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� Radiotherapy promotes the binding of
CDK2 and TRIM32, thus leading to
increased CDK2-dependent
phosphorylation of TRIM32 at serines
328 and 339.

� Cis-trans isomerization of TRIM32
recruit PIN1, which resulting in
importin a3 binding to TRIM32 and
contributing to its nuclear
translocation.

� Nuclear TRIM32 inhibits TC45-
dephosphorylated STAT3, Leading to
increased transcription of STAT3 and
radioresistance in triple-negative
breast cancer (TNBC).

� Regulating the CDK2/TRIM32/STAT3
pathway is a promising strategy for
reducing radioresistance in TNBC,
which is important for TNBC therapy.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 19 June 2023
Revised 4 September 2023
a b s t r a c t

Introduction: Despite radiotherapy being one of the major treatments for triple-negative breast cancer
(TNBC), new molecular targets for its treatment are still required due to radioresistance. CDK2 plays a
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critical role in TNBC. However, the mechanism by which CDK2 promotes TNBC radioresistance remains to
be clearly elucidated.
Objectives: We aimed to elucidate the relationship between CDK2 and TRIM32 and the regulation mech-
anism in TNBC.
Methods: We performed immunohistochemical staining to detect nuclear TRIM32, CDK2 and STAT3 on
TNBC tissues. Western blot assays and PCR were used to detect the protein and mRNA level changes.
CRISPR/Cas9 used to knock out CDK2. shRNA-knockdown and transfection assays also used to knock
out target genes. GST pull-down analysis, immunoprecipitation (IP) assay and in vitro isomerization anal-
ysis also used. Tumorigenesis studies also used to verify the results in vitro.
Results: Herein, tripartite motif-containing protein 32 (TRIM32) is revealed as a substrate of CDK2.
Radiotherapy promotes the binding of CDK2 and TRIM32, thus leading to increased CDK2-dependent
phosphorylation of TRIM32 at serines 328 and 339. This causes the recruitment of PIN1, involved in
cis–trans isomerization of TRIM32, resulting in importin a3 binding to TRIM32 and contributing to its
nuclear translocation. Nuclear TRIM32 inhibits TC45-dephosphorylated STAT3, Leading to increased tran-
scription of STAT3 and radioresistance in TNBC. These results were validated by clinical prognosis con-
firmed by the correlative expressions of the critical components of the CDK2/TRIM32/STAT3 signaling
pathway.
Conclusions: Our findings demonstrate that regulating the CDK2/TRIM32/STAT3 pathway is a promising
strategy for reducing radioresistance in TNBC.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

TNBC is the deadliest subtype of breast cancer and has high
heterogeneity and aggressiveness [1]. Despite recent postoperative
radiotherapy advances, the median overall survival (OS) of TNBC
patients is 10.2 months, highlighting the urgent need for new
molecular targets to combat radioresistance, contributing to poor
outcomes and unsuccessful therapy [2–3]. Recent findings have
shown that protein kinase disorders commonly occur in various
cancers including TNBC, and play critical roles in malignant biolog-
ical behaviors [4–5]. Furthermore, protein kinases were demon-
strated to be involved in cancer radioresistance [6–7]. However,
protein kinase-targeted therapies improving radioresistance for
TNBC remain explored.

Cell cycle is one of the main processes of cell proliferation and is
regulated by the cyclin-dependent kinase (CDKs) family. Cyclin-
dependent kinase 2 (CDK2) is a member of CDKs, activated by
binding partner cyclins [8]. CDK2 regulates the cell cycle phase
and plays a vital role in many biological processes, such as signal
transduction, DNA damage, intracellular transport, protein degra-
dation, DNA/RNA translation and metabolism [9–10]. CDK2 regu-
lates the cell cycle from the late G1-phase and throughout S-
phase by interacting with and phosphorylating proteins in cell sig-
naling pathways [11]. Emerging evidence reveals the presence of
CDK2 dysregulation in many human cancers, which is related to
cancer cell proliferation [12]. CDKs were reported to regulate
breast cancer proliferation and therapy resistance, especially
CDK2 [13]. TNBC was reported to have a more aggressive pheno-
type than other subtypes. CDK2 was reported to closely associated
with the OS of TNBC patients by regulating damage in DNA replica-
tion and repair pathways of TNBC cells [14], which shows its ther-
apeutic potential for TNBC. The combination therapy of tamoxifen
and CDK2 inhibitor was shown to effectively suppress TNBC
growth and improve the survival in vivo [15]. However, it remains
clear about how CDK2 regulates radioresistance in TNBC.

TRIM32, a protein of the RING-type E3 ubiquitin ligase family
[16–18], is involved in cancer initiation and progression [19–21].
TRIM32 was proven to promote the gastric cancer cells growth
by activated AKT pathway and glucose transportation [22]. Our
previous study revealed through inhibiting TC45-
dephosphorylated STAT3, TRIM32 effectively enhance TNBC
radioresistance [23]. In this study, we first present evidence that
TRIM32 acts as a substrate of CDK2 in radiotherapy-driven TNBC.
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Radiotherapy promoted CDK2-phosphorylated TRIM32 at serine
328 and 339, leading to nuclear translocation of TRIM32 via cis–
trans isomerization, which involved the PIN1/importin a3 axis.
Nuclear TRIM32 then inhibited TC45-dephosphorylated STAT3,
Leading to increased transcription of STAT3 and radioresistance
in TNBC. In this study, the novel radioresistance mechanism of
CDK2-TRIM32-STAT3 was demonstrated in TNBC and might be
potential radiotherapy targets.
Materials and Methods

Cell lines

BT549 and MDA-MB-231 cells were obtained from Shanghai
Institute for Biological Sciences (Shanghai, China). Cells were main-
tained in Roswell Park Memorial Institute-1640 (RPMI-1640) sup-
plemented with 100 U/ml penicillin–streptomycin and 10% fetal
bovine serum (FBS). The cells were cultured in the humidified incu-
bator at 37 ℃ and 5% carbon dioxide. STR DNA fingerprinting was
performed on all the cell lines by Shanghai Biowing Applied
Biotechnology Co., Ltd. The Lookout Mycoplasma PCR Detection
Kit (Sigma-Aldrich) was detected for Mycoplasma contamination.
The ionizing radiation (IR) dosage is 4 Gy. The radiation used a 6
MV X-ray linear accelerator at a dose rate of 200 Mu/min (Primus,
Siemens AG, Erlangen, Germany).
Patient specimens

