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Cyclin-dependent kinase 9 (CDK9) is a crucial component of transcription and potential target for anti-cancer
therapies, particularly for hematological malignancies. However, the precise mechanisms underlying the
therapeutic effects of CDK9 inhibitors remain not fully understood. Here, we found that inhibiting CDK9 either
pharmacologically or through gene downregulation, significantly reduced the levels of a-tubulin protein in a
time- and dose-dependent manner. We further discovered that CDK9 inhibition led to increased susceptibility of
a-tubulin to proteasomal degradation due to reduced acetylation at lysine 40 (K40), an important modification
for microtubule stability. An acetylation-mimicking mutant of a-tubulin mitigated the anti-tumor effects of
CDK9 inhibition. Mechanically, we identified that CDK9 inhibition downregulated the expression of ATAT1, the
acetyltransferase responsible for a-tubulin acetylation, further compromising microtubule stability. We also
conducted in vivo studies in a leukemic xenograft model, where AZD4573 treatment led to significant tumor
regression, decreased ATAT1 expression, and a-tubulin degradation. Our study unravels a novel molecular
mechanism by which CDK9 inhibition disrupts a-tubulin stability and provides valuable insights for exploring
effective treatment regimens involving CDK9 inhibitors.
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Introduction
The cyclin-dependent protein kinase 9 (CDK9) is one of
the most important transcription regulatory members of
the CDK family. In combination with its cyclin partner
cyclin T1, CDK9 forms the positive transcription elon-
gation factor b (P-TEFb) complex, which controls the
expression of a wide range of eukaryotic genes involved
in essential cellular processes through phosphorylation
of serine 2 (pSer2) residues in the C-terminal domain of
RNA polymerase II (RNAP II) [1-3].

Dysregulated CDK9 signaling has been implicated
in the pathogenesis and progression of various cancers,
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especially hematologic malignancies [4, 5]. This finding,
coupled with the higher expression of CDK9 in hema-
tological malignancies compared to solid tumor cells,
suggests that a highly selective CDK9 inhibitor holds
promise as a potential target in acute leukemia therapy
(6, 7].

AZD4573 is a novel, highly selective CDK9 inhibitor
that binds quickly to its target. The efficacy and safety
were evaluated in patients with relapsed/refractory acute
myeloid leukemia (AML) and acute lymphoblastic leu-
kemia (ALL) [8]. We found that AZD4573 effectively
reduced a-tubulin levels in AML cells in a time- and
dose-dependent manner. This finding highlights a pre-
viously unrecognized connection between CDK9 and
microtubule regulation, which has not been reported
before.

Microtubules are crucial components of the cellular
cytoskeleton composed of 13 a-p-tubulin dimers (pro-
tofilaments) and play fundamental roles in cell division,
intracellular transport, and maintenance of cell shape [9—
12]. They are also important targets for anticancer drugs,
such as paclitaxel and vinblastine, which disrupt micro-
tubule dynamics and exhibit broad effectiveness against
hematological malignancies and solid tumors [7, 13, 14].

For microtubules to perform such diverse functions,
the cell uses a variety of posttranslational modifications
(PTMs) including acetylation, detyrosylation, polyglycy-
lation, polyglutamylation, and phosphorylation to fine-
tune their function [15, 16]. PTMs influence the lifetimes
and dynamics microtubule by altering either their physi-
cal properties or their interaction with microtubule bind-
ing proteins [17].

Distinct from other known microtubule PTMs, acety-
lation at Lys-40(K-40) of a-tubulin is the only modifica-
tion that occurs on the luminal side of microtubules [18,
19]. Acetylated tubulins are abundant in long-lived, sta-
ble microtubules, and are involved in cellular trafficking,
ciliogenesis, cell motility, and ontogeny. Aberrant tubu-
lin acetylation has been implicated in neurodegenerative
disorders, ciliopathies, and cancers [20, 21].

Lys-40(K-40) of a-tubulin was identified as a revers-
ible PTM. The primary enzyme responsible for micro-
tubule acetylation has been identified as a-tubulin
acetyltransferase (aTAT1) [22, 23], and the aK40 acetyla-
tion is removed by two enzymes: the histone deacetylase
6 (HDACS6) [24] and sirtuin 2 (SIRT?2) [25].

In this study, we found that CDK?9 inhibition downreg-
ulated the expression of the a-tubulin acetyltransferase
ATAT1 in AML cells, leading to a decrease in a-tubulin
acetylation at the K40, affecting microtubule stability
and making o-tubulin more prone to degradation. This
work indicates that modulation of a-tubulin acetylation
through CDK9 inhibition may constitute a novel and
potentially effective therapeutic strategy in combating
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tumor progression, highlighting the significance of fur-
ther exploration into the detailed mechanisms.

