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KEY WORDS Abstract  Cyclin-dependent kinase 9 (CDKO9) is a member of the transcription CDK subfamily and
plays a role in transcriptional regulation. Selective CDK9 degraders possess potent clinical advantages
over reversible CDKO inhibitors. Herein, we report the first ATG101-recruiting selective CDK9 degrader,
AZ-9, based on the hydrophobic tag kinesin degradation technology. AZ-9 showed significant degrada-
tion effects and selectivity toward other homologous cell cycle CDKs in vitro and in vivo, which could
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pathway; also affect downstream related phenotypes. Mechanism research revealed that AZ-9 recruits ATG101 to
CDK9; initiate the autophagy—lysosome pathway, and forms autophagosomes through the recruitment of LC3,
Cyclin T1; which then fuses with lysosomes to degrade CDK9 and the partner protein Cyclin T1. These dates
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validated the existence of non-proteasomal degradation pathway of hydrophobic driven protein degrada-
tion strategy for the first time, which might provide research ideas for chemical induction intervention on
other types of pathogenic proteins.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As one of the representative targets of transcriptional regulation in
CDK families, cyclin-dependent kinase 9 (CDK9) has attracted
increasing attention as a clinically relevant target for addressing
unsolved clinical needs, especially in tumors characterized by
high transcriptional dependency]'4. To date, traditional small
molecule CDK9 inhibitors, such as VIP152°, AZD4573°,
KB07427, AT7519%, SNS-032° (Supporting Information Fig. S1)
et al., have not shown significant clinical advantages due to issues
such as selectivity and toxicity. And the research on compounds
that act on CDK9/Cyclin T1 protein—protein interaction (PPI) is
still at the basic research stage'®!'!, which has not been applied to
clinical studies. Meanwhile, current CDK9 inhibitors are revers-
ible and require continuous target occupancy to maintain the ac-
tivity inhibition of CDK9. Thus, an urgent need exists for new
strategies to ablate CDK9 activity potently and selectively.

Targeted protein degradation (TPD) technologies as a supple-
ment to traditional target chemical intervention, which could
eliminate related pathogenic factors by degrading proteins of in-
terest (POIs)'>!3. For CDK9, degradation could compensate to
some extent for the weakness of reversible inhibitors that cannot
sustain their effects, which could also provide a class of chemical
probes to study the nonenzymatic function of CDKO. To date, we
and others have developed several CDKO9-related degraders in
some reportsm’z“.

However, previous reports only validated the degradation
phenotype towards CDK9, without clearly elucidating the specific
degradation mechanism and in vivo effectiveness. Moreover, the
degradation selectivity of relevant CDK9 degraders still largely
depends on the selectivity of the ligands used.

Recently, hydrophobic tag-based degraders have been reported
to destabilize the protein of interest (POI) or mimic a partially
unfolded protein state, which leads to degradation mediated by the
recruitment of the endogenous chaperone protein (Hsp70 or
Hsp90) or the proteasome® 2’ Owing to their small molecular
weight and increased number of druggable factors, hydrophobic
tag-based degraders have become another popular research di-
rection for degrading agents after PROTACs. However, the design
principles and mechanisms of hydrophobic tag-based degraders
for different POIs are still unable to form a system that can be
summarized. Herein, in this work, we report the discovery of a
first-in-class hydrophobic tag-based ATG101-recruiting selective
CDKO degrader AZ-9. Unlike previous reports, AZ-9 activated the
autophagy—lysosome degradation pathway to selectively degrade
CDKO by recruiting ATG101, a part of the autophagy initiator
ULK complex. Importantly, AZ-9 exhibits high CDK9 degrada-
tion selectivity and persistence both in vitro and in vivo over other
cell cycle CDKs (CDK2, CDK4, and CDK6), suggesting that
AZ-9 might represent a useful lead compound tool for biological
research related to CDK9 and clinical research on tumors with
high transcriptional dependency.

2. Results and discussion
2.1.  Discovery of AZ-9 as potent CDK9 degrader

In this work, AT7519 was chosen as the binder of CDK9 for the
design of novel degraders. As shown in Fig. 1A, AT7519 occupies
the ATP-binding area of the CDK9/Cyclin T1 complex, and the
secondary amine moiety on piperidine is exposed to the solvent
region, offering a potential tethering site for the introduction of
hydrophobic tags to become a signal for the recognition of
incorrect proteins. We screened several hydrophobic moieties
including 1,1-diyldibenzene, norbornene®, ferrocene, ada-
mantane*° and S-indacene with linkers having lengths of four or
five atoms (Fig. 1B). The HCT116 cell line (CDK9 high expres-
sion proved previously®') was chosen as the model to evaluate the
degradation effects and cell inhibitory activity phenotype
(AZ-1—AZ-10, the structures were listed in Supporting Informa-
tion Fig. S2). The results reveal that the S-indacene moiety
exposed to the surface of the CDK9/Cyclin T1 complex may cause
increased degradation of CDK9 and Cyclin T1 (Fig. 1C and
Supporting Information Fig. S4) together with increased anti-
proliferative activity (Glso = 0.72 pmol/L). Furthermore, we
retained the S-indacene moiety while modifying the length and
properties of the linker (AZ-11—AZ-13 listed in Supporting In-
formation Fig. S3). Surprisingly, the degradation effects and cell
inhibitory activities significantly decreased (Figs. S3 and S4),
which suggest that the combination of S-indacene and the length
of four atoms (AZ-9) extending out of CDK9/Cyclin T1 is rela-
tively conserved.

