

It is worth noting that, although many CDK mutations have
been reported in patients, few of them induced gain- or loss-of-
function of CDKs, or resistance to CDK inhibitors. To our
knowledge, this is the first time that a mutation in CDK kinase is
linked to acquired resistance to inhibitors.

In order to find a novel compound scaffold that could overcome
the resistance caused by L156F substitution, we screened our in-
house compound library and discovered that IHMT-CDK9-36
showed potent inhibition activity for L156F and suppressed cell
viability in cells bearing CDK9-L156F. In addition to ATP-
competitive inhibitors, we also explored whether PROTAC in-
hibitors could overcome the resistance through degradation of
CDK9-L156F protein using a reported CDK9 PROTAC inhibitor,
THAL-SNS-032. However, this PROTAC only showed weak inhi-
bition on resistance cells and the degradation of CDK9 L156F
protein was also decreased, indicating that the binding of CDK9
with SNS-032 (the chemical segment in THAL-SNS-032 respon-
sible for CDK9 binding) was also compromised by CDK9 mutation.

5. Conclusions

Taken together, here we reported an induced point mutation in
CDKO9 protein that confers resistance to selective CDK9 inhibitors
currently in clinical trials. Interestingly, this point mutation co-
incides with a rare single-nucleotide polymorphism, and thus
provides a potential biomarker for future clinical drug response. In
addition, we took pharmacological approaches and discovered a
novel chemical scaffold that is able to overcome this drug resis-
tance. Together, we believe that this is one of the first studies
predicting the possible drug resistance mechanisms of CDK9 in-
hibitors that are extensively investigated for cancer therapy, and
provide an effective novel molecular scaffold of reference value
for the development of next-generation inhibitors.
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