TNBC human tissue was collected at Zhejiang Provincial Peo-
ple’s Hospital (Hangzhou, China). The number of samples collected
is 116. The Research Ethics Board of the Zhejiang Provincial Peo-
ple’s Hospital approved the study (QT2022272). All participants
in the study received written informed consent, and none of the
patients had received radiotherapy or chemotherapy prior to
surgery.
shRNA-knockdown, sgRNA-knockout, and transfection assays

shRNA knockdown, sgRNA knockout, and transfection tests
were carried out as described earlier [28]. The CDK1, 2, 4 and 5
sgRNA sequences have been designed by MIT on-line (https://
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crispr.mit.edu). The shRNA sequence was acquired from Shanghai
Bioegene Corporation (Shanghai, China).
Plasmids

TRIM32, CDK2, importin a (a1, a3, a4, a5, a6, and a7), PIN1,
STAT3, and TC45 DNAs (cDNAs) or mutants were purchased from
Shanghai Bioegene Co., Ltd. (Shanghai, China). Subsequently, they
were sequenced and subcloned to either pLVX-Puro or pcDNA3.3
(Clontech). The wild type cDNA was cloned into the pGEX-4 T-1
vector to construct GST-CDK2.
Antibodies

Antibodies for GAPDH (1:5000 for WB, ab8245), TRIM32 (1:500
for WB, 1:50 for IP, ab96612), CDK2 (1:1000 for WB, A0094), p-
CDK2 (T14) (1:1000 for WB, 1:50 for IHC, #2351–1), GST (1:1000
for WB, sc-138), PIN1 (1:1000 for WB, ab12107), Flag M2 (1:1000
for WB, 1:200 for IP, F3165), HA (1:1000 for WB, 1:200 for IP,
#66006–1-Ig), CDK1 (1:1000 for WB, #19532–1-AP), CDK4
(1:2000 for WB, #11026–1-AP), CDK5 (1:1000 for WB, sc-249),
Importin a3 (1:1000 for WB, IMG-3569), Lamin B1 (1:5000 for
WB, AF5161), p-STAT3 (Y705) (1:1000 for WB, 1:50 for IHC,
D3A7), STAT3 (1:1000 for WB, ab226942), TC45 (1:500 for WB,
D7T7D), V5 (1:1000 for WB, ab107244), His (1:1000 for WB,
#2365), phosphoserine/threonine antibody (1:1000 for WB,
#612548), and b-Tubulin (1:5000 for WB, 3G6) were used. In a
pay-for-service vendor, A rabbit polyclonal anti-phospho-
TRIM32S339 antibody was raised by immunizing animals with a
synthetic phospho-peptide corresponding to residues surrounding
S339 of human TRIM32. Another rabbit polyclonal anti-phospho-
TRIM32S328 antibody was also raised by immunizing animals.
IP and WB assays

IP and WB analyses were performed as previously described
[63]. Cells were lysed and then incubated in IP lysis buffer (pH
7.5, 20 mM Tris-HCl, 150 mM NaCl, 2 mM Na3VO4, 1% Triton X-
100, 1 mM EDTA, 5 mM NaF), supplemented with protease inhibi-
tor cocktail) at 4 �C for 30 min. The lysates were separated by cen-
trifuging. Specific antibodies and protein A/G magnetic beads
(Invitrogen) were used for immunoprecipitation of cell lysates
with equal amounts. Then, WB assay was used. The statistical
charts of western blot were shown in Supplementary Fig. 8-9.
Purification of recombinant proteins and GST pull-down assay

Purification of recombinant proteins was performed as previ-
ously described[64]. Recombinant (His)6-tagged TRIM32 were
lysed, sonicated, and centrifuged. Then, a Ni + -NTA column was
used to purify the supernatants. pGEX-4 T-1-CDK2 was trans-
formed into Escherichia coli BL21 and purified using glutathione
beads in accordance with manufacturer’s protocols. The GST pull
down test was performed for 30 min using incubated purified
GST-CDK2 proteins and the MDA-MB-231 cell extracts. Then, the
Ni beads were washed.
Clonogenic cell survival assay

A suitable number of log-phase cells were plated in a six-well
plate overnight and were expose in the X-rays at different dose
(0, 2, 4, 6, 8 Gy). After irradiation, all plates were stored at 37 �C
for 14 days in the cell incubator to allow colony formation. After
14 days of culture, cell clones were fixed with 4% formaldehyde,
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which were then treated with crystal violet solution for 30 min.
Colonies with more than 50 cells were evaluated.

In vitro kinase assay

HA-CDK2 plasmids and purified recombinant (His)6-TRIM32
WT or S328A or S339A proteins were transfected into cells. Co-
immunoprecipitation of cell lysates was performed, and SDS-
PAGE was used to analyze the reaction.

In vitro isomerization analysis

In vitro isomerization analysis was performed as previously
described [54]. The peptide was incubated for 2 min with a-
chymotrypsin at 0 �C to completely hydrolyze the trans isomer at
4-nitroanilide bond. The pure cis peptides were re-equilibrated,
and the isomerisation was carried out. At the indicated time, an ali-
quot was taken, and 4-nitroaniline was measured at 405 nm. The
content of cis-peptide showed the isomerization rate.

RNA isolation and qRT-PCR

Total RNA was isolated from cells utilizing TRIzol (Takara,
Dalian, China) and transcribed into cDNA using Reverse Transcrip-
tion Kit (Takara, Dalian, China). The SYBR Green Master PCR mix-
ture (Clontech, USA) was then used to perform qPCR. The
primers are as described below. For control GAPDH amplification:
50-GGAGCGAGATCCCTCCAAAAT-30 and 50-GGCTGTTGTCATACTTCT
CATGG-30; for control TRIM32 amplification: 50-CCGGGAAGTGCTA
GAATGCC-30 and 50-CAG CGGACACCATTGATGCT-30; for control
SOCS3 amplification: 50-CCTGCGCCTCA AGACCTTC-30 and 50-GTC
ACTGCGCTCCAGTAGAA-30; for control c-FOS amplification: 50-CC
GGGGATAGCCTCTCTTACT-30 and 50-CCAGGTCCGTGCAGA AGTC-30.