2.2.  AZ-9 shows significant CDK9 degradation effects in
HCTI16 cells

To investigate the degradation phenotype of AZ-9, we first
confirmed the DCs, of AZ-9 in HCT116 cells. The results reveal
that AZ-9 could significantly degrade CDK9 and Cyclin T1 in a
dose-dependent manner, with DCsq values of 0.4073 and
1.215 pmol/L, respectively (Fig. 2A—C). In the shCDK9 HCT116
model, AZ-9 did not exhibit significant drug sensitivity charac-
teristics when compared with the scramble control group
(Glsp > 10 pmol/L, Fig. 2D and Supporting Information Fig. S5),
suggesting that the inhibitory effect of AZ-9 on HCT116 cells
viability results from the degradation of CDK9 and Cyclin T1
rather than the inhibition of CDK9 or other targets. Furthermore,
in HCT116 cells overexpressing CDK9, AZ-9 still exhibited good
degradation effects, which confirmed that the degradation effect of
AZ-9 on CDK9 was not affected by the protein concentration
(Fig. 2E and F). We also investigated the degradation efficiency of
CDK9 by AZ-9 in HCT116 cells. As shown in Fig. 2G and H,
AZ-9 degraded CDK9 in a time-dependent manner in
HCT116 cells as well, and significant degradation effects began to
appear after 8 h. However, the content of Cyclin T1 did not
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Figure 1

Discovery of AZ-9 as a potent CDK9 degrader. (A) Binding mode of AT7519 and CDK9/Cyclin T1 complex (PDB:4BCF);

(B) Design strategy of CDK9 degraders based on hydrophobic tags; (C) Biological activities of AZ-1—AZ-10.

significantly decrease after 24 h of AZ-9 exposure, suggesting that
AZ-9 has a faster degradation rate on proteins directly affected. To
eliminate the influence of the half-life of intracellular CDKO9, a
CHX assay was performed, and the results revealed that within 8 h
of inhibiting protein synthesis, there was no significant decrease in
the content of CDK9, while the addition of AZ-9 under the same
conditions effectively reduced the content of CDK9 (Fig. 2I and
J), suggesting that AZ-9 chemically interferes with the degrada-
tion of CDKO rather than affecting the half-life of the protein it-
self. In addition, a wash-out assay revealed that AZ-9 has a longer
degradation effect on CDK9 in HCT116 cells after rinsed with
PBS to remove the drugs and allowed to grow in drug-free me-
dium for an additional 24 h (Fig. 2K and L). In brief, AZ-9
strongly chemically induces the degradation of CDK9 in
HCT116 cells, and the effect is not dependent on endogenous
cellular influences.

2.3.  AZ-9 exhibits high selectivity in the degradation of CDK9

Next, we explored the structural factors and universality of AZ-9,
respectively. As shown in Supporting Information Fig. S6A. The
results of qRT-PCR indicated that AZ-9 did not affect the tran-
scription of CDK9 in HCT116 cells. However, AT7519, the ligand
used in this degrader, significantly reduced the content of mRNA
of CDKO. Surprisingly, we further proved that AT7519 had no
significant effect on the content of CDK9 or Cyclin T1 in dose- or

time-dependent manner, which excluded the influence of the
ligand itself on CDK9 degradation (Fig. S6B—S6E). Furthermore,
times-TOF Pro-label free proteomics was performed to verify the
selectivity of AZ-9 for CDK9 degradation. As shown in Fig. 3A.
After treatment with AZ-9, the levels of major homologous cell
cycle CDKs (CDK2, CDK4, and CDK6) exhibited no significant
change in HCT116 cells, and similar results could still be verified
using Western blot (Fig. 3B and Fig. S6F). The results of HTRF
assay against CDK1/2/4/6/9 demonstrated the high degradation
selectivity of AZ-9 (Supporting Information Table S1). Moreover,
we validated the degradation selectivity of AZ-9 for CDK9 and
Cyclin T1 in different cell lines (HT-29, DLD-1, RKO and
MOLM-13). The results indicate that AZ-9 selectively degrades
CDK9 and Cyclin T1 in different types of cells but has no sig-
nificant effect on CDK2, CDK4, or CDK6 (Fig. 3C—F and Fig.
S6G—S6J), which proves the potential of AZ-9 as a chemical
tool for research on CDK9. The PROTAC AT-PRO was further
synthesized to compare its degradation efficiency (Supporting
Information Fig. S7). However, the effects of AT-PRO on CDK9
and Cyclin T1 contents are not as significant as those of AZ-9, and
AT-PRO has no effect on the degradation of CDK2, CDK4, or
CDKG6 (Fig. 3G and Fig. S6K). In addition, compounds possessing
other ligands of CDK9, named SNS-HYT and 205-HYT, were
obtained for evaluation (Fig. S7). The results revealed that SNS-
HYT and 205-HYT also exhibited significant degradation selec-
tivity towards CDK9 and Cyclin T1 (Fig. 3H and I, Fig. S6L and
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Figure 2

CDKD9 degradation by AZ-9 in HCT116 cells. (A) Structure of AZ-9; (B, C) Dose-dependent degradation of CDK9 and Cyclin T1

induced by AZ-9; (D) Cell viabilities of shCDK9 HCT116 cells and scramble control of AZ-9; (E, F) Degradation effects of AZ-9 (1 umol/L) in
HCT116 cells and HCT116 cells with CDK9 overexpression; (G, H) Time-dependent degradation of CDK9 and Cyclin T1 induced by AZ-9
(1 pmol/L); (I, J) CHX assay, CHX treated with or without AZ-9 (I pumol/L) for 8 h and the protein level indicated was monitored with
immunoblot; (K, L) HCT116 cells were treated with AZ-9 at 3 nmol/L for 24 h, followed by wash-out and incubation in compound-free medium
at the indicated time point. The protein level indicated was monitored with immunoblot. The significance of the differences between vehicle group
and administration groups was determined by one-way ANOVA test. Data are presented as mean + SD; n = 3; *P < 0.05; **P < 0.01;

*¥EP < 0.001; ****¥P < 0.0001; ns, not significant.

S6M), which confirms the universality of the active conservative
combination of S-indacene and the length of the four atoms for the
design of a selective CDK9 degrader.