Results

CDK?9 inhibition leads to a reduction in a-tubulin

CDKO plays a critical role in the onset and progression
of tumors. Several CDK9 inhibitors have entered clinical
trial stages, demonstrating potential therapeutic poten-
tial. However, the mechanisms by which CDKO9 inhibition
exerts its effects needs further investigation for enhanc-
ing efficacy, reducing toxicity, and decreasing drug resis-
tance in clinical applications.

We treated MOLM-13 and MV4-11 AML cells
with AZD4573 and observed a significant decrease in
a-tubulin levels in a dose-dependent manner, while the
reference protein -actin did not exhibit distinct changes,
ruling out the possibility that the decrease in a-tubulin
levels was a consequence of cell death (Fig. 1A-B). Immu-
nofluorescence staining revealed that a-tubulin was
primarily situated in the cytoplasm and exhibited a par-
ticular polarity or orientation. However, after treatment
with AZD4573, a notable decrease was observed in the
cytoplasmic fluorescence intensity of a-tubulin (Fig. 1C).

To access the generalizability of our findings, we
expanded our experiments to ALL cell lines, SUP-
B15 and RS4-11, where observed similar reductions in
a-tubulin levels following AZD4573 treatment (Figure
S1A-B). Additionally, another highly selective CDK9
inhibitor, JSH-105, also induced a reduction in a-tubulin
in AML cells (Figure S2A-B), suggesting that these effects
are consistent across different CDK9 inhibitors.

Furthermore, to confirm that suppression of CDK9
gene expression alone could replicate these effects,
we established stable CDK9 knockdown cell lines (sh-
CDKO9-1, sh-CDK9-2) and a control cell line (sh-NC) in
MOLM-13, MV4-11 cells. Upon CDK9 knockdown, we
detected a significant decrease in a-tubulin levels in all
these cells (Fig. 1D-E).

All these results suggest that reduced o-tubulin is
indeed a consequence of CDK9 inhibition rather than
off-target effects of CDK9 inhibitors.

These observations reveal that CDK9 inhibition
impacts o-tubulin stability, suggesting a novel mecha-
nism of CDK9 inhibitors in cancer treatment. Although
many biological roles of CDK9 have been studied, there
is currently no literature reporting the relationship
between CDK9 and microtubules. Further investigation
is required to elucidate whether inhibiting CDK9 affects
the structure and function of cellular microtubules, and
whether this effect contributes to the partial anticancer
mechanism of CDK9 inhibitors.
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Fig. 1 CDK9 inhibition leads to a reduction in a-tubulin. MOLM-13 cells (A) and MV4-11 cells (B) were treated with AZD4573 at different concentrations
for 24 h, the levels of a-tubulin and other proteins were detected by Western Blot; (C) MOLM-13 cells were treated with DMSO or AZD4573 at various
concentrations for 24 h and the expression of a-tubulin was detected. Red fluorescence indicates a-tubulin, and blue fluorescence indicates the nucleus.
The scale bar is 36.8 um; (D-E) After MOLM-13 cells (D), MV4-11(E) stably transfected with sh-NC, sh-CDK9-1, and sh-CDK9-2, the knockdown efficiency of
CDK9 was detected by Western Blot, and the level of a-tubulin was detected; MOLM-13 (F) and MV4-11cells (G) were treated with CHX (final concentra-
tion of 10 pg/mL) in the presence or absence of AZD4573 at a concentration of 20 nM for different time courses. The levels of a-tubulin were detected
by Western Blot
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The metabolism of a-tubulin is modulated by CDK9
inhibition
Given that CDK9 might regulate the protein stability of
a-tubulin, we first treated MOLM-13 cells with 10 pg/
mL of Cycloheximide (CHX) to inhibit new protein syn-
thesis, following by 20 nM AZD4573. Remarkably, we
noticed a substantial reduction in a-tubulin levels in
the CHX+AZD4573 treatment group (Fig. 1F), indicat-
ing that AZD4573 significantly accelerated the degrada-
tion of a-tubulin. We conducted similar experiments on
MV4-11, and detected similar effects (Fig. 1G). These
results strongly suggested that AZD4573 enhanced the
decay of a-tubulin protein in AML cells.

Corroborative evidence from above treatments sup-
ported the idea that CDK9 inhibition could influence the
metabolic processes of a-tubulin in AML cells.