Immunohistochemical (IHC) staining

The paraffin-embedded TNBC specimens were stained with
TRIM32(1:100), p-CDK2T14 (1:50), p-TRIM32S339 (1:100), and p-
STAT3Y705 (1:50) antibodies. The number of samples is 116
paraffin-embedded TNBC specimens. Negative control slides with-
out primary antibodies were used as negative controls. Each spec-
imen was scored according to the staining intensity (3 = strong
staining, 2 = moderate staining, 1 = weak staining, 0 = no staining)
and the proportion of positive cells (4 = 75–100%, 3 = 50–75%,
2 = 25–50%, 1 = 1–25%,0 = 0%). The total score = the staining
score + the proportion score. Low expression tumors were defined
as scores ranging from 0 to 2, whereas high expression tumors
were defined as scores ranging from 3 to 7. Two individuals
blinded to the clinical parameters was used in the tissue score
calculation.

Rna-seq and differentially expressed gene analysis

Total RNA was extracted and purified in accordance with the
manufacturer’s specifications using Qiagen RNeasy Mini Kit
(Valencia, CA, USA). The RNA quality was assessed prior to
sequencing using the Agilent 2100 bioanalyzer. Poly (A) + RNA
libraries were prepared in accordance with Illumina. The library
was sequenced on the Illumina HiSeqX Ten platform. Differential
expression was detected by fold change filtering (FOLD-CHANGE
� 2.0; P � 0.05). KEGG pathway analysis was performed on the dif-
ferentially expressed genes using DAVID software (https:// david.
ncifcrf.gov/). The P values for KEGG pathways were calculated by
Fisher’s exact or chi-square test with FDR. For the selection of sig-
nificant items, the threshold value was P < 0.05 and the FDR
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was < 0.25. RNA data are available at the Gene Expression Omnibus
under the accession GEO ID: GSE210030.
Tumorigenesis studies

4–5 weeks-old female athymic nude mice were purchased from
Slaccas (Shanghai). The mice were divided into 5 groups at random,
and 5 � 106 MDA-MB-231 cells were subcutaneously injected into
each mouse. Tumor volumes were calculated using the following
equation: tumor volume (mm3) = (length � width2)/2. Tumor sizes
and weights were measured and calculated every 2 or 3 days. Nude
mice subcutaneously injected with MDA-MB-231 cells were trea-
ted with Roscovitine only (Intraperitoneal injection, daily, 50 mg/
kg concentration of Roscovitine), irradiation (10 Gy) only, or
Roscovitine combination with 4 Gy irradiation when the tumor
volumes reached 150 mm3 (7 days after injection). We observe
xenograft tumors for 10 days after treatment. The radiation used
a 6 MV X-ray linear accelerator at a dose rate of 200 Mu/min (Pri-
mus, Siemens AG, Erlangen, Germany). The animal experiments
were approved by the Zhejiang Provincial People’s Hospital’s
Research Ethics Board (Approval no. A20220012).

Statistical analysis

Clonogenic survival test was performed by means of one way
variance analysis. The significance of the data between groups
Fig. 1. Radiotherapy-promoted CDK2 increases TRIM32 nuclear translocation. A,
specimens of TNBC. Scale bars: 50 lm. B, Quantitative analysis of TRIM32 expression in
radiotherapy-induced TRIM32 nuclear translocation. Nuclear fractions were obtained fr
controls. E, Effects of kinase inhibitors on nuclear translocation of TRIM32. MDA-MB-23
(15 lM), SB216763 (10 lM), U0126 (25 lM), SU6656 (10 lM), LY290042 (30 lM) or R
nuclear translocation by WB analysis. G, Effect of CDK2 knockout on TRIM32 nuclear loca
dead (KD) mutant on nuclear translocation of TRIM32 in MDA-MB-231/irradiation/sgC
results.
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was determined by the Student’s t-test or the Newman-
Keulspost-Test (ANOVA). The survival analysis was performed
using the Kaplan-Meier approach. The P value of < 0.05 was consid-
ered to be statistically significant.
Ethics statement

All experiments involving animals and human patient were
conducted according to the ethical policies and procedures
approved by the Zhejiang Provincial People’s Hospital’s Research
Ethics Board (Approval no. A20220012 for animal study and
QT2022272 for human study).
Results

Radiotherapy-promoted CDK2 increases TRIM32 nuclear translocation

We first performed immunohistochemical (IHC) staining to
detect nuclear TRIM32 on 8 paired TNBC tissues which was prera-
diotherapy and postradiotherapy. TRIM32 expression is higher in
postradiotherapy group. TRIM32 expression increases in a dose-
dependent manner post-IR treatment (Supplementary Fig. 7A-B).
Besides, immunofluorescence staining also demonstrated that
radiotherapy promoted TRIM32 nuclear translocation (Supplemen-
tary Fig. 7C). Interestingly, radiotherapy significantly induced
TRIM32 nuclear translocation (Fig. 1A and B). Further study
IHC staining of TRIM32 protein levels in preradiotherapy and postradiotherapy
A. C, Effects of irradiation on nuclear TRIM32 protein expression. D, WB analysis of
om MDA-MB-231 cells. Nuclear lamin B1 and cytoplasmic b-tubulin were used as
1/irradiation cells were treated with SP600125 (25 lM), H-89 (30 lM), GF109203X
oscovitine (25 lM). F. F, Representative images of radiotherapy- induced TRIM32
lization in MDA-MB-231/irradiation cells. H, WB analysis of HA-CDK2 WT or kinase-
DK2 cells. Data are representative of three independent experiments with similar
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demonstrated that TRIM32 nuclear translocation occurred in TNBC
BT549 and MDA-MB-231 cells treated with irradiation (Fig. 1C). As
shown in Fig. 1D, a leptomycin B (LMB), nuclear export inhibitor,
retained radiotherapy- induced TRIM32 nuclear localization. These
data suggest that radiotherapy inducement increases the nuclear
translocation of TRIM32.