2.4. AZ-9 promotes classic downstream pathway related to
CDK9

To confirm whether the downstream pathway effects induced by
CDK9 degradation are consistent with the classical pathway ef-
fects induced by CDKDY inhibition. KEGG enrichment analysis of
the proteomic data revealed that the protein levels of RNA
polymerase-related pathways significantly changed (Fig. 4A). As
shown in Fig. 4B—F. The level of RNA polymerase II phosphor-
ylated at Ser 2 tended to significantly decrease, and the expression
of three apoptosis-related genes (mRNAs) and proteins (Mcl-1, c-
Myc and Bcl-2) also showed a synchronous downwards trend after
treatment with AZ-9, together with the dose-dependent cleavage
of caspase 3 and PARP (a substrate of caspase 3). Furthermore, a

series of screens for assessing apoptotic phenotypes were per-
formed to validate the effectiveness of AZ-9. Colony formation
was performed to evaluate the effects of AZ-9 on HCT116 cells.
As shown in Supporting Information Fig. S8 and Supporting In-
formation Fig. S11A—S11C, both AZ-9 and AT7519 decreased
the colony number in a dose-dependent manner. Moreover, the
antiproliferative effects of AZ-9 were better than those of AT7519
and AT-PRO at the same concentration. This result confirmed the
in vitro antiproliferative effect of AZ-9. In addition, the results of
the Annexin V-FITC/PI binding assay, GreenNuc living cell cas-
pase 3 activity assay and TUNEL staining were used to investigate
the mechanism of the cellular effects of AZ-9 in the HCT116 cell
line. As shown in Fig. S9 and Fig. S11D—S11F, the percentage of
total apoptotic cells (Q3-UR + Q3-LR) increased in a dose-
dependent manner. TUNEL staining also revealed that the num-
ber of cells that emitted red fluorescence (apoptotic cells)
increased as the drug concentration increased (Supporting Infor-
mation Fig. S12). Moreover, the activity of caspase 3 (a terminal
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Figure 3

AZ-9 is highly selective for CDK9 degradation. (A) Proteomic analysis of proteins differentially expressed in AZ-9 (1 pmol/L)-

treated HCT116 cells (n = 3). Volcano plots of the —logl0 (P value) versus the log2 fold change. Proteins with —logl0O (P value) > 2 (P
value < 0.01) and log?2 fold change >1 or < —1 were considered to have significantly changed in abundance. P values were calculated using two-
tailed unpaired Student’s r-test; (B—F) Dose-dependent changes in CDK2, CDK4, CDK6, CDK9 and Cyclin T1 expression induced by AZ-9 in
HCT116, HT-29, DLD-1, RKO, and MOLM-13 cells, respectively; (G—I) Dose-dependent changes in CDK2, CDK4, CDK6, CDK9 and Cyclin
T1 expression induced by AT-PRO, SNS-HYT, and 205-HYT in HCT116 cells, respectively. The statistical charts were listed in Supporting
Information Fig. S6. The significance of the differences between vehicle group and administration groups were determined by one-way
ANOVA test. Data are presented as mean + SD; n = 3; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.

marker of cell apoptosis) also tended to increase (Figs. S10 and
S11G—S11I). The above phenotype results indicated the occur-
rence of caspase 3-mediated apoptosis.

2.5.  AZ-9 induced autophagy—lysosome pathway degradation
of CDK9 by recruiting ATG101

Encouraged by the above results. We were strongly interested in the
degradation mechanism of CDK9 by AZ-9 in HCT116 cells. First,
the proteasome inhibitor MG132 and the lysosome inhibitor chlo-
roquine (CQ) were used to confirm the subcellular localization of the
degradation of CDK®9 and Cyclin T1, and the results were shown in
Fig. 5A and B, pretreatment with CQ significantly blocked CDK9 and

Cyclin T1 degradation induced by AZ-9 in HCT116 cells but not
MG132, suggesting that engagement of the autophagy—lysosome
pathway is essential for the observed CDKO9 and Cyclin T1 degra-
dation. Moreover, autophagy inhibitor 3-methyladenine (3-MA) did
not exhibit potential effect on the degradation of CDK9 and Cyclin
T1, which excluded the influence of autophagy caused by AZ-9 itself.
What” more, in the cell viability assay, only lysosome inhibitor CQ
effectively reduced the decrease in cell viability caused by the
degradation of CDK9 and Cyclin T1 induced by AZ-9 (Fig. 5C). In
addition, autophagosome-lysosome fusion inhibitor Bafilomycin A1
could also reverse CDK9 and Cyclin T1 degradation induced by
AZ-9 (Supporting Information Fig. S13). To explore the molecular
mechanism of AZ-9 induced autophagy—lysosome pathway
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Figure4 AZ-9 promotes classical CDK9-related downstream pathways. (A) KEGG enrichment analysis of proteomics; (B) gqRT-PCR analysis
of Mcl-1, c-Myc and Bcl-2 in HCT116 cells after 24 h incubation of AT7519 (1 umol/L) or AZ-9 (1 pmol/L); (C, D) Regulation of AZ-9 and
AT7519 on phosphorylated RNA polymerase II (Ser 2) and the downstream signaling pathways of CDK9 in HCT116 cells after 48 h of incu-
bation. (E, F) Regulation of AZ-9 and AT7519 on cleaved caspase 3 in HCT116 cells after 48 h of incubation. The significance of the differences
between vehicle group and administration groups were determined by one-way ANOVA test. Data are presented as mean £+ SD; n = 3;
*P < 0.05; ¥*P < 0.01; #**P < 0.001; ****P < 0.0001; ns, not significant.