CDK?9 inhibition decreases the a-tubulin acetylation level
Tubulin stability is known to be intrinsically related to
various post-translational modifications. Particularly,
acetylation of a-tubulin at lysine 40 (K40) is a crucial
modification for microtubule stability.

To further dissect the mechanism of CDK9 inhibi-
tion leading to a-tubulin degradation, the alterations
in acetylated a-tubulin level in MOLM-13 cells after
AZD4573 treatment were assessed. We noted that acety-
lated a-tubulin gradually reduced with increasing con-
centration of AZD4573 at 6 h, while a distinct a-tubulin
decreased later, suggesting the reduction of acetylated
a-tubulin precedes o-tubulin degradation (Fig. 2A-C).
These findings propose that AZD4573 might initially
decrease a-tubulin acetylation, inducing microtubule
instability, and ultimately leading to degradation. Similar
observations were made in MV4-11(Fig. 2D-F), SUP-B15
(Figure S1A) and RS4-11(Figure S1B) cells. Addition-
ally, the selective CDK9 inhibitor JSH-105 also reduced
acetylated o-tubulin levels in a dose-dependent manner
in MOLM-13 and MV4-11 cells (Figure S2A-B), demon-
strating that these effects are consistent across different
CDKO inhibitors.

Furthermore, after treating MOLM-13 cells with
AZD4573 (10 nM) for 24 h, an immunofluores-
cence staining displayed that the chromosomes in the
AZDA4573-treated cells were significantly condensed,
tangled, and disorderly arranged compared to the con-
trol. The green fluorescence, indicative of acetylated
a-tubulin, was notably weakened, while the red fluores-
cence representing o-tubulin lost its regular polar distri-
bution and became diffuse (Fig. 2G).

In order to further corroborate whether CDK9 inhi-
bition leads to reduced a-tubulin acetylation, we engi-
neered stable cell lines with CDK9 knockdown in both
MOLM13 and MV4-11 cells, namely sh-CDK9-1, sh-
CDK9-2, and a control sh-NC. We observed that the
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level of acetylated a-tubulin was notably decreased in the
CDKO9 deficiency cells (Fig. 2H, I).

These observations fortify our conclusion that CDK9
inhibition initiates a-tubulin degradation by reducing the
level of a-tubulin acetylation.

CDK9 inhibition exerts its anti-tumor effects by reduction
a-tubulin acetylation

While we have discovered that CDK9 inhibition reduced
the acetylation level of a-tubulin, leading to tubulin deg-
radation in leukemia cells, it is critical to further verify
whether this reduction in a-tubulin acetylation is indeed
a key mechanism through which CDK9 inhibition exerts
its biological effects.

To further investigate the relationship between the
acetylation of a-tubulin and the pharmacological effects
of CDK9 inhibitors, we measured cell proliferation activ-
ity of MOLM-13, MV4-11, OCI-AML3, and THP-1
treated with AZD4573 and found that all these cells were
relatively sensitive to AZD4573, with no inherent resis-
tance to this drug (data not shown). We selected MOLM-
13 and MV4-11 to establish AZD4573-resistant strains,
each with an IC50 value five times higher than that of
the primary parental cells (Fig. 3A and C). We observed
that acetylated a-tubulin levels in MOLM-13 and MV4-
11 resistant strains significantly increased compared to
their parental cells (Fig. 3B and D). After 6 h of AZD4573
treatment, acetylated a-tubulin levels declined in paren-
tal cells but increased in the resistant strains (Fig. 3E, F).
Therefore, we can further conclude that the increased
level of acetylated a-tubulin can mediate the resistance of
leukemic cells to CDK9 inhibition.

