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To the Editor:

Targeted protein degradation (TPD) has emerged as a powerful
therapeutic strategy for the treatment of various diseases,
including cancer, that are associated with aberrant high levels of
pathogenic proteins1. Recently, several strategies have been
investigated to address TPD, including targeting E2, E3 for POI
degradation2, or employing DUBs to stabilize POI3. Among them,
proteolysis targeting chimeras (PROTACs) have emerged as the
predominant approach in both preclinical and clinical in-
vestigations by connecting an E3 recruiting ligand to a POI
ligand4.

Proteasome, the primary protease responsible for proteolysis in
eukaryotes, is a more central and widely present component in the
UPS, consisting mainly of the 19S and 20S subcomplexes5.
Recently, heterobifunctional molecules targeting the 19S subunit
RPN13 or PSMD2 for POI degradation via 26S proteasome were
reported6e8. Compared to targeting the 19S regulatory particle,
targeting the 20S core particle enables simultaneous delivery of
the POI to both the 20S and 26S proteasomes. In this study,
several small molecular proteasome activators that allosterically
bind to the a-subunits of the 20S proteasome were selected as
ligands for proteasome recruitment9. The innovative degradation
strategy that anchors the proteasome is referred to as Direct-
Proteasome Targeting Chimera (DiPTAC), utilizing the POI
endogenous degradation system, circumventing the uncertainties
associated with E2s or E3s.

1. Screening of the appropriate 20S proteasome ligand for
DiPTAC

Heterobifunctional molecules were designed by conjugating
different proteasome agonists such as ursolic acid (UA) and ole-
anolic acid (OA) to the ligand of POIs with a linker (Fig. 1A).
Firstly, we detected the proteasome agonistic activities of the
proteasome ligands in the molecular assay (Supporting
Information Table S1). Then, the exogenous Halotag and endog-
enous CDK9 system were conducted to screen for the appropriate
ligands targeting the 20S proteasome.

A series of heterobifunctional molecules targeting Halotag
were evaluated in 293T cells expressing HA-EGFP-HaloTag2
fusion protein, using the Incucyte system, where mCherry served
as an internal control (Supporting Information Fig. S1A and S1B).
Immunoblotting (Fig. S1C) also revealed that these DiPTAC
molecules exhibited diverse degrees of efficacy in degrading the
fusion protein, whereas treatment with proteasome agonists alone
did not demonstrate this capability (Fig. S1D), indicating the
feasibility of DiPTAC for TPD. Subsequently, a series of potential
CDK9 DiPTACs based on the CDK9 inhibitor SNS-032 were
evaluated (Fig. S1E). Among them, 10 mmol/L of SNS-UA, SNS-
OA, and SNS-oxo-OA exhibited a certain level of degradation
capacity towards CDK9 (Fig. S1F). Based on the degradation
outcomes of both Halotag and CDK9, OA was selected as the
proteasome ligand for the subsequent experiments (Fig. 1B,
Supporting Information Table S2).

To provide additional evidence supporting OA as a proteasome
ligand for the construction of DiPTAC, we designed and synthe-
sized an AMC-modified OA derivative AMC-OA. Immunofluo-
rescence analysis demonstrated the co-localization of AMC-OA
with PSMA6, a subunit of the proteasome, in the cells (Fig. 1C).
Next, cycloheximide (CHX) chase assay revealed that HLT-OA
could significantly reduce HALOTAG protein stability, while
SNS-OA could significantly reduce CDK9 protein stability (Fig.
S1G and S1H). And, proteasome inhibitor could effectively
reverse the HTL-OA and SNS-OA induced protein degradation
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Figure 1 DiPTAC: a degradation platform via directly targeting proteasome. (A) Schematic of the DiPTAC design concept. (B) Degradation

levels of CDK9 and Halotag by DiPTAC molecules utilizing various proteasome agonists as proteasome ligands. n Z 3, biologically independent

experiments, data are presented as a mean of the degradation level (mean � SD are shown in Table S2). (C) Immunofluorescence colocalization

analysis of AMC-OA (Green) with PSMA6 (Red) in 293T cells, scale barZ 50 mm. (D) Chemical structures of YQ-25. (E) Immunoblot following

indicated times of incubation with DMSO or 10 mmol/LYQ-25 in NCIeH1299 cells. (F) Immunoblot following 12 h of incubation with DMSO or

indicated concentrations of YQ-25 in NCIeH1299 cells. (G) Quantified CDK9 levels in Fig. 1F. DC50 was calculated by nonlinear regression. (H)

Quantified mean fluorescence intensity (MFI) of CDK9 in NCIeH1299 cells by Opera Phenix after treatment with indicated concentrations for

8 h, n Z 6, six technical replicates from two independent experiments were performed for each condition. (I) Global quantitative proteomic

analysis of NCIeH1299 cells after treatment with 10 mmol/L YQ-25 for 8 h. A volcano plot showing protein content (log2) as a function of

significance level (log10), the differentially expressed proteins were identified as log2FC > 1.5 or < �1.5 and FDR-adjusted P value < 0.01. Blue

markers represent significantly downregulated proteins, red markers represent significantly upregulated proteins. (J, K) 293T cells were pretreated

with DMSO, YQ-25, or YQ-30 for 2 h and lysed. CETSAwas performed with gradient temperature, and samples were analyzed by Western blot.