degradation of CDK9 and Cyclin T1, Co-Immunoprecipitation Mass
Spectrum (Co-IP/MS) was used to identify proteins that interact with
AZ-9 and CDK9/Cyclin T1 complexes. And ATG101 was identified
as a potential candidate (Fig. SD), given that ATG101 is an essential
component of the autophagy-initiating ULK complex in higher eu-
karyotes®>2. To verify this discovery, Co-immunoprecipitation was
performed to evaluate the possible involvement of ATG101. After
treatment with 1 pmol/L AZ-9 for 48 h, we detected increased in-
teractions between CDK9 and ATG101 (Fig. SE), and an immuno-
fluorescence colocalization assay confirmed these results (green
fluorescence for CDK9 and red fluorescence for ATG101, Supporting
Information Fig. S14). Moreover, we further explored the time and
concentration dependence of the interaction between CDK9 and
ATG101 under AZ-9 intervention. As shown in Supporting Infor-
mation Fig. S15, after treatment for 4 and 8 h, AZ-9 could signifi-
cantly enhance the interaction between CDK9 and ATG101
without showing a weakening trend (Supporting Information Figs.
S15A and S16). When the administration concentration of AZ-9 is
3 or 6 umol/L, the protein interactions between CDK9 and ATG101
induced by chemistry remain stable (Fig. SI5B and S15C). Mean-
while, SNS-HYT and 205-HYT were used to verify the universality.
As shown in Fig. S15D—S151, CQ could still reverse the degradation
effects of SNS-HYT and 205-HYT on CDK9 and Cyclin T1 (Fig.
S15D, S15E, S15G, S15H), and in co-IP experiments, the
enhanced effects of SNS-HYT and 205-HYT on the interaction be-
tween CDK9 and ATG101 could still be observed (Fig. S1SF—S15I).
Furthermore, in the ATG101-knockdown HCT116 cell model, the
degradation effect of AZ-9 on CDK9 and Cyclin T1 had been greatly
weakened, which suggested that ATG101 is essential for maintaining
the CDKO degradation effect of AZ-9 (Fig. 5F and G). However, in
the cellular thermal shift assay (CETSA), AZ-9 did not directly bind
to ATG101 as demonstrated by an insignificant increase in the ther-
mal stability of the target protein compared with that of the DMSO

group (Fig. SH). We further synthesized an S-indacene-biotin
conjugate named Ind-BIO to explore whether the S-indacene moiety
directly binds to ATG101 or ATG101-recruiting (Fig. 5I and J).
The results indicated that Ind-BIO did not directly bind to ATG101
as well, suggesting that AZ-9 enhances the interaction between
CDK9 and ATG101 instead of binding to form a ternary complex, and
the addition of AZ-9 is relatively conservative in the recruitment
process of CDK9 and ATG101, which might be one of the reasons
why AZ-9 can selectively degrade CDK9 and the partner protein
Cyclin T1.

In addition, the key biomarker, LC3, which is involved in the
degradation of the autophagy—lysosome pathway, was detected.
As shown in Fig. 6A and B, the expression of LC3 mRNA was not
affected by AZ-9. However, the ratio of LC3-II to LC3-I signifi-
cantly increased after treatment with AZ-9, pretreatment with CQ
significantly blocked the CDK9 degradation induced by AZ-9
without affecting this ratio, and an immunofluorescence assay
could also visually present the colocalization of LC3-II and CDK9
(green fluorescence for CDK9 and red fluorescence for LC3-II,
Supporting Information Fig. S17) after treatment with AZ-9.
Furthermore, in the mRFP-GFP-LC3 analysis, AZ-9 significantly
increased the number of GFP-mRFP ™ (red) puncta, demonstrating
an increase in the number of autolysosome (merge as yellow
fluorescence, Fig. 6C). To visually observe the formation of
autophagosomes, we observed the submicroscopic structure of
AZ-9-treated HCT116 cells using a transmission electron micro-
scopy (TEM). As shown in Fig. 6D, we could clearly observe the
formation of autophagosomes (double arrow) and the process of
fusion between autophagosomes and lysosomes (three arrows),
together with precursor phagocytic vesicles with double layered
membranes (single arrow). In brief, we preliminary demonstrated
the process that AZ-9 recruits ATG101 to initiate the
autophagy—lysosome pathway and forms autophagosomes through
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Figure5 (A, B) HCT116 cells were pretreated with DMSO, CQ (2 pmol/L), MG132 (2 umol/L), or 3-MA (2 pmol/L) for 8 h before treatment
with AZ-9 (1 pmol/L) for an additional 48 h, then promoting WB; (C) HCT116 cells were pretreated with DMSO, CQ (2 pmol/L), MG132
(2 pmol/L), or 3-MA (2 umol/L) for 8 h before treatment with AZ-9 (1 umol/L) for an additional 48 h, then using CCKS to test cells viability; (D)
co-IP MS analysis of proteins differentially in AZ-9 (1 pmol/L)-treated HCT116 cells (n = 3). Volcano plots of the —log10 (P value) versus the
log2 fold change. Proteins with —log10 (P value) > 2 (P value < 0.01) and log2 fold change >1 or < —1 were considered to have significantly
changed in abundance. P values were calculated using two-tailed unpaired Student’s r-test; (E) HCT116 cells treated with 1 umol/L. AZ-9 for 48 h
were immunoprecipitated against ATG101. Then, Western blot was performed to assess the CDK9 and ATG101 levels; (F, G) Western blot of
HCT116 cells and HCT116 cells treated with siATG101 on CDK9 and Cyclin T1 after treated with AZ-9 (1 umol/L); (H) Cellular thermal shift
assay to evaluate the binding possibility of AZ-9 (1 pmol/L) with ATG101 in HCT116 cells after incubation for 60 min; (I) Structure of Ind-BIO;
(J) Western blot for target validation of S-indacene in protein extracts from HCT116 cells, and S-indacene was not found to bind directly with
ATGI101. The significance of the differences between vehicle group and administration groups were determined by one-way ANOVA test. Data
are presented as mean + SD; n = 3; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.

the recruitment and overexpression of LC3, which then fuses with AZ-9 exhibited moderate metabolic stability with #;,, value of
lysosomes to degrade CDK9 and its partner protein Cyclin T1. 25.3 min. PK analysis revealed that AZ-9 possessed lower dis-

tribution in plasma, which might present specific organizational
2.6.  AZ-9 shows significant CDK9 degradation and downstream distribution characteristics. This results suggest that intraperito-
pathway effects in HCT116 xenograft model neal injection may generate higher tumor treatment benefits. We

further explored the antitumor capability in an HCT116 xenograft
Based on above information, the human liver microsomal stability model. The mice were treated once daily for 15 days at the
assay and in vivo pharmacokinetic (PK) analysis of AZ-9 were indicated doses and routes of administration, and AT7519 was
performed. As shown in Supporting Information Tables S2 and S3, ~ selected as a compared control. As shown in Fig. 7A and B,
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Figure 6

(A) qRT-PCR analysis of LC3 in HCT116 cells after 24 h incubation of AZ-9 (1 umol/L); (B) HCT116 cells were pretreated with

DMSO, CQ (2 pmol/L) for 8 h before treatment with AZ-9 (1 pmol/L) for an additional 48 h, then promoting WB to observe the expression
changes of LC3I/II; (C) Expressing mRFP-GFP-LC3B in HCT116 cells were observed after treated with AZ-9 (1 and 3 pmol/L). Scale
bar = 10 um; (D) Submicroscopic structure of HCT116 cells detected by TEM after treated with AZ-9 1 pmol/L, scale bar = 1 pm.