Meanwhile, we established stable MOLM-13 cell lines
overexpressing utilizing a series of plasmids associated
with a-tubulin acetylation: o-tubulin-WT (Wild type),
a-tubulin-K40Q, and a-tubulin-K40R (Fig. 4B). Molecu-
lar models suggest that the K40Q mutation can imitate
acetylation by facilitating the formation of salt bridges
between microtubule protofilaments, while K40R may
represent a state of acetylation deactivation [26]. Fol-
lowing a 48-hour treatment with AZD4573, cell prolif-
erative vitality assay showed that a-tubulin K40Q could
substantially decreased the sensitivity of MOLM-13 cells
to AZD4573, while a-tubulin K40R had no effect on the
drug sensitivity (Fig. 4A). These experiments were repli-
cated in Hela cells and yield consistent results (Fig. 4E, F).
Using PARP cleavage to detect apoptosis, we found that
a-tubulin-K40Q could mitigate the apoptosis of MOLM-
13 cells induced by CDK9 deficiency, while a-tubulin-
K40R could not (Fig. 4C). Consistently, a-tubulin-K40Q
can reverse the inhibition of MOLM-13 cell prolifera-
tion caused by CDK9 knockdown. (Fig. 4D). These find-
ings suggested that inhibiting CDK9 exerted a biological
effect through the reduction of a-tubulin acetylation and
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Fig. 2 CDK9 inhibition can degrade a-tubulin by reducing a-tubulin acetylation level. (A-C) MOLM-13 cells were treated with AZD4573 at different
concentrations (0, 1, 3, 10, 30 and 100 nM) for 6 (A), 12 (B) and 24 h (C), respectively. Western Blot was used to detect the protein levels of acetylated
a-tubulin and a-tubulin; (D-F) MV4-11 cells were treated with AZD4573 at different concentrations (0, 1, 3, 10, 30 and 100 nM) for 6(D), 12 (E) and 24 h(F),
respectively. Western Blot was used to detect the protein levels of acetylated a-tubulin and a-tubulin; (G) MOLM-13 cells were treated with DMSO or
AZD4573 10 nM for 24 h and the distribution of a-tubulin, acetylated a-tubulin, and nucleus were observed. Red fluorescence indicates a-tubulin, green
fluorescence indicates acetylated a-tubulin, and blue fluorescence indicates the nucleus. The scale bar is 12.3 pm; (H-l) MOLM-13 cells(H) and MV4-11
cells(l) were stably transfected with sh-NC, sh-CDK9-1, and sh-CDK9-2, the level of acetylated a-tubulin was detected through Western Blot

the cytotoxic effect of CDK9 inhibition can be reversed
by restoring the acetylation level.

CDK9 regulates the transcription of a-tubulin
acetyltransferase ATAT1

Given that CDK9 inhibition reduces a-tubulin acetyla-
tion, we further focused our investigation on the enzymes
involved in this process. Specifically, the acetylation of
a-tubulin is primarily regulated by the acetyltransferase
ATAT1 and deacetylases HDAC6 and SIRT2 [9]. Using
qPCR (Table S1), we found that ATAT1 transcription
was notably downregulated in MOLM-13, MV4-11,
THP-1, and OCI-AML3 cells treated with AZD4573,

while HDAC6 and SIRT2 showed no consistent changes
(Fig. 5A-C).

This downregulation was confirmed at the protein
level, where ATAT1 levels decreased in a dose-dependent
manner (Fig. 5E-F) and also showed a time-dependent
reduction (Figure S3A-B). Similar results were observed
in ALL cell lines SUP-B15 and RS4-11 (Figure S1C-D)
and with the use of another CDK9 inhibitor, JSH-105,
in AML cells (Figure S2C-D). Simultaneously, upon
stably knocking down CDK9 in MOLM-13 and MV4-
11 cells, we observed a significant decrease in ATAT1
(Fig. 5G, H). These results suggest that CDK9 inhibition
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Fig. 3 Acetylated a-tubulin can mediate the resistance of AML cells to CDK9 inhibition. (A) MOLM-13 cells were continuously cultured with AZD4573
at increasing concentrations for 6 months. CellTiter-Glo was used to detect the viability of parental cells and resistant cells, and a proliferation curve was
drawn; (B) Western Blot was used to detect acetylated a-tubulin and a-tubulin in AZD4573 resistant and parental MOLM-13 cell lines; (C) MV4-11 cells
were continuously cultured with AZD4573 at increasing concentrations for 6 months. CellTiter-Glo was used to detect the viability of parental cells and
resistant cells, and a proliferation curve was drawn; (D) Western Blot was used to detect acetylated a-tubulin and a-tubulin in AZD4573 resistant and
parental MV4-11 cell lines; (E-F) MOLM-13 parental cell line (E) and resistant cell line (F) were treated with various concentrations of AZD4573 for 6 h, and
the protein levels of acetylated a-tubulin and a-tubulin were detected through Western Blot

reduces a-tubulin acetylation by downregulating ATAT1
transcription.

To confirm that the effects on a-tubulin were due to
ATAT1 downregulation, we conducted a rescue experi-
ment. In MOLM-13 cells stably overexpressing ATAT1
and treated with AZD4573, we observed that acetylated
a-tubulin and total o-tubulin levels remained largely
unchanged. In contrast, control cells showed significant
reductions in both acetylated and total a-tubulin after
AZD4573 treatment (Fig. 5I-K). This finding confirms
that the effects on a-tubulin are indeed mediated by
ATAT1 downregulation.

