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Phosphorylation of USP27X by GSK3[3 maintains the stability
and oncogenic functions of CBX2

Yushu Xing'?, Jirimu Ba-tu®, Chongyang Dong”, Xiaodong Cao', Bing Li', Xin Jia', Yu Juan', Xia%ie Lv', Huiwen Zhan%j, Na Qin®,
1

Wuri Han®, Dongfeng Wang®, Xiao Qi', Yutong Wang', Xulu Hao® Shuang Zhang®, Xiaoli Du

6

Minjie Wang

© The Author(s) 2023

2* Huanyun Wang and

Chromobox protein homolog 2 (CBX2) exerts a multifaceted impact on the progression of aggressive cancers. The proteasome-
dependent pathway is crucial for modulating CBX2 regulation, while the specific regulatory roles and mechanisms of
deubiquitinating enzymes targeting CBX2 remain poorly understood. Mass spectrometry analysis identified ubiquitin-specific
peptidase 27X (USP27X) as a deubiquitinating enzyme that targets CBX2. Overexpression of USP27X significantly enhances CBX2
levels by promoting deubiquitination, while deficiency of USP27X leads to CBX2 degradation, thereby inhibiting tumorigenesis.
Furthermore, it has been revealed that glycogen synthase kinase 3 beta (GSK3p) can directly bind to and phosphorylate USP27X,
thereby enhancing the interaction between USP27X and CBX2 and leading to further stabilization of the CBX2 protein. Clinically,
the co-expression of high levels of USP27X and CBX2 in breast cancer tissues is indicative of a poor prognosis for patients with this
disease. These findings collectively underscore the critical regulatory role played by USP27X in modulating CBX2, thereby
establishing the GSK33-USP27X-CBX2 axis as a pivotal driver of malignant progression in breast cancer.
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INTRODUCTION

Breast cancer (BC) remains a significant global health concern and
continues to be the leading cause of cancer-related mortality in
women [1]. Among its diverse subtypes, triple-negative breast
cancer (TNBC) is characterized by the absence of estrogen
receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER-2) expression [2]. TNBC presents a
more aggressive phenotype characterized by heightened inva-
siveness, increased metastatic potential, greater risk of relapse,
and poorer prognosis compared to other BC subtypes [3]. The
development and progression of TNBC is driven by critical
mutations in key signal transduction pathways including TP53,
EGFR, c-KIT, VEGF, and AR that play a pivotal role in its
tumorigenesis [4-8]. Given the aggressive nature of TNBC,
identifying potential therapeutic targets is crucial for improving
patient prognosis and quality of life [9]. Therefore, investigating
novel molecular mechanisms involved in the progression of TNBC
holds paramount importance in developing effective treatment
strategies.

The post-translational modification of proteins known as
ubiquitination is a crucial process that has been observed to be
dysregulated in several types of cancers, including TNBC [10]. The
ubiquitin system is composed of a group of enzymes that
covalently attach the 76-amino acid ubiquitin protein to specific

target proteins [11]. The enzymes involved in ubiquitination
encompass E1 ubiquitin-activating enzymes, E2 ubiquitin-
conjugating enzymes, and E3 ubiquitin ligases, as well as a
diverse range of deubiquitinating enzymes (DUBs) [12]. DUBs play
a significant role in tumorigenesis by removing ubiquitin from
substrate proteins through the process of deubiquitylation [13].
Several families of DUBs are present in the human proteome,
including UCHs, USPs, OTUs, JAMM, MCPIPs, and MINDYs [14]. The
diversity of these DUB families highlights the intricacy of
deubiquitylation and its potential involvement in cancer progres-
sion. USP27X, a member of the deubiquitinase (DUB) family, plays
a critical role in regulating protein ubiquitination and stability [15].
Its oncogenic functions are context-dependent and vary across
specific cancer types [16]. For example, USP27X has been
implicated in promoting cell proliferation and invasion in
hepatocellular carcinoma (HCC) and colorectal cancer (CRC) [17].
Conversely, USP27X has been suggested to exert tumor-
suppressive effects in ovarian and lung cancer by inhibiting cell
growth and metastasis [18]. Additionally, USP27X has been
implicated in modulating the response to anticancer therapies
[19]. In glioblastoma, it has been found that USP27X confers
resistance to temozolomide, a commonly used chemotherapy
drug [20]. On one hand, the downregulation of USP27X in lung
carcinoma cells has been demonstrated to enhance their
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sensitivity to cisplatin therapy. On the other hand, the precise role
of this protein in BC progression remains largely unknown [21].