Supporting Information Fig. S18, both the positive control group
and the AZ-9-treated group presented significantly reduced tumor
volumes and weights. However, the use of AT7519 resulted in a
weight loss in the test mice (Fig. 7C), which suggested the po-
tential toxicity of AT7519 in vivo. Moreover, the results of western
blotting and qRT-PCR assays in tumor tissues were similar to
those at the cellular level. As illustrated in Fig. 7E and F, AZ-9
also showed significant CDK9 and Cyclin T1 degradation ef-
fects and selectivity in HCT116 xenograft model. Moreover, AZ-9
could inhibit the phosphorylation of RNA polymerase II at Ser 2
without any effects on RNA polymerase II, which resulted in the
downregulated expression of apoptosis-related genes and protein.
In addition, the cleaved of caspase 3 and PARP were also observed
(Fig. 7D—G, H). Notably, compared with those in the vehicle and
AT7519-treated groups, the number of Ki67-positive cells in the
tumor xenograft treated with AZ-9 was significantly lower (Sup-
porting Information Fig. S19). Hematoxylin and eosin (H&E)
staining revealed that the heart, liver, spleen, lungs, and kidneys
had no obvious signs of toxicity in mice treated with AZ-9
(Supporting Information Fig. S20). Overall, AZ-9 could still
demonstrate a significant degradation effect and selectivity of
CDKO9 and Cyclin T1 in vivo, together with effective intervention
in related downstream effects and a reduction in the potential
toxicity of the ligand itself in vivo.

3. Conclusions

In summary, we have developed the first ATG101-recruiting
selective  CDK9  degrader, AZ-9, for  promoting
autophagy—lysosome degradation. CDK9 and Cyclin T1 degra-
dation induced by AZ-9 is a dose- and time-dependent process,
and AZ-9 has high selectivity for CDK9 degradation without
affecting cell cycle proteins (CDK2, CDK4, and CDK6). More-
over, the universality of CDK®9 in different cell types degraded by
AZ-9 and the ligands used has also been fully validated. Further
mechanistic studies revealed that the regulation of caspase 3-
mediated apoptosis may contribute to the antiproliferative ef-
fects of AZ-9 in the HCT116 cell line. For research on the
degradation mechanism, we preliminarily confirmed that AZ-9
recruits ATG101 to initiate the autophagy—lysosome pathway
and forms autophagosomes through the recruitment of LC3, which
fuses with lysosomes to degrade CDK9 and its partner protein
Cyclin T1. Moreover, AZ-9 has also been proven to exhibit good
selective degradation of CDK9 and safety in vivo. As selective
CDKO degraders may have unparalleled advantages over con-
ventional inhibitors in therapeutic treatment, our work provides a
useful preliminary chemical tool to investigate CDK9-dependent
biology and a promising method for potential therapy of tumors
with high transcriptional dependency. Furthermore, for this novel
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Figure 7

(A, B) Final tumour size and weight after treatment with AZ-9 and AT7519 in HCT116 tumour-bearing mice; (C) The curves of mice

weight during the treatment; The results are presented as mean £+ SEM (n = 5). Significant difference is shown as *P < 0.05, **P < 0.01, ns, not
significant by one-way ANVOA. (D) qRT-PCR analysis of mRNA expression of Mcl-1, c-Myc and Bcl-2 in tissue from HCT116 xenograft mouse
model; (E, F) Regulation on CDKO9, Cyclin T1, CDK2, CDK4, and CDKG6 in tissue from HCT116 xenograft model; (G, H) Regulation on RNA
polymerase II, phosphorylated RNA polymerase II and the downstream signal pathways of CDK9 in tissue from HCT116 xenograft mouse model.
The significance of the differences between vehicle group and administration groups were determined by one-way ANOVA test. Data are pre-
sented as mean £+ SD; n = 3; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant.

hydrophobic-driven protein degradation strategy, we discovered and
validated the existence of a non-proteasome degradation pathway
for the first time, which might provide research ideas for chemical
induction interventions for other types of pathogenic proteins.

4. Experimental
4.1.  Chemistry

All the reagents (Energy Chemical, Shanghai, China) were used
without further purification unless otherwise specified. Solvents
were dried and redistilled prior to use in the usual manner.
Analytical TLC was performed using silica gel HF254 (Qingdao
Haiyang Chemical, Qingdao, Shandong, China). Preparative col-
umn chromatography was performed with silica gel H. Melting
points were obtained on a Biichi melting point B-540 apparatus
(Biichi Labortechnik, Flawil, Switzerland). '"H and '>C NMR
spectra were recorded on a Bruker ARX 600 MHz spectrometer
(Bruker, Zurich, Switzerland); ESI-MS were obtained by an
Agilent 6120 SQ ESI-LC—MS instrument (Agilent, Santa Clara,

CA, USA). HR-MS were obtained by a Bruker solariX HR-MS
instrument (Bruker, Zurich, Switzerland). The purity of all
target compounds was >95% as analyzed using a Waters high-
performance liquid chromatography (HPLC), with the Agilent
C18 column (4.6 mm X 250 mm, 5 um), mobile phase: A = H,O0,
B: methanol, and flow rate: 1 mL/min.

4.1.1.  General procedure for the amide condensation reaction
To a solution of corresponding carboxylic acid (1 equiv.) in DMF,
various corresponding amines (1.2 equiv.), EDCI (1.2 equiv.) and
HOBt (1.2 equiv.) were added the mixture was stirred at room
temperature for 8 h. After the reaction completed, the reaction
mixture was extracted with DCM and the combined organic layer
was dried over Na,SOy. The filtrate was concentrated purified by a
silica gel column chromatography to afford target intermediates or
compounds.