To further investigate how AZD4573 downregulates
ATAT1, we measured the levels of phosphorylated CTD
(p-CTD), a key marker of transcriptional activity on
RNA polymerase II. CDK9, in complex with Cyclin T1 to
form P-TEFb (Positive Transcription Elongation Factor

b), promotes mRNA elongation by phosphorylating the
C-terminal domain (CTD) of RNA polymerase II. Inhib-
iting CDK9 disrupts this process, causing a transient
suppression of transcription, particularly affecting short-
lived transcripts. Following 6 h of AZD4573 treatment
in MOLM-13 cells, we observed a significant decrease in
p-CTD levels (Fig. 5D), consistent with this mechanism.

By downregulating ATAT1 in MOLM-13 and MV4-
11 cells, we observed a gradually reduction in acetylated
a-tubulin levels (Fig. 6A, C). To assess the biological
impact of ATAT1 knockdown, we examined prolifera-
tion in these cell lines. Our results showed a clear posi-
tive correlation between the extent of ATAT1 knockdown
and the degree of inhibition of cell proliferation (Fig. 6B,
D). This suggested that ATAT1 downregulation plays a
crucial role in suppressing leukemic cell growth.
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Fig. 4 CDK9 inhibition exerts its anti-tumor effects by reduction a-tubulin acetylation. (A-B) MOLM-13 cells stably transfected with EV, a-tubulin-WT,
a-tubulin-K40Q (simulated acetylation), and a-tubulin-K40R (simulated acetylation inactivation) plasmids were treated with different concentrations of
AZDA4573 over 48 h. (A) CellTiter-Glo was used to detect the cell viability and draw proliferation curves. (B) The efficiency of overexpression was verified
by western blot; (C) After MOLM-13 cells were stably transfected with an empty vector (EV), a-tubulin-WT, a-tubulin-K40Q, and a-tubulin-K40R plasmids,
CDK9 was knocked down, and the CDK9 knockdown efficiency was verified by Western Blot. Additionally, the expression of cleaved-PARP was detected;
(D) CellTiter-Glo was used to detect the proliferation activity of cells across each group, and a proliferation dot plot was drawn. The P-value was calculated
using a t test, ***, P<0.001; (E) Hela cells stably transfected with EV, a-tubulin-WT, a-tubulin-K40Q (simulated acetylation), and a-tubulin-K40R (simulated
acetylation inactivation) plasmids were treated with different concentrations of AZD4573 over 48 h. CellTiter-Glo was used to detect the cell viability and
draw proliferation curves; (F) The efficiency of overexpression was verified by western blot

Together, our results indicated that CDK9 inhibition
can cause cell death by reducing the level of ATAT1
expression and subsequently leading to a-tubulin
degradation.

AZD4573 drives regression of MV4-11 tumor xenografts

AZD4573 has demonstrated reliable safety in vivo and
has advanced to clinical trials, showing strong thera-
peutic potential. To evaluate whether its in vitro activity

translates to in vivo efficacy, we tested AZD4573 in a
MV4-11 xenograft model, using an intermittent dosing
schedule to achieve the target inhibition identified in
vitro. Mice with MV4-11 tumors were treated weekly
with 5 mg/kg AZDA4573, administered intraperitone-
ally twice daily for 2 days, followed by 5 days off. This
regimen resulted in significant tumor regression without
notable weight loss (Fig. 7A-C).
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Fig. 5 CDK9 regulates the transcription of a-tubulin acetyltransferase ATAT1.
various concentrations of AZD4573 for 4 h. gPCR was used to detect the mR

(A-C) MOLM-13, MV4-11, OCI-AML3, and THP-1 cell lines were treated with
NA changes of a-tubulin acetyltransferase ATAT1(A), SIRT2 (B) and HDAC6

(€). The P-value was calculated using a t test. **, P<0.01. ***, P<0.001;(D) MOLM-13 cells were treated with AZD4573 for 6 h, phosphorylated CTD (p-