(L) Quantified CDK9 levels of immunoblot in 293T cells treated with AMC-OA or YQ-25. (M) Quantified CDK9 levels of immunoblot in 293T

cells treated with SNS-032 or YQ-25. (N) Immunoblot in 293T cells treated with YQ-25 after pre-treatment with PYR-41 or MLN4924 or PS341.

(O) Quantified CDK9 levels in Fig. 1N. (P) Quantified CDK9 levels of immunoblot in NCIeH1299 cells treated with YQ-25 or CDK9-PROTAC

following RNA interference of PSMD6 or PSMD2. (Q) Immunoblot in 293T cells treated with YQ-25 or CDK9 PROTAC following over-

expression of CDK9 WTor CDK9 mut proteins. (R) Quantified CDK9 levels in Fig. 1Q. (S) Immunoblot in NCIeH1299 cells treated with CDK9

PROTAC or YQ-25. (TeU): NCIeH1299 cells treated with CDK9 PROTAC or YQ-25 were incubated with Incucyte� Annexin V Red Dye, and

fluorescence emission was measured in the IncuCyte imaging platform every 2 h for 22 h at 37 �C. (T) Real-time apoptosis measurements are

shown. (U) Real-time cell proliferation measurements are shown as cell confluence. All qualified data are biologically independent experiments

and presented as mean � SD (n Z 3). P values were calculated using a t-test. ns, not significant. *P < 0.05. **P < 0.01. ***P < 0.001.

****P < 0.0001.
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(Fig. S1I and S1J), demonstrating that DiPTAC degrades POI in a
proteasome-dependent manner. These observations demonstrated
that the OA-based DiPTAC strategy can be employed for the
degradation of both exogenous (HALOTAG) and endogenous
(CDK9) proteins.

2. The optimization of CDK9 DiPTAC

OA and SNS-032 were selected and retained as direct ligands for
targeting the proteasome and CDK9, respectively, and various
types of linkers were screened for degrader optimization
(Supporting Information Figs. S2 and S3). Notably, among the
tested compounds, YQ-25 exhibited the most remarkable activity
(Fig. 1D), which degraded CDK9 in a time- and dose-dependent
manner (Fig. 1E and F, Supporting Information Fig. S4A and
S4B) with a half-degrading concentration value (DC50) of
w2.96 mmol/L in NCIeH1299 cells (Fig. 1G). Visualization and
quantification of CDK9 by immunofluorescence assay following
YQ-25 treatment showed significantly diminished CDK9 signals
(Fig. 1H, Fig. S4C and S4D). As expected, YQ-25 treatment could
significantly reduce CDK9 protein stability (Fig. S4E and S4F).

To unbiasedly explore the degradation targets of YQ-25, we
performed a global quantitative proteomic on NCIeH1299 cells
treated with 10 mmol/L of YQ-25 for 8 h. A total of 6910 proteins
were detected in the proteome, of which CDK9 protein levels
were significantly reduced (Fig. 1I, Supporting Information
Table S3). Moreover, YQ-25 demonstrated effective degradation
of CDK9 in diverse tumor cell lines (Fig. S4G). Overall, these
findings provide compelling evidence for the efficacy and selec-
tivity of YQ-25 in degrading CDK9.

Then, CETSA experiments showed that YQ-25 induced ther-
mal stabilization of both CDK9 and PSMA6 in cell lysates (Fig. 1J
and K), indicating the direct engagement of YQ-25 with CDK9
and proteasome in a physiological environment. To assess the
interaction between YQ-25 and PSMA6 more comprehensively,
we conducted microscale thermophoresis (MST) experiments. The
finding revealed that the equilibrium dissociation constant (KD)
for the binding of YQ-25 to PSMA6 was determined to be
1.69 mmol/L (Supporting Information Fig. S5A).