4.1.2.  General procedure for the ester hydrolysis reaction
To a solution of corresponding methyl ester (1 equiv.) in MeOH,
LiOH (10 equiv.) aqueous solution was added and the mixture was
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stirred at 80 °C for 2 h. After the reaction completed, the pH of the
mixture was adjusted to 3 with 1 mol/L HCI and filtrated to afford
corresponding carboxylic acid, which was used in the next steps
without any purification.

4.1.3.  General procedure for the removal reaction of Boc

To a solution of corresponding intermediates in 4 mol/L HCI/EA,
the mixture was stirred for 6 h. After the reaction completed
monitored by TLC. The reaction mixture was concentrated.
Slurried by EA and filtrated to afford corresponding amide in-
termediates, which were used in next steps (Supporting Informa-
tion Schemes S1—S10).

4.2.  Biological assays

4.2.1.  Cell lines and cell culture

HCT116 (1640 + 10%FBS), HT-29 (Mccoy’s 5A + 20%FBS),
RKO (MEM+10%FBS), DLD-1 (1640 + 10%FBS), and MOLM-
13 (1640 + 10% FBS) were from the Cell Bank of Chinese
Academy of Sciences. Cell cultures were maintained at 37 °C in
an incubator containing 5% carbon dioxide.

4.2.2.  Cell cytotoxicity assay

Cytotoxicity of test compounds against HCT116 cells was eval-
uated using an CCK8 assay in vitro. Cells were seeded into 96-
well plates at a density of 5 x 107 cells per well and stabilized
at 37 °C with 5% CO, for 24 h. Compounds were added to each
well at various concentrations and then the cells were incubated
for 48 h. The CCK8 solution (10 pL. 0.5 mg/mL) was added to
each well, and the cells were incubated for another 4 h. Then the
absorbance of samples was measured at 450 nm. The Gls, values
were calculated according to Logit method after getting the
inhibitory rate.

4.2.3.  Cell colony formation assay

HCT116 cells were seeded into 6-well plates at 37 °C with 5%
CO; for 24 h and then treated with compounds at various con-
centrations for 14 days. Then, cells were stained with crystal vi-
olet solution and clones’ numbers were counted directly with
naked eyes.

4.2.4.  Annexin V/PI staining assay

Cells apoptosis was assessed using Annexin V/PI staining assay.
HCT116 cells were seeded into 6-well plates for 24 h and then
treated with compounds at various concentrations for 48 h. Then,
cells were collected, washed with 500 pL annexin-binding buffer
and stained with 5 pL annexin V-FITC and 5 pL PI for 15 min at
25 °C. After that, the samples were analyzed by flow cytometry
(BD Accuri C6 Plus, CA, USA).

4.2.5. TUNEL staining

The slides were immersed in 4% paraformaldehyde (pH 7.4) for
25 min at room temperature and then washed with PBS 3 times.
The cells were immersed in 0.1% Triton X-100 solution prepared
with PBS for 10 min (operation on ice) and then washed twice
with PBS. Dilute 5 x equilibration buffer with deionized water
and 100 pL 1 x equilibration buffer was added to each climbing
tablet to cover the sample area to be tested, then incubated at room
temperature for 15 min. After the buffer solution of 1 pD was
added to the buffer solution, most of the buffer solution was added
to the buffer solution of 1 puD, and then the buffer solution was
used to wash off the buffer. The slides were placed in a wet box

and incubated at 37 °C for 60 min. The wet box was wrapped with
aluminum foil to avoid light. They were then washed 3 times with
PBS with DAPI dripped and incubated in dark for 5 min. The
specimens were stained with nuclei. The water-absorbent paper
was used to absorb the liquid on the climbing sheet, and the
sealing liquid containing anti fluorescence quenching agent was
used to seal the film, and then the images were observed and
collected under the fluorescence microscope.

4.2.6.  GreenNuc living cell caspase 3 activity assay

HCT116 cells were seeded at a density of 6 x 10° cells per well
and treated with various concentrations of compounds for 48 h.
Subsequently, the cells were incubated with GreenNuc™ caspase
3 substrate and finally analyzed by flow cytometry (BD Accuri C6
Plus, CA, USA).

4.2.7. qRT-PCR analysis

Total RNA was isolated using TRIzol reagent (Invitrogen Life
Technologies, Carlsbad, CA, USA) and transcribed to cDNA using
PrimeScript Master Mix Kit (Takara, Kyoto, Japan). After quan-
titation and diluting to 200 ng/uL with DEPC treated water, the
cDNA was used as a template for PCR using the TB-Green Premix
Ex Taq II kit (Takara, Kyoto, Japan) in a CFX Connect Real-Time
System (Bio-rad, CA, USA). The primers used in this study are
presented in Supporting Information Table S4. (-actin was
selected as an internal control for each experiment. The cycling
conditions were as follows: predenaturation at 95 °C for 30 s,
followed by 40 cycles at 95 °C for 30 s, at 60 °C for 5 s, and at
60 °C for 30 s. The specificity of the amplification products was
confirmed by a melting curve analysis. All reactions were run in
triplicate. As a measure of relative change in expression between
the parental and resistant samples, AACt values were calculated
and converted to approximate fold change values (2724,

4.2.8.  Western blotting assay

Cells in the logarithmic growth phase were seeded in 12-well
culture plates, 5 x 10° cells per well, and cultured with 1 mL
culture medium containing the corresponding concentrations of
the compounds. After processing for the corresponding time, the
cells were collected by centrifugation. Cells were washed twice
with precooled PBS followed by centrifugation to remove PBS,
100 pL loading buffer was added, cells were resuspended, and
samples were boiled and denatured at 100 °C for 10 min.
Appropriate amounts of protein samples were subjected to
Tricine-SDS-PAGE for electrophoresis. After electrophoresis,
under steady flow conditions, the proteins were transferred to
nitrocellulose membranes, followed by blocking, overnight incu-
bation of the primary antibody at 4 °C, incubation of the sec-
ondary antibody in the next day, and finally exposure. Image Lab
6.0 was used to perform grayscale analysis.