CTD) level was detected through Western Blot; (E-F) MOLM-13 (E) and MV4-11

(F) cells were treated with various concentrations of AZD4573 for 24 h, the

changes of ATAT1 and other proteins were detected through Western Blot; (G-H) MOLM-13 cells (G) and MV4-11 cells (H) were stably transfected with
sh-NC, sh-CDK9-1, and sh-CDK9-2, and the protein level of ATAT1 were detected by Western Blot; (I-K) MOLM-13 cells stably transfected with EV, ATAT1
overexpressing plasmids were treated with different concentrations of AZD4573 over 24 h. (I) The efficiency of overexpression was verified by western
blot; J-K) MOLM-13 cells stably transfected with EV (J) and MOLM-13 cells stably transfected with ATAT1 overexpressing plasmids (K) were treated with
various concentrations of AZD4573 for 24 h, the changes of acetylated a-tubulin and a-tubulin were detected through Western Blot

Tumors were harvested on days 2 and 9, 4 h after dos-
ing, to assess the transcription level of ATAT1 and the
protein level of a-tubulin. We observed a significant
reduction in ATAT1 mRNA levels in the AZDA4573-
treated group (Fig. 7D), consistent with in vitro findings.
Similarly, a-tubulin protein levels in tumor cells were

significantly decreased following AZD4573 treatment
(Fig. 7E-F).

In Conclusion, our study reveals a novel mecha-
nism by which CDK9 inhibition leads to a reduction in
a-tubulin acetylation and subsequent destabilization
of microtubules in leukemic cells. We demonstrated
that this process is mediated by the downregulation of
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a-tubulin; (B) After MOLM-13 cells were stably transformed with plasmids sh-NC, sh-ATAT1-1 and sh-ATAT1-2, CellTiter-Glo was utilized to detect the cell
proliferation activity of each cell line and draw bar graphs. The P-value was calculated via a t test, **, P<0.01.***, P<0.001; (C) MV4-11 cells were stably
transfected with sh-NC, sh-ATAT1-1, and sh-ATAT1-2 plasmids, Western Blot was then used to detect the knockdown efficiency of ATATT and the altera-
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was used to detect the cell proliferation activity of each cell line and draw a bar graph. The P-value was calculated via a t test, *, P<0.05

the acetyltransferase ATAT1, which directly impacts
a-tubulin stability (Fig. 8).

Discussion

CDKO9 is a critical kinase regulating gene transcription
and is intrinsically associated with the maintenance,
growth, metastasis, and drug resistance of tumor cells.
Notably, previous research has emphasized its regula-
tion of anti-apoptotic molecules like MCL-1 and MYC,
which are critical in the survival and growth of tumor
cells [8, 27, 28]. Despite some studies have shown a
strong correlation between MCL-1 and the CDK9 inhibi-
tor AZD4573, it was interesting to find tumor cells highly
sensitive to the CDK9 inhibitor, yet displaying resistance
to MCL-1 inhibition. This indicates that CDK9 may
regulate molecules other than MCL-1 [8], hence neces-
sitating further research into other potential targets and

mechanisms of CDK9 both in normal cells and cancerous
cells.

In our research, we ventured into exploring this com-
plex mechanism and uncovered a novel interaction
between CDK9 and ATAT1, an enzyme integral to tubu-
lin acetylation. Our findings suggested that CDK9 inhibi-
tion resulted in downregulation of ATAT1 transcription.
This led to a significant reduction in a-tubulin acetylation
levels, culminating in microtubule instability and protein
degradation. The end effect was inhibition of tumor cell
proliferation and induction of apoptosis. The exploration
of this novel mechanism provides an exciting potential
target for cancer treatment.

ATATT1’s function in regulating tubulin acetylation, and
subsequently, microtubule stability, has been previously
well documented. Nevertheless, our study introduces the
concept that CDK9 may modulate this process through
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P<0.001. (E-F) MV4-11 tumors were harvested on days 2 (E) and 9 (F) (4 h after dosing). Protein levels of a-tubulin were tested by Western Blot

ATAT1 regulation, a mechanism that holds potential
for future anti-cancer strategies. This novel insight also
raises compelling questions regarding the specifics of
how CDK9 modulates ATAT1, an area that requires in-
depth future exploration.

Despite these promising findings, we acknowledge sev-
eral limitations of our study. The exact mechanism by
which CDK9 inhibition affects ATAT1 remains unclear.
The complexities and diversities of malignant tumors
often necessitate combination therapy for maximum
therapeutic benefits, as monotherapies often lead to
adaptive resistance over time. Additionally, potential
neurotoxicity resulting from the combined application of
CDK9 inhibitors and microtubule modulators like Vin-
cristine necessitates careful assessment.