To assess the ligand dependency of CDK9 degradation, the
ligand occupancy experiments were performed and the results
revealed that YQ-25-induced degradation was significantly attenu-
ated after 2 h of occupancy with either SNS-032 or AMC-OA
(Fig. 1L and M, Fig. S5B and S5C), demonstrating that both CDK9
and proteasome binding are necessary for degradation. To further
establish the dependence of YQ-25-induced CDK9 degradation on
proteasome binding, we utilized 18b-glycyrrhetinic acid, an OA
analogue that lacks agonist effect on the 20S proteasome, to
develop a negative compound, YQ-30 (Fig. S5D). As anticipated,
YQ-30 did not induce CDK9 degradation (Fig. S5E, Supporting
Information Table S4). Consistently, YQ-30 exhibited interaction
with CDK9 but failed to bind to PSMA6 in cell lysates (Fig. 1J and
K) and was unable to bind to PSMA6 in MST assay (Fig. S5F).
Such evidence indicated that YQ-25 induced CDK9 degradation by
bringing CDK9 into proximity with PSMA6.

3. CDK9 DiPTAC induced CDK9 degradation in
proteasome-dependent and ubiquitin-modification-
independent manner

Pre-treatment with either the ubiquitin-activating enzyme (E1)
inhibitor PYR-41 or the proteasome inhibitor PS341 was able to

rescue CDK9 degradation by YQ-25 in both 293T and
NCIeH1299 cells (Fig. 1N and O, Supporting Information Fig.
S6A and S6B). While, the NEDD8-activating enzyme inhibitor
MLN4924 could significantly reverse the degradation effect of
CDK9 PROTAC (Fig. S6C), as previously reported10, but could
only slightly rescue the degradation of CDK9 induced by YQ-25
(Fig. 1N and O, Fig. S6A and S6B). MLN4924 inhibits Cullin-
RING ligase (CRL) E3s indirectly by blocking Cullin neddyla-
tion, which is required for the activity of the holoenzyme ubiquitin
ligase. The interesting results indicated that not all the endogenous
E3 ubiquitin ligases of CDK9 are CRL E3s.

PSMD2 is a subunit of the 19S proteasome and the siPSMD2
cells harbor an abnormally high ratio of 20S to 30S/26S protea-
somes11. Consistently, accumulation of polyubiquitinated proteins
was observed in PSMD2 knockdown cells, whereas not in PSMA6
knockdown cells (Fig. S6D, Supporting Information Table S5).
PSMA6 knockdown could partially reverse YQ-25-induced CDK9
degradation, suggesting that YQ-25 requires binding to PSMA6 in
order to facilitate the proximity of CDK9 to the proteasome.
PSMD2 knockdown could partially reverse the PROTAC-induced
CDK9 down-regulation, aligning with that PROTAC induced POI
tagged with Ub, then are destined for the 26S proteasome for
degradation. Intriguingly, PSMD2 Knockdown does not reverse
YQ-25-induced degradation, as DiPTAC directly delivers the
target proteins to the proteasome, either the 20S or 26S, without
necessitating recognition by the ubiquitin receptor on the 19S
subunit (Fig. 1P, Fig. S6E).

To minimize the potential impact on overall intracellular
ubiquitination caused by PYR-41, we constructed a specific mu-
tation in the potential ubiquitination sites of CDK9. Five potential
ubiquitination sites (K3, K56, K151, K164, and K178) were
predicted using GPS-Uber12 and were then mutated to arginine.
Subsequently, the mutant CDK9 and wild-type CDK9 were
overexpressed in both 293T and NCIeH1299 cells. CDK9-
PROTAC-induced degradation was significantly abolished in
CDK9-mutant cells, compared to wild-type CDK9 cells, as ex-
pected. Intriguingly, the mutation in the ubiquitination modifica-
tion sites of CDK9 showed little effect on YQ-25-induced CDK9
degradation (Fig. 1Q and R, Fig. S6F and S6G), indicating that the
protein degradation induced by DiPTAC was not dependent on the
ubiquitination modification.

4. The combination effect of CDK9 DiPTAC and CDK9
PROTAC

Since YQ-25 was able to increase the proximity of CDK9 to the
proteasome, we hypothesized that DiPTAC could improve the
degradation of artificially ubiquitinated CDK9 induced by the
PROTAC molecule. To investigate this hypothesis, co-treatment
with YQ-25 was performed with 100 nmol/L CDK9 PROTAC, at
which concentration minimal degradation of CDK9 was observed.
The result showed that the maximum degradation of CDK9 pro-
tein was achieved when both compounds were used (Fig. 1S). The
transcription-associated kinases phosphorylate serine residues
located within the hepta-repeat sequence Y1S2P3T4S5P6S7 of
RPB1, the largest subunit of RNA polymerase II (Pol II), and the
CDK9/CYCLIN T complex phosphorylates serine 2 to recruit
other factors that are necessary for productive elongation.
Consistent with the degradation, the combination also induced a
significant reduction in serine 2 phosphorylation, while serine 5
and serine 7 were not noticeably unaffected (Fig. S6H). After-
ward, we examined the impact of co-treatment on tumor cell
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viability and observed that following 22 h of incubation, co-
administration of YQ-25 and CDK9 PROTAC significantly pro-
moted apoptosis in NCIeH1299 cells (Fig. 1T), as well as
inhibited cell proliferation (Fig. 1U).
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4. Békés M, Langley DR, Crews CM. PROTAC targeted protein de-

graders: the past is prologue. Nat Rev Drug Discov 2022;21:181e200.