4.2.9.  Immunoprecipitation (IP)

Cell lysates were incubated overnight with the corresponding
antibodies at 4 °C with gentle rotation. The next day, immunogen-
antibody complexes were captured by incubation for 1 h with
protein A/G magnetic beads (MedChemExpress, Shanghai, China)
at 4 °C with gentle rotation. Then, beads were washed three times
with wash buffer. The immunocomplexes were analyzed by WB.

4.2.10.  Immunofluorescence staining
HCT116 cells were seeded in 12-well plates until reaching a
confluency of approximately 70%. Subsequently, the cells were
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treated with DMSO or different concentrations of compounds for
48 h. After the incubation period, the cells were washed 3 times
with cold PBS and fixed with 4% paraformaldehyde for 10 min at
room temperature. To permeabilize the cells, 0.2% Triton X-100
in PBS was applied for 5 min at room temperature. After that, the
cells were blocked with 5% BSA (Sangon Biotech (Shanghai) Co.,
Ltd., A500023) in TBST for 0.5 h at room temperature. Primary
antibodies were incubated at 4 °C overnight. After washing the
cells 4 times with TBST, and the second antibodies were incu-
bated for 1 h at room temperature. Finally, the nucleus was stained
with 4,6-diamidino-2-phenylindole (DAPI, Invitrogen, R37606)
and the images were observed and collected under the fluores-
cence microscope.

4.2.11.  shRNA knockdown of CDK9

We screened two hairpin shRNAs targeting CDS (Coding
sequence) of human CDK9 transcripts and found two independent
sequences that reduced mRNA levels by>70%. These shRNAs
were in the pLKO.1 vector (shCDK9-1 and shCDK9-2). Besides, a
shRNA targeting 3’-UTR of human ACTL6A transcripts was
constructed in the pLKO.1 vector (shCDK9). The targeting se-
quences used are shown as follows:

Sh CDKO9-1: F-CCGGGCACAGTTTGGTCCGTTAGAACT
CGAGTTCTAACGGACCAAACTGTGCTTTTTG.

Sh  CDK9-1: R-AATTCAAAAAGCACAGTTTGGTCC
GTTAGAACTCGAGTTCTAACGGACCAAACTGTGC.

Sh  CDK9-2: F-CCGGCTACTACATCCACAGAAACAA
CTCGAGTTGTTTCTGTGGATGTAGTAGTTTTTG.

Sh  CDK9-2: R-AATTCAAAAACTACTACATCCACAG
AAACAACTCGAGTTGTTTCTGTGGATGTAGTAG.

To produce lentiviral particles, 2 x 10> HCT116 cells in a six-
well plate were co-transfected with 8 pg pLKO.1 shRNA
construct, 6 pg psPAX2, and 4 ng pMD2G. The supernatant
containing viral particles was harvested at 48 h after transfection,
and was filtered through Millex-GP Filter Unit (0.45 pm pore size,
Millipore). To infect cancer cells with lentivirus, cells were
infected twice with culture medium containing 2 mL lentivirus,
200 pL FBS and 5 mg/mL polybrene (Sigma) at 37 °C for 24 and
48 h. To increase the knockdown efficiency, infected cells were
under several days of puromycin selection.

4.2.12.  Overexpression of CDK9 in HCT116 cells
The plasmid (PGMLV-CMV-H_CDK9-3 x Flag-EF1-mScarlet-
T2A-Puro) related to CDK9 overexpression in cells was purchased
from Genogmeditech. The operation process was performed as
previously described (shRNA knockdown of CDKD9). The target-
ing sequences used are shown as follows:
GCCACCATGGCAAAGCAGTACGACTCGGTGGAGTGCC
CTTTTTGTGATGAAGTTTCCAAATACGAGAAGCTCGCCAA
GATCGGCCAAGGCACCTTCGGGGAGGTGTTCAAGGCCAG
GCACCGCAAGACCGGCCAGAAGGTGGCTCTGAAGAAGG
TGCTGATGGAAAACGAGAAGGAGGGGTTCCCCATTACAG
CCTTGCGGGAGATCAAGATCCTTCAGCTTCTAAAACACGA
GAATGTGGTCAACTTGATTGAGATTTGTCGAACCAAAGCT
TCCCCCTATAACCGCTGCAAGGGTAGTATATACCTGGTGTT
CGACTTCTGCGAGCATGACCTTGCTGGGCTGTTGAGCAAT
GTTTTGGTCAAGTTCACGCTGTCTGAGATCAAGAGGGTGA
TGCAGATGCTGCTTAACGGCCTCTACTACATCCACAGAAA
CAAGATCCTGCATAGGGACATGAAGGCTGCTAATGTGCTT
ATCACTCGTGATGGGGTCCTGAAGCTGGCAGACTTTGGGC
TGGCCCGGGCCTTCAGCCTGGCCAAGAACAGCCAGCCCA
ACCGCTACACCAACCGTGTGGTGACACTCTGGTACCGGCC

CCCGGAGCTGTTGCTCGGGGAGCGGGACTACGGCCCCCC
CATTGACCTGTGGGGTGCTGGGTGCATCATGGCAGAGATG
TGGACCCGCAGCCCCATCATGCAGGGCAACACGGAGCAG
CACCAACTCGCCCTCATCAGTCAGCTCTGCGGCTCCATCA
CCCCTGAGGTGTGGCCAAACGTGGACAACTATGAGCTGTA
CGAAAAGCTGGAGCTGGTCAAGGGCCAGAAGCGGAAGG
TGAAGGACAGGCTGAAGGCCTATGTGCGTGACCCATACG
CACTGGACCTCATCGACAAGCTGCTGGTGCTGGACCCTG
CCCAGCGCATCGACAGCGATGACGCCCTCAACCACGACT
TCTTCTGGTCCGACCCCATGCCCTCCGACCTCAAGGGCAT
GCTCTCCACCCACCTGACGTCCATGTTCGAGTACTTGGCA
CCACCGCGCCGGAAGGGCAGCCAGATCACCCAGCAGTCC
ACCAACCAGAGTCGCAATCCCGCCACCACCAACCAGACG
GAGTTTGAGCGCGTCTTC.