Our ongoing research aims to address these limita-
tions, and further explores the potential of combining
CDKO inhibitors with other anti-tumor drugs to optimize
therapeutic effects. As we strive for more precise cancer
treatment strategies, we believe our findings contribute

significantly to understanding the novel targets and
mechanisms of CDKO9, offering new possibilities for can-
cer therapeutics.

This study has identified a novel function of CDK9
inhibitors for the first time. Given the crucial role of
microtubules in various biological functions of cells,
this discovery is significant for further understanding
the mechanisms of CDK?9 inhibitors and expanding our
knowledge of microtubule metabolism.

Materials and methods

Chemicals

AZD4573 was purchased from MCE (MedChemEx-
press, China). JSH-105 was purchased from TargetMol
Chemicals Inc (USA). For in vitro assays, this compound
was solubilized to 10 mM in dimethyl sulfoxide (DMSO)
and prepared to yield a final DMSO concentration of
<0.3%. For in vivo studies, AZD4573 was prepared in a
2%/30%/68% mix of N, N-dimethylacetamide, PEG-400,
and 1% (v/v) Tween-80.
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Fig. 8 CDK9 Inhibition reduces a-tubulin stability: A potential mechanism in cancer treatment. CDK9 inhibition downregulated the expression of ATATT,
the acetyltransferase responsible for a-tubulin acetylation, further compromising microtubule stability

Antibodies and reagents

The following antibodies were used for western blot:
Cleaved PARP (Asp214) (D64E10) XP° Rabbit mAb
(#5625,1:1000, Cell Signaling Technology, USA), CDK9
(C12F7) Rabbit mAb (#2316S,1:1000, Cell Signaling
Technology, USA), Acetyl-a-Tubulin (Lys40) (D20G3)
(#5335S,1:1000, Cell Signaling Technology, USA), HA-
Tag (C29F4) Rabbit mAb (#3724,1:1000, Cell Signaling
Technology, USA), Anti-rabbit IgG, HRP-linked Anti-
body (#7074,1:1000, Cell Signaling Technology, USA),

C6orf134 Polyclonal antibody (28828-1-AP,1:1000, Pro-
teintech, China), Phospho-Rpbl CTD (Ser2) (E1Z3G)
Rabbit mAb (#13499S, 1:1000, Cell Signaling Technol-
ogy, USA), HRP-conjugated Alpha Tubulin Monoclo-
nal antibody (HRP-66031,1:5000, Proteintech, China),
HRP-conjugated Beta Actin Monoclonal antibody (HRP-
60008,1:5000, Proteintech, China), and HRP-conjugated
GAPDH Monoclonal antibody (HRP-60004,1:5000,
Proteintech, China). Other antibodies were utilized for
immunofluorescence assays, including: Alpha Tubulin
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Monoclonal antibody (66031-1-Ig,1:100, Proteintech,
China), Acetyl-a-Tubulin (Lys40) (D20G3) (#5335S,1:500,
Cell Signaling Technology, USA), Anti-rabbit IgG
(H+L), F(ab’)2 Fragment (Alexa Fluor® 488 Conjugate)
(#4412,1:1000, Cell Signaling Technology, USA), and
Anti-rabbit IgG (H+L), F(ab’)2 Fragment (Alexa Fluor®
555 Conjugate) (#4413,1:1000, Cell Signaling Technology,
USA).

Cell culture techniques

The following AML cell lines were used in this study:
MOLM-13, MV4-11, OCI-AML3, THP-1, SUP-B15,
RS4-11 (ATCC, USA). Cells were cultured in RPMI-1640
medium (Gibco, USA) containing 10% FBS, 100 U/mL
penicillin/streptomycin, and maintained in a humidified
incubator at 37 °C with 5% CO,.

Plasmids and shRNA

Two CDK9 shRNA sequences (sh-CDK9-1: 5'-CCGGG
CACAGTTTGGTCCGTTAGAACTCGAGTTCTAACG
GACCAAACTGTGCTTTTTG-3/, sh-CDK9-2: 5'-CCG
GCTACTACATCCACAGAAACAACTCGAGTTGTTT
CTGTGGATGTAGTAGTTTTTG-3’) were transduced
by lentivirus into AML cell lines to establish stable CDK9
KD cell lines.