In order to discover which kinases are needed for the nuclear
localization of TRIM32, MDA-MB-231/irradiation cells were trea-
ted with MEK inhibitor (U0126), c-Jun inhibitor (SP600125), Src
inhibitor (SU6656), PKA inhibitor (H-89), GSK-3 inhibitor
(SB216763), PKC inhibitor (GF109203X), PI3K inhibitor
(LY290042), or CDK2 inhibitor (Roscovitine), respectively. As
shown in Fig. 1E, only Roscovitine significantly impaired
radiotherapy-induced TRIM32 nuclear translocation compared
with the control groups. Western blot (WB) assays confirmed sim-
ilar results (Fig. 1F).

Next, we investigated the influence of CDK2 on the nuclear
accumulation of TRIM32. MDA-MB-231/irradiation cells were trea-
ted with the CRISPR/Cas9 to knock out CDK2. As shown in Fig. 1G,
CDK2 knockout significantly abrogated radiotherapy- induced
nuclear translocation of TRIM32. Furthermore, CDK2 wild-type
(WT) and kinase-dead (KD) mutant vectors were constructed
[24]. The results in Fig. 1H shows re-expression of CDK2 WT res-
cued TRIM32 nuclear translocation in MDA-MB-231/irradiation/
Fig. 2. CDK2 directly binds to and phosphorylates TRIM32. A, IP and WB assays for CDK
B, IP and WB assays for CDK2 associated with TRIM32 in MDA-MB-231 and BT549 cells w
GST pull-down analysis. D, Schematics of TRIM32 wild type and various truncated constru
TRIM32 and STAT3 in MDA-MB-231/ irradiation cells. F, Effect of CDK2 knockout on p-S
assays for effects of TRIM32 WT, S328A, S339A, and S410A on TRIM32 phosphorylation i
using purified 6 � His-TRIM32 WT or S328A, S339A and HA-CDK2. I, Localization of T
representative of three independent experiments with similar results.
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sgCDK2 cells, but the same was not observed in the KD mutant.
These results indicate that the activity of CDK2 kinase is essential
for the nuclear translocation of TRIM32 induced by radiotherapy.
Additionally, several relevant CDKs were knocked out in MDA-
MB-231/irradiation cells, including CDK1, CDK2, CDK4, and CDK5,
and found that only CDK2 knockout markedly impaired
radiotherapy-induced nuclear translocation of TRIM32 (Supple-
mentary Fig. 1).

CDK2 directly binds to and phosphorylates TRIM32

To reveal how CDK2 regulates radiotherapy-induced nuclear
translocation of TRIM32, an immunoprecipitation (IP) assay in
MDA-MB-231/irradiation and BT549/ irradiation cells was first
performed, demonstrating that endogenous CDK2 interacted with
TRIM32 (Fig. 2A). Radiotherapy increased CDK2 binding with
TRIM32 in MDA-MB-231 and BT549 cells (Fig. 2B). Furthermore,
purified recombinant CDK2 directly interacted with TRIM32 by
GST pull-down analysis, which was markedly enhanced by radio-
therapy (Fig. 2C). Next, truncated mutants D2 and D3 were con-
structed in MDA-MB-231/irradiation cells (Fig. 2D). Radiotherapy
enhanced D2 but not D3 association with CDK2, revealing that
the region of TRIM32 (amino acids 310–653) is necessary for its
binding with CDK2 (Fig. 2E).
2 associated with TRIM32 in MDA-MB-231/irradiation and BT549/ irradiation cells.
ith or without radiotherapy. C, Effects of CDK2 associated with TRIM32 by in vitro
cts. E, Effects of various truncated constructs of TRIM32 on the association between
er/Thr expression levels of TRIM32 in MDA-MB-231/irradiation cells. G, IP and WB
n MDA-MB-231/irradiation cells transfected with HA-CDK2. H, in vitro kinase assay
RIM32 WT, S328A, and S339A mutant in MDA-MB-231/irradiation cells. Data are
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To further demonstrate that TRIM32 is a substrate of CDK2,
CDK2 was knocked out to assess its effect on TRIM32 phosphoryla-
tion. Fig. 2F showed that CDK2 knockout abrogated radiotherapy-
induced phosphoserine/threonine (p-Ser/Thr) of TRIM32 in MDA-
MB-231/irradiation cells. Next, in silico analysis was performed
by the GPS 3.0 software (https://gps.biocuckoo.org). From the pre-
diction, three possible phosphorylation sites of CDK2, S328, S339,
and S410, were selected. The TRIM32 WT mutants S328A, S339A,
and S410A were constructed to identify the role of the CDK2 phos-
phorylation sites. As shown in Fig. 2G, the S328A and S339A
mutants markedly impaired radiotherapy-induced TRIM32 p-Ser/
Thr in MDA-MB-231/ irradiation cells.

To further reveal CDK2 phosphorylation of TRIM32 at S328 and
S339, we performed in vivo kinase analysis and confirmed that
TRIM32 S328A and S339A, but not TRIM32 WT, had a significant
effect on TRIM32 phosphorylation by CDK2 (Fig. 2H). These find-
ings are in line with the results that CDK2 is associated with
TRIM32 amino acids 310–653 residues, including residues S328
and S339 (Fig. 2E). Furthermore, the non-phosphorylatable S328A
and S339A of TRIM32 mutation suppressed radiotherapy-induced
nuclear translocation of TRIM32 (Fig. 2I), whereas the phosphor-
mimic S328D and S339D of TRIM32 mutation induced in the
nucleus upon radiotherapy activation (Supplementary Fig. 2). In
Fig. 3. S328/S339 sites of TRIM32 phosphorylation are required for recruiting PIN1. A,
with or without radiotherapy. B, IP andWB assays for TRIM32 binding with PIN1 in MDA-
1 h. C, Effects of TRIM32WT, S328A, or S339A mutant on the association between TRIM32
TRIM32 associated with PIN1. E-F, The phosphorylated S328/P329 (E) and S339/P349 (F)
Then cis–trans isomerization analysis was performed. Data were expressed as means ±
assays for PIN1 knockout on nuclear localization of TRIM32 in MDA-MB-231/irradiation c
mutant were treated with or without PIN1 inhibitor Juglone (10 lM) for 4 h. I, Effects of r
of TRIM32 with or without radiotherapy in MDA-MB-231/shPIN1 cells. Data are represe
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conclusion, our results demonstrate that CDK2 binds to and phos-
phorylates TRIM32 directly at S328 and S339 sites, resulting in
nuclear translocation of TRIM32.
S328/S339 sites of TRIM32 phosphorylation are required for
recruiting PIN1