4.2.13.  Cellular thermal shift assay (CETSA)

The HCT116 cells were lysed by seven repeated freeze—thaw
cycles with liquid nitrogen, and protein concentrations were
determined by BCA assay. Cell lysates (1 mg/mL) were treated
with either DMSO vehicle or AZ-9 for 1 h at 37 °C. Cell lysates
were then separated into six fractions for thermal profiling.
Fractions were heated at the indicated temperatures (46—61 °C)
for 3 min using a thermal shaker (MB100-2A Thermal shaker,
Allsheng), followed by 3 min at room temperature. Samples were
then centrifuged at 20,000xg for 20 min to separate protein ag-
gregates from soluble proteins. Supernatants were collected and
analyzed by Western blotting.

4.2.14.
ATGI01
Ind-BIO(0.5 mmol/L)was incubated with proteins extracted from
HCT116 cells, followed by affinity enrichment using streptavidin
magnetic beads, and validated by western blotting with an
ATGI101 antibody.

Streptomycin magnetic bead enrichment experiment for

4.2.15.  Proteomics assay

TIMS-TOF Pro-label free proteomics were performed using
SAPT, a fast and efficient approach for simultaneous profiling of
protein N- and C-terminome methods®*. HCT116 cells were
seeded at 2 x 10° cells/3 mL in the 6 cm plates and treated with
0.1% DMSO or 500 nmol/L AZ-9 for 6 h. Cells were harvested
and washed three times with 1 x PBS. Then the cells were
centrifuged at 2000 rpm for 5 min to collect cell pellets in a
refrigerated microfuge and frozen at —80 °C until further analysis.
Harvested HCT116 cells were dealt with as described®*. Cell
samples were first processed by peptide fractionation through an
SCX-SPE Column. The cell samples were then subjected to
peptide dimethylation and dmen-amidation. The last LC—MS/MS
analysis of fraction samples were performed on a nano-HPLC
chromatography system connected to a hybrid trapped ion
mobility spectrometry quadrupole time-offlight mass spectrometer
(TIMS-TOF Pro, Bruker Daltonics, Billerica, MA, USA) via a
CaptiveSpray nanoelectrospray ion source>>.

4.2.16.  siRNA transfection

ATG101 siRNA was obtained from Santa Cruz, and siRNA
transfection was performed as described. Briefly, HCT116 cells
were seeded onto a 6-well plate at a density of 0.6 x 10° cells/
well. Once the cells reached 70%—80% confluence, they were
transfected with either control siRNA or siRNA using Lipofect-
amine 3000 Transfection Reagent (Invitrogen) according to the
manufacturer’s instructions. After 48 h of transfection, the cells
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were gently washed with PBS and then incubated in AE17-TCM
supplemented with or without DM-aKG for 24 h. The cells were
subsequently harvested for analysis of mRNA expression and
metabolites.

Sequences:

hATG101-723 (GGAGAAGGUGGGUGAGAAATT, UUUCU
CACCCACCUUCUCCTT);

hATG101-586 (GGGCAGAUGUCCUUGGAGUTT, ACUCC
AAGGACAUCUGCCCTT);

hATG101-404 (GCAAGUUCCACUACAAGAATT, UUCUU
GUAGUGGAACUUGCTT).

4.2.17. mRFP-GFP-LC3B staining analysis

HCT116 cells were seeded at a density of 5 x 10° cells per well
and treated with various concentrations of compound AZ-9 for
48 h. Adding 200 pL ENLS (optimized culture medium) to each
hole. Transfection begins after cell adhesion on the second day.
Dilute the virus stock solution to a final concentration of 1 x 10°
TU/mL using ENI-S (optimized culture medium), with 20 pL
virus working solution per well. After incubating in an incubator
for 24 h, replace with fresh culture medium and continue to
cultivate for 72 h before using it for staining experiments.

4.2.18.  In vivo antitumor assay

The experimental procedures of the animal study were approved by
the Animal Care and Use Committee at Shenyang Pharmaceutical
University (No. SYPU-SQ-001). HCT116 cells (5 x 10°%) were
unilaterally injected into the armpit of 6 weeks old female BALB/c
nu—nu mice (Shanghai SLAC Laboratory Animal Co., Ltd.). After
10 days of observation, mice that successfully modeled with
HCT116 cells were randomly divided into four groups (n = 6) and
received an oral or intraperitoneal injection administration, and
CMC-Na as a negative control once every day for 2 weeks. Body
weights and tumor sizes were determined every day. The tumor
volume was measured by a vernier caliper and calculated using the
following formula: 0.5 x short x short x long. At the end of the
experiment, the mice were sacrificed, and the tumor tissues were
weighed and used for PCR, WB, IHC and H&E-stained.

4.2.19.  Molecular docking study

The CDK9 (PDB code: 4BCF) crystal structure was downloaded
from protein data bank (https://www.rcsb.org/), and processed
with the Protein Preparation Wizard in the Schrodinger suite. The
protein structures were adjusted and modified, followed by adding
hydrogen atoms, deleting solvent water molecules, and defining
right bonds orders using Prime. The protonation and tautomeric
states of Asp, Lys, and His were assigned at pH 7.4 state. After-
ward, all hydrogen atoms of CDK9 complexes were optimized
with OPLS_2005 force field, which minimized and converged
heavy atoms to a RMSD of 0.3. The selected inhibitors were
prepared by using LigPrep from the Schrodinger suite with the
OPLS_2005 force field. The structures of inhibitors were also
adjusted and modified, followed by adding all hydrogen atoms,
checking the bond order and atom types. Receptor grids were
generated before docking with the active site determined by the
literature®®. The prepared protein—ligand complex was imported
into Glide 9.7, which was defined as the binding site. The size of
the docking grid box was 20 A x 20 A x 20 A. Based on the
OPLS_2005 force field, the grid of CDK9 crystal structure was
generated. The standard precision (SP) mode was set for docking
studies without constrained binding to gain results.

4.2.20.  Statistical analysis

Statistical analysis was carried out using an unpaired two-tailed
Student’s ¢ test in GraphPad Prism 8. *P < 0.05; **P < 0.01;
kP < 0.001, #***P < (0.0001 and ns denotes not significant. P
value < 0.05 was considered as significant.
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