For ATAT1 KD stable cell lines, two ATAT1 shRNA
sequences (sh-ATAT1-1: 5-GATCGGAAGGCTTCTT
TGCCCATCAATCAAGAGTTGATGGGCAAAGAAG
CCTTCTTTTT-3/, sh-ATAT1-2: 5'-GATCGGATGATC
GTGAGGCTCATAATTCAAGAGATTATGAGCCTCA
CGATCATCTTTTT-3’) were used via lentiviral trans-
duction. pLVX-3HA-a-tubulin-WT-GFP-Puro plasmid,
pLVX-3HA-a-tubulin-K40Q-GFP-Puro  plasmid, and
pLVX-3HA-a-tubulin-K40R-GFP-Puro  plasmid were
purchased from Shanghai Gengsi Biotechnology Co., Ltd.
pLV2-CMV-Myc-ATAT1-Puro plasmid was purchased
from Wenzhou Kemiao Biotechnology Co., Ltd. These
plasmids were transduced by lentivirus into AML cell
lines to establish stable overexpression cell lines.

Western blot

Protein samples were extracted from cell lines and
tumors using RIPA lysis buffer. Protein quantitation was
performed using a BCA kit (Thermo Fisher Scientific,
USA). The samples were then mixed with 4x Laemmli
blue loading buffer (Bio-Rad, USA) for electrophoresis.
After transferring, primary antibodies were incubated
with the samples overnight at 4 °C. Subsequently, second-
ary antibodies were used in a 1-hour incubation at room
temperature. The blotting membranes were visualized
using by ECL reagent (Bio-Rad, USA) and exposure was
carried out using ChemiDoc MP (Bio-Rad, USA). West-
ern blot results were analyzed using Image lab software
(Bio-Rad, USA).
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Cell viability assay

The CellTiter Glo® Luminescent Cell Viability Assay
was performed as described previously [26]. Cells were
seeded into 96-well cell culture plates at a density of 5000
cells per well and treated with different concentrations of
the indicated drugs ons. After 48 h of incubation, CellTi-
ter Glo reagent (#G7573, Promega, USA) was used to lyse
the cells, and the luminescence signals produced by ATP
molecules from live cells were measured using the Vari-
oskan Flash plate reader (Thermo Fisher Scientific, USA)
after a 25-minute incubation at room temperature.

Real-time polymerase chain reaction (RT-qPCR)

Total RNA from cell samples and tumors was extracted
using RNAiso Plus Reagent (Takara, Japan), and reverse
transcription was performed using HiScript III RT Super-
Mix (Vazyme, China). Gene expression levels were deter-
mined using corresponding primers and the ChamQ
SYBR qPCR Master Mix (Low ROX Premixed) (Vazyme,
China) on the 7500 real-time PCR system (ABI). The
comparative Ct approach was used to calculate the rela-
tive expression levels. For a list of primers used in this
study, please refer to Table S1.

Immunofluorescence assay

The cells were bound to a glass slide surface at 4 °C for
30 min and fixed with 4% paraformaldehyde (Biossci,
China) for 15 min. To permeabilize the cells, 0.5% Tri-
ton X was used. The cells were the blocked with 10% goat
serum in PBS for at least 1 h at room temperature. Pri-
mary antibodies were added to the cells and incubated
overnight at 4 °C. On the following day, cells were incu-
bated with Hoechst 33,342(#B2261, Sigma Aldrich, USA)
and fluorescence secondary antibodies at room temper-
ature for at least 1 h. The slides were covered with cov-
erslips and sealed with fluorescence mounting medium
(DAKO, USA) and then scanned using a fluorescence
scanner (Leica).

Generation of AZD4573 resistant cells

To generate cells that were resistant to CDK9 inhibition,
MOLM-13 and MV4-11 were treated for 6 months with
gradually increasing concentrations of AZD4573. Cells
were considered AZD4573-resistant when they were able
to remain 90-100% viable in the presence of this 5-fold
higher than IC50 concentration of AZD4573.

In vivo studies

Subcutaneous xenografts: All animal studies were per-
formed according to the protocols approved by the eth-
ics committee of Shanghai Jiao Tong University School
of Medicine (SJTU-SM), and were carried out in accor-
dance with institutional guidelines (IACUC). Injected
cell numbers for cell line xenografts are as follows: 5x10°
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for MV4-11. AZD4573 was dosed intraperitoneally (IP)
at 5 mg/kg, twice daily (BID), on a 2 days on/5 days off
schedule. For each treatment group, #=12 mice.

Statistical analysis

Student’s t-tests were used to compare the data, and all
values are presented as Mean+SEM. Throughout the
study, P-values less than 0.05 were considered significant,
*P<0.05, *P<0.01, **P<0.001, ****P<0.0001. All experi-
ments were repeated in triplicate, and all statistical analy-
ses were performed using GraphPad Prism 8.0.

Supplementary Information
The online version contains supplementary material available at https://doi.or
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