Pro-directed Ser/Thr phosphorylation was reported to be
involved in protein conformational alteration and signaling path-
way transduction [25]. A unique peptidyl-prolyl cis–trans iso-
merase, PIN1, mediates conformational alteration of p-Ser/Thr-
Pro motifs [25–26]. To demonstrate how PIN1 mediates
radiotherapy-induced TRIM32 nuclear translocation, IP assays
were performed in MDA-MB-231/irradiation and BT549/irradia-
tion cells, and explore the association between TRIM32 and PIN1.
As shown in Fig. 3A, radiotherapy significantly enhanced PIN1
directly associated with TRIM32 in MDA-MB-231/irradiation and
BT549/irradiation cells. Additionally, Roscovitine inhibited the
interaction between TRIM32 and PIN1 (Fig. 3B). TRIM32 WT was
correlated with PIN1 in MDA-MB-231/irradiation cells (Fig. 3C)
but not S328A and S339A mutants. Moreover, the S328D and
S339D mutants of TRIM32 showed stronger binding with PIN1
IP andWB assays for TRIM32 associated with PIN1 in MDA-MB-231 and BT549 cells
MB-231/irradiation cells. Cells were treated with or without Roscovitine (25 lM) for
and PIN1 in MDA-MB-231/irradiation cells. D, Effects of PIN1WT or WWmutant on
oligopeptides of TRIM32 are co-expressed with purified PIN1 WT or C113A mutant.
SD. P values were calculated using one-way analysis of variance (ANOVA). G, WB
ells. H, MDA-MB-231/irradiation cells reconstituted with TRIM32 WT, S328A/S339A
e-expression of shRNA-resistant PIN1 WT or C113A mutant on nuclear translocation
ntative of three independent experiments with similar results.

https://gps.biocuckoo.org
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than TRIM32WT in MDA-MB-231/irradiation cells (Supplementary
Fig. 3A). These results suggest that the S328/S339 sites of TRIM32
phosphorylation are necessary for TRIM32 associated with PIN1 in
TNBC cells.

The PIN1 WW region interacts with p-Ser/Thr-Pro motifs [15].
To determine whether the PIN1 WW domain is required for
TRIM32 binding to PIN1, Flag-TRIM32 was first overexpressed with
HA-PIN1 WT or WW mutants (R14A, R17A, W11A, and W34A) in
MDA-MB-231/irradiation cells. Fig. 3D indicated that only the
PIN1 WT was associated with TRIM32, whereas the PIN1 WW
mutants were not. Moreover, TRIM32 S328/P329 phosphorylation
(p-TRIM32 peptide-1) and non-phosphorylation (TRIM32
peptide-1) peptides, TRIM32 S339/P340 phosphorylation (p-
TRIM32 peptide-2) and non-phosphorylation (TRIM32 peptide-2)
peptides were synthesized. As displayed in Fig. 3E and 3F, p-
TRIM32 peptide-1 and p-TRIM32 peptide-2 showed more efficient
isomerization by PIN1 WT compared with the catalytically inactive
PIN1 C113A mutant. However, PIN1 WT did not isomerize TRIM32
peptide-1 and TRIM32 peptide-2 (Supplementary Fig. 3B and 3C).

Finally, PIN1 was knocked out in MDA-MB-231/irradiation cells
to further elucidate the relevance of PIN1 in the nuclear transloca-
tion of TRIM32. Fig. 3G shows that PIN1 knockout markedly sup-
pressed radiotherapy-induced TRIM32 nuclear translocation.
Further study revealed that nuclear translocation of TRIM32 WT,
but not S328A/S339A mutants, was greatly inhibited in MDA-
MB-231/irradiation cells treated with PIN1 inhibitor Juglone
(Fig. 3H). Reexpressing PIN1 WT but not C113A mutation, was able
Fig. 4. PIN1 induces phosphorylated TRIM32 at S328 and S339 sites interacting with
nuclear translocation MDA-MB-231/shPIN1 cells. B, Schematics of TRIM32WT and nuclea
WT or NLS-mut on the nuclear translocation of TRIM32. D, WB assay for effects of impo
TRIM32 at S339 and S328 with or without radiotherapy. E, IP and WB assays for effects o
WB assay for effects of ectopic expression of PIN1 WT or C113A mutant on TRIM32 asso
with similar results.
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to rescue nuclear translocation of TRIM32 upon radiotherapy in
MDA-MB-231/shPIN1 cells (Fig. 3I). These results indicate that
the S328/S339 sites of TRIM32 phosphorylation are required for
recruiting PIN1.

PIN1 induces phosphorylated TRIM32 at the S328 and S339 sites
interacting with importin a3

The R68/69 residues of PIN1 play critical roles in its nuclear
localization signal (NLS) [27–28]. HA-PIN1 WT or R68/69A mutant
were overexpressed in MDA-MB-231/ shPIN1 cells to demonstrate
the role of PIN1 NLS in the nuclear translocation of TRIM32. As
shown in Fig. 4A, re-expression of PIN1WT or R68/69Amutant res-
cued TRIM32 nuclear translocation upon radiotherapy in MDA-
MB-231/shPIN1 cells, proven that PIN10s NLS domain is not neces-
sary for TRIM32 nuclear translocation. Therefore, we hypothesize
that TRIM32 itself contains an NLS, and TRIM320s NLS is exposed
via its cis–trans isomerization regulated by PIN1. Next, in silico
analyses were conducted with the NLStradamus software
(https://www.moseslab.csb.utoronto.ca/NLStradamus/) [29]. From
this analysis, one candidate NLS sequence was identified in TRIM32
at amino acid residues 145–168, RRRDFGEKLTRLRELMGELQRRKA
(Fig. 4B). To identify whether TRIM32 nuclear translocation is
dependent on TRIM320 NLS, the TRIM32 WT and NLS mutant were
constructed in MDA-MB-231/irradiation cells. In Fig. 4C, the
TRIM32 NLS mutant suppressed radiotherapy-induced TRIM32
nuclear translocation, while the WT demonstrated no suppression.
importin a3. A, Effect of re-expression of PIN1 WT and R68/69A mutant on TRIM32
r localization sequence (NLS) mutant. C, Representative images of effects of TRIM32
rtin a3 knockdown on the nuclear translocation of TRIM32 and phosphorylation of
f TRIM32 WT, S328A/S339A, or NLS-mut on TRIM32 associated with importin a3. F,
ciated with importin a3. Data are representative of three independent experiments

https://www.moseslab.csb.utoronto.ca/NLStradamus/
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These results indicate that the nuclear translocation of TRIM32
depends on TRIM320s NLS domain.