5. Coux O, Tanaka K, Goldberg AL. Structure and functions of the 20S

and 26S proteasomes. Annu Rev Biochem 1996;65:801e47.

6. Ali EMH, Loy CA, Trader DJ. ByeTAC: bypassing an E3 ligase for

targeted protein degradation. bioRxiv 2024. 2024.01.20.576376.

Available from: https://doi.org/10.1101/2024.01.20.576376.

7. Bashore C, Prakash S, Johnson MC, Conrad RJ, Kekessie IA,

Scales SJ, et al. Targeted degradation via direct 26S proteasome

recruitment. Nat Chem Biol 2023;19:55e63.

8. Qi J, Armstrong S, Park PM. DOT1L degraders and uses thereof.

Available from: https://patents.justia.com/patent/20210130386.

9. Njomen E, Tepe JJ. Proteasome activation as a new therapeutic app-

roach to target proteotoxic disorders. J Med Chem 2019;62:6469e81.

10. Wei D, Wang H, Zeng Q, Wang W, Hao B, Feng X, et al. Discovery of

potent and selective CDK9 degraders for targeting transcription regu-

lation in triple-negative breast cancer. J Med Chem 2021;64:14822e47.

11. Tsvetkov P, Mendillo ML, Zhao J, Carette JE, Merrill PH, Cikes D,

et al. Compromising the 19S proteasome complex protects cells from

reduced flux through the proteasome. Elife 2015;4:e08467.

12. Wang C, Tan X, Tang D, Gou Y, Han C, Ning W, et al. GPS-Uber: a

hybrid-learning framework for prediction of general and E3-specific

lysine ubiquitination sites. Brief Bioinform 2022;23:bbab574.

Yutong Tua,e,k,y, Qian Yub,d,h,y, Mengna Lia,f,k, Lixin Gaog,k, Jialuo
Maoa,f,k, Jingkun Maa,e,k, Xiaowu Dongh, Jinxin Cheh, Chong
Zhangb,d,h, Linghui Zengb,d,h, Huajian Zhub,d,h, Jiaan Shaob,d,h,
Jingli Houi, Liming Huj, Bingbing Wanj, Jia Lia,c,e,f,k,*, Yubo

Zhoua,e,f,k,*, Jiankang Zhangb,d,h,*
aZhongshan Institute for Drug Discovery, Shanghai Institute of

Materia Medica, Chinese Academy of Sciences, Zhongshan
528400, China

bSchool of Medicine, Hangzhou City University, Hangzhou
310015, China

cState Key Laboratory of Chemical Biology, Shanghai Institute of
Materia Medica, Chinese Academy of Sciences, Shanghai 201203,

China
dKey Laboratory of Novel TargetS and Drug Study for Neural

Repair of Zhejiang Province, School of Medicine, Hangzhou City
University, Hangzhou 310015, China

eUniversity of Chinese Academy of Sciences, Beijing 100049,
China

fSchool of Chinese Materia Medica, Nanjing University of
Chinese Medicine, Nanjing 210023, China

gSchool of Life ScienceS and Health Engineering, Jiangnan
University, Wuxi 214122, China

hCollege of Pharmaceutical Sciences, Zhejiang University,
Hangzhou 310058, China

iInstrumental AnalysiS Center of Shanghai Jiao Tong University,
Shanghai 200240, China

jKey Laboratory of SystemS Biomedicine (Ministry of Education),
Shanghai Center for SystemS Biomedicine, Shanghai Jiao Tong

University, Shanghai 200240, China
kThe National Center for Drug Screening, Shanghai Institute of

Materia Medica, Chinese Academy of Sciences, Shanghai 201203,
China

*Corresponding authors.
E-mail addresses: jli@simm.ac.cn (Jia Li),

zhouyubo@zidd.ac.cn (Yubo Zhou),
zhang_jk@hzcu.edu.cn (Jiankang Zhang)

yThese authors made equal contributions to this work.

Received 31 May 2024
Received in revised form 18 July 2024

Accepted 20 August 2024

664 Yutong Tu et al.