Importin a transport protein was demonstrated to recognize
and then link NLS sequences, regulating the nuclear transport pro-
cess [25]. Flag-TRIM32 was overexpressed with HA-importin a1,
a3, a4, a5, a6, or a7 in MDA-MB-231/irradiation cells. Importin
a3, but not other importins, was associated with TRIM32, as indi-
cated in Supplementary Fig. 4. Furthermore, importin a3 knock-
down impaired radiotherapy-induced nuclear translocation of
TRIM32 and phosphorylation of TRIM32 at S339 and S328
(Fig. 4D). Additionally, TRIM32 S328A, S339A, and NLS mutant,
but not WT, decreased the combination of importin a3 and TRIM32
in MDA-MB-231/irradiation cells (Fig. 4E), revealing the essential
role of importin a3 in PIN1-promoted nuclear translocation of
phosphorylated TRIM32 at the S328 and S339 sites. Finally, V5-
importin a3 and Flag-TRIM32 were overexpressed with HA-PIN1
WT or C113A mutant in MDA-MB-231 cells, revealing that PIN1
WT induced TRIM32 interaction with importin a3, whereas the
PIN1 C113A mutant decreased their association (Fig. 4F). Collec-
tively, these data suggest that PIN1-regulated cis–trans isomeriza-
tion of phosphorylated TRIM32 at S328 and S339 sites exposes the
NLS of TRIM32, then interacting with importin a3.
Fig. 5. Nuclear TRIM32 promotes STAT3 phosphorylation. A, Scatter plot of gene exp
Roscovitine (25 lM) for 1 h. Blue dots, set of genes significantly downregulated by Rosco
genes without significant alteration. B, KEGG analysis revealed that the genes downregula
pathway. C-D, Effects of Roscovitine on SOCS3 and c-FOS mRNA expression in MDA-MB
phosphorylation. F, Effects of TRIM32 WT, S328A/S339A, or NLS-mut on STAT3 phosphor
shRNA-resistant TRIM32 S328A/S339A or NLS mutant on SOCS3 and c-FOS mRNA (G), cell
MDA-MB-231/ irradiation/shTRIM32 cells. Error bars ± S.D. ***P < 0.001. Data were repre
colour in this figure legend, the reader is referred to the web version of this article.)
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Nuclear TRIM32 promotes STAT3 phosphorylation

RNA sequencing analysis was performed in MDA-MB-231/
irradiation cells treated with CDK2 inhibitor Roscovitine (Fig. 5A)
to reveal the downstream mechanism in nuclear TRIM32-induced
TNBC radioresistance. Analysis of the Kyoto Encyclopedia of Genes
and Genomes (KEGG) shows that JAK-STAT3 pathway is one of the
top five pathways (Fig. 5B). QRT-PCR andWB tests were carried out
to verify RNA sequencing results. As shown in Fig. 5C and 5D,
STAT3 target genes (SOCS3, c-FOS) [23] were down-regulated with
Roscovitine in BT549/irradiated and MDA-MB-231/irradiation
cells. Additionally, Roscovitine inhibited STAT3 phosphorylation
but not STAT3 protein expression in MDA-MB-231/irradiation
and BT549/irradiation cells (Fig. 5E). In conclusion, these results
support that STAT3 signaling is regulated by CDK2 activity, and
nuclear TRIM32 may mediate STAT3 signaling.

To demonstrate that nuclear TRIM32 promotes STAT3 phospho-
rylation, Flag-TRIM32 WT, S328A/S339A or NLS mutant were over-
expressed in MDA-MB-231/irradiation/ shTRIM32 cells. Compared
with the TRIM32 WT group, re-expression of shRNA-resistant
TRIM32 S328A/S339A or NLS mutant impaired STAT3 phosphoryla-
tion, SOCS3 and c-FOS mRNA, cell proliferation and survival
ression in MDA-MB-231/irradiation cells treated with (x-axis) or without (y-axis)
vitine; red dots, set of genes significantly upregulated by Roscovitine; gray dots, the
ted by the Roscovitine were predominantly associated with the JAK/STAT3 signaling
-231/irradiation and BT549/ irradiation cells. E, WB assay for Roscovitine on STAT3
ylation in MDA-MB-231/ irradiation/shTRIM32 cells. G-K, Effects of re-expression of
proliferation (H) and survival in vitro (I), tumor volume (J) and weight (K) in vivo in
sentative of three independent experiments. (For interpretation of the references to
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in vitro, as well as the tumor volume and weight in vivo (Fig. 5F to
K). Interestingly, compared with the empty vector group, re-
expression of TRIM32 WT resulted in an increase in the above
items. Given the crucial roles of PIN1 and importin a3 in nuclear
translocation of TRIM32, PIN1 and importin a3 were knocked
down, respectively. Supplementary Fig. 5 suggests that PIN1 and
importin a3 knockdown suppressed STAT3 phosphorylation, but
not STAT3 protein expression in MDA-MB-231/irradiation cells.
In conclusion, these data suggest that nuclear TRIM32 promotes
STAT3 signaling, leading to enhanced TNBC radioresistance.
CDK2-activated TRIM32 phosphorylation disrupts STAT3-TC45
association

We recently demonstrated that TRIM32 promotes STAT3 phos-
phorylation and radioresistance in TNBC by disrupting TC45-STAT3
association [23]. Thus, we validated that nuclear TRIM32 promotes
STAT3 signaling. Therefore, CDK2-activated TRIM32 phosphoryla-
tion may disrupt the STAT3-TC45 association. To test this hypoth-
esis, IP and WB assays were performed. IP and WB assays revealed
that STAT3 associated with TRIM32 in nucleus of MDA-MB-231/
irradiation and BT549/irradiation-cells (Supplementally Fig. 7D).
CDK2 inhibitor Roscovitine inhibited TRIM32-STAT3 interaction
and STAT3 phosphorylation in MDA-MB-231/irradiation and
BT549/irradiation cells (Fig. 6A). Moreover, Roscovitine induced
TC45-STAT3 association (Fig. 6B), suggesting that CDK2-activated
TRIM32 phosphorylation disrupts STAT3-TC45 association.
Fig. 6. CDK2-activated TRIM32 phosphorylation disrupts the STAT3-TC45 association
Effects of Roscovitine on STAT3 associated with TC45. C, IP and WB assays for effects of T
231/irradiation/shTRIM32 cells. D, Representative images of effects of TRIM32 WT, S328
shTRIM32 cells. E, IP and WB assays for effects of PIN1 WT or C113A mutant on TRIM32 b
mutant on TC45 associated with STAT3 in MDA-MB-231/irradiation cells. Data are repre
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Consistent with our previous results [23], re-expression of
TRIM32 WT increased TRIM32-STAT3 interaction and STAT3 phos-
phorylation by inhibiting STAT3-TC45 association compared with
the empty vector group in MDA-MB-231/ irradiation/shTRIM32
cells (Fig. 6C and 6D). However, no change was found in the reex-
pression of non-phosphorylated TRIM32 S328A/S339A or NLS
mutants (Fig. 6C and 6D). Furthermore, compared with the empty
vector group, over-expression of PIN1 WT also enhanced TRIM32-
STAT3 interaction and STAT3 phosphorylation by inhibiting STAT3-
TC45 association in MDA-MB-231/irradiation cells, but PIN1 C113A
overexpression did not show significant alteration on STAT3-TC45
interaction or STAT3 phosphorylation (Fig. 6E and 6F). Collectively,
the results show that nuclear TRIM32-activated STAT3 signaling
depends on suppressing TC45-dephosphorylated nuclear STAT3
to sustain high STAT3 phosphorylation.
Phosphorylation blockade of TRIM32 with CDK2 inhibitor
Roscovitine inhibits tumorigenesis and radioresistance in TNBC
in vitro and in vivo

To explore the treatment value of CDK2-phosphorylated
TRIM32 blockade, the role of Roscovitine in TNBC proliferation
was investigated in vitro, revealing that Roscovitine impedes TNBC
cell proliferation and colony formation in vitro (Fig. 7A and 7B).
Next, subcutaneous implantation of MDA-MB-231 cells into nude
mice was performed, and Roscovitine was administered intraperi-
toneally. In line with the in vitro results, a 50 mg/kg concentration
. A, IP and WB assays for effects of Roscovitine on TRIM32 associated with STAT3. B,
RIM32 WT, S328A/S339A, or NLS-mut on TRIM32 binding with STAT3 in MDA-MB-
A/S339A, or NLS-mut on TC45 associated with STAT3 in MDA-MB-231/irradiation/
inding with STAT3 in MDA-MB-231/irradiation cells. F, Effects of PIN1 WT or C113A
sentative of three independent experiments with similar results.



Fig. 7. Phosphorylation blockade of TRIM32 with CDK2 inhibitor Roscovitine inhibits tumorigenesis and radioresistance in TNBC in vitro and in vivo. A, Roscovitine
impeded colony formation of MDA-MB-231 and BT549 cells. B, Quantitative analysis of colony numbers in A. C-D, The volume of the xenograft tumors in each group. Nude
mice subcutaneously injected with MDA-MB-231 cells were treated with Roscovitine (Intraperitoneal injection, daily, 50 mg/kg concentration of Roscovitine) when the tumor
volumes reached 150 mm3 (n = five mice/group). E, The weight of the xenograft tumors in each group is shown (n = five mice/group). F, Western blot of the xenograft tumors
extracted proteins. G-H, MDA-MB-231 and BT549 cells treated with Roscovitine at the indicated concentration for 24 h were irradiated at the indicated doses. The survival
fraction was calculated after 2 weeks (n = 3). I, The volume of the xenograft tumors of each group. Nude mice were subcutaneously injected with MDA-MB-231 cells and
treated with irradiation only, Roscovitine only or Roscovitine combination with 4 Gy irradiation (n = five mice/group). J, The weight of the xenograft tumors in each group
(n = five mice/group). Data were presented as mean ± SEM. *P < 0.05, **P < 0.01. ***P < 0.001.
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of Roscovitine led to significantly suppressed tumor volume and
weight in vivo (Fig. 7C to 7E). The CDK2/TRIM32/STAT3mechanism
also operates in vivo (Fig. 7F). Therefore, these data indicated that
phosphorylation blockade of TRIM32 with Roscovitine inhibits
tumorigenesis of TNBC in vitro and in vivo.

Given nuclear TRIM32 induced the radioresistance of TNBC, a
clonogenic survival assay was performed. As shown in Fig. 7G
and H, Roscovitine significantly decreased radioresistance in
MDA-MB-231 and BT549 cells. Moreover, the combination of irra-
diation and 50 mg/kg concentration of Roscovitine suppressed
both tumor weight and volume more obviously compared with
Roscovitine or irradiation treatment alone (Fig. 7I and J), suggest-
ing that Roscovitine treatment effectively reduced TNBC radiore-
sistance in vivo. In conclusion, these data supported that
phosphorylation blockade of TRIM32 with CDK2 inhibitor Roscov-
itine inhibits radioresistance and tumorigenesis in TNBC in vitro
and in vivo.
Clinical significance of CDK2/TRIM32/STAT3 pathway in TNBC

To further reveal the clinical significance of our data, a rabbit
polyclonal antibody that specifically identifies p-TRIM32S339 and
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p-TRIM32S328 were generated, and its specificity for p-
TRIM32S339 and p-TRIM32S328 in MDA-MB-231 cells and clinical
TNBC tissues was tested (Supplementary Fig. 6). Subsequently, p-
CDK2, p-TRIM32, and p-STAT3 were detected in 100 clinical TNBC
samples. As shown in Fig. 8A, p-CDK2, p-TRIM32, and p-STAT3
were markedly co-expressed in TNBC specimens. Quantification
of protein expression using IHC staining showed that the correla-
tion was statistically significant (Fig. 8B). In addition, p-CDK2/p-
TRIM32 and p-CDK2/p-STAT3 co-expression at high expression
level are positively associated with poor prognosis in TNBC
(Fig. 8C). These results indicate that the CDK2/TRIM32/STAT3 path-
way showed a clinical prognosis value for TNBC.
Discussion

The findings reveal that CDK2 phosphorylated TRIM32 activates
nuclear translocation, leading to enhanced STAT3 signaling activa-
tion and radioresistance in TNBC by suppressing TC45-
dephosphorylated STAT3 (Fig. 8D). Radiotherapy is one of the
major treatment strategies for decreasing TNBC recurrence and
metastasis [30,31]. However, the mechanisms by which TNBC
radioresistance occurs remain unclear. Nuclear translocation plays



Fig. 8. Clinical significance of CDK2/TRIM32/STAT3 pathway in TNBC. A, Representative images of p-CDK2T14, p-TRIM32S339, and p-STAT3Y705 in 100 clinical TNBC tissues.
Scale bars, 50 lm. B, Correlation of expression between p-CDK2T14, p-TRIM32S339, and p-STAT3Y705 in A. C, Kaplan-Meier comparison of patient prognosis with p-CDK2T14/p-
TRIM32S339 or p-CDK2T14/p-STAT3Y705 differential expression. D, A working model of CDK2/TRIM32/STAT3 signaling in TNBC radioresistance.
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a crucial role in radioresistance in TNBC [32,33]. EGFR nuclear
translocation following irradiation was also reported to induce
radiation resistance [34]. Our results supported the mechanism
underlying nuclear translocation of TRIM32-driven TNBC radiore-
sistance, which may enhance the curative effect of radiotherapy
by inhibiting the newly identified CDK2/TRIM32 axis.

This data reveals that CDK2 induces TNBC radioresistance
through TRIM32- promoted STAT3 signaling activation. CDK2
was reported to play a critical role in cancer initiation and progres-
sion [35–37]. CDK2-phosphorylated EZH2 at T416 promoted
tumorsphere formation, cell migration and invasion as well as
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tumor growth in vivo [38]. CDK2 inhibitor effectively inhibits
tumor growth and significantly prolongs the OS of mice carrying
TNBC tumours [15]. Moreover, CDK2 improved the radiosensitivity
of osteosarcoma [39]. In this investigation, we demonstrated that
CDK2 induces radioresistance by promoting nuclear translocation
of TRIM32 via the PIN1/importin a3 axis, thereby triggering
enhanced STAT3 signaling in TNBC.

This study demonstrates that TRIM32 is a novel substrate of
CDK2. Recent evidence supported that EZH2, and Smad3, have
been demonstrated as substrates of CDK2 in TNBC [15,38,40].
TRIM32 was reported as an E3 ubiquitin ligase of ARID1A in
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squamous cell carcinoma [41] and p53 in gastric cancer [21] and
MYCN in human neuroblastoma [42]. In addition, TRIM32 func-
tions as an oncogene in breast cancer [43], glioma [44],hepatocel-
lular carcinoma [45] and gastric cancer [46]. We recently also
reported that TRIM32 induces TNBC radioresistance by disrupting
TC45-STAT3 interaction in TNBC [23]. In this study, TRIM32 was
identified as a substrate of CDK2, which is phosphorylated at the
S328 and S339 sites by CDK2 and is involved in nuclear transloca-
tion, thus leading to STAT3 signaling activation and radioresistance
in TNBC. Furthermore, the combination of p-CDK2 with p-TRIM32
or p-STAT3 has a clinically prognostic significance in forecasting
poor overall survival of TNBC.

This study also demonstrated that TRIM32 is directly associated
with PIN1 or importin a3, resulting in its nuclear translocation.
Nuclear translocation was reported to play critical roles in radiore-
sistance of glioblastoma [47], prostate cancer [48], colorectal can-
cer [49],neuroblastoma [50],and lung cancer [51]. PIN1 regulates
conformational alteration for p-Ser/Thr-Pro motifs and defines
subsequent enzyme actions [25,26,52,53]. PIN1 has been con-
firmed to interact with phosphorylated PKM2 and cis–trans iso-
merized PKM2, inducing PKM2 translocation to the nucleus in
glioblastoma [54]. Another study validated that MLK3 phosphory-
lated PIN1 on the S138 site, and the PIN1-pS138 translocated to the
nucleus in pancreatic cancer [55]. Our research revealed that PIN1-
mediated cis–trans isomerization of phosphorylated TRIM32 at
S328 and S339 sites led to enhanced TRIM32 NLS exposure. Thus,
PAK5 phosphorylated AIF at the Thr281 site and induced nuclear
translocation of AIF by suppressing the formation of AIF/importin
a3 complex, further promoting breast cancer tumorigenesis [56].
Nuclear localization sequence of RYBP, which includes Asn58 to
Lys83, binds to importin a3 to allow nuclear translocation [57].
Our data further revealed that PIN1 induced phosphorylated
TRIM32 at the S328 and S339 sites and interacted with importin
a3, enhancing TRIM32 nuclear translocation. As a major regulating
signaling pathway of radioresistance in cancer [58,59], STAT3 sig-
naling has been linked to the nuclear translocation of key regulated
genes in many cancers such as glioma [60], endometrial cancer
[61], and breast cancer [62]. Our results identified nuclear TRIM32
promotes STAT3 signaling by suppressing TC45-dephosphorylated
nuclear STAT3 to sustain high STAT3 phosphorylation.

In summary, we have identified a new mechanism by which
CDK2 enhances STAT3 signaling activation and radioresistance
through TRIM32 nuclear translocation. These results expand our
understanding of the role of CDK2 in radioresistance to TNBC.
Moreover, we provide new insights into the CDK2/TRIM32/STAT3
axis in radioresistance and therapeutic targets for preventing can-
cer radioresistance.
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