CBX2, a member of the polycomb group (PcG) complex, plays a
pivotal role in tumorigenesis across various cancer types [22-28]. It
has been implicated as a key player in promoting tumor
occurrence and development in gastric carcinoma, colon cancer,
and hepatic carcinoma [24, 29]. Interestingly, CBX2 exhibits both
tumor suppressive and promoting functions depending on the
specific cancer type [30-33]. In glioma, CBX2 inhibits tumor
growth; whereas in lung, liver, and colon cancers it promotes
tumorigenesis. CBX2 functions as a potent tumor accelerator in
BC, promoting tumorigenesis through multiple pathways includ-
ing the PI3K/AKT signaling pathway, metabolic reprogramming,
and intronic DNA methylation, which possibly mainly attribute to
regulation of gene expression at chromatin [25, 34-36]. The
activation of CBX2 amplifies the pivotal function of the PI3K/AKT
signaling pathway in the advancement of BC, as it augments the
proliferation, survival, and invasion of BC cells [34]. Additionally,
CBX2 assumes a critical role in metabolic reprogramming by
stimulating the Warburg effect, which is typified by escalated
glycolysis and diminished oxidative phosphorylation. This meta-
bolic shift provides cancer cells with the energy required for rapid
growth and proliferation. Additionally, CBX2 induces intronic DNA
methylation, an epigenetic modification that can result in aberrant
splicing and gene expression, thereby promoting BC progression.
Dysregulation of CBX2 in BC is also associated with alterations in
other epigenetic marks, including histone modifications and
chromatin remodeling. In aggregate, CBX2 functions as a tumor
accelerator in BC through multiple pathways. Given its multi-
faceted role in tumorigenesis, CBX2 represents a promising
therapeutic target for the development of novel therapies for
BC. Further investigation into the underlying mechanisms of CBX2
dysregulation in BC is imperative for a comprehensive under-
standing of its role in the disease and identification of potential
therapeutic interventions.

Phosphorylation and deubiquitination are two indispensable
post-translational modifications that exert pivotal roles in regulat-
ing protein function and stability [37]. Phosphorylation involves
the covalent attachment of a phosphate group to a protein, while
deubiquitination entails the enzymatic cleavage of ubiquitin
molecules from a substrate [38]. These two processes are
intricately interconnected and critically involved in the precise
modulation of diverse cellular processes. Phosphorylation has
been shown to modulate deubiquitination through multiple lines
of evidence [39-41]. For example, phosphorylation of specific
substrates can prevent their degradation via the ubiquitin-
proteasome pathway and increase protein stability [42]. This
phenomenon has been observed in various proteins, such as p53,
c-Jun, and NF-kB [43-45]. Phosphorylation can either inhibit the
activity of certain ubiquitin ligases or enhance the function of
deubiquitinases. Moreover, phosphorylation can regulate deubi-
quitination by directly affecting the activity or subcellular
localization of certain deubiquitinases. For instance, USP7 is an
exemplar that can be phosphorylated at multiple sites by CK2 to
strengthen its interaction with substrates and enhance its
deubiquitination activity [45]. Similarly, the activity of deubiqui-
tinase USP14 is regulated by phosphorylation through protein
kinase CK2 [46]. Phosphorylation at specific sites on USP14
enhances its activity and increases protein stability. Additionally,
phosphorylation and deubiquitination can synergistically regulate
protein function. For example, deubiquitinase USP15 interacts
with and deubiquitinates kinase RIPK1, leading to its stabilization
and activation of downstream signaling pathways [47]. This
interaction between USP15 and RIPK1 is regulated by phosphor-
ylation of specific sites on USP15, which enhances its binding to
RIPK1 and promotes the stabilization of RIPK1. The interplay
between phosphorylation and deubiquitination is complex and
multifaceted [48]. In addition, the ubiquitin-specific protease
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(USP7) associates with related complex and deubiquitinates its
CBX2, while loss of USP7-mediated deubiquitination results in
reduced co-immunoprecipitation of CBX2 [49]. Although the
precise mechanisms of this interaction remain to be fully
elucidated, it is evident that these two post-translational
modifications are closely linked and play pivotal roles in regulating
protein function and stability.

Our findings collectively suggest that USP27X plays a critical
role in regulating CBX2, and the GSK3B-USP27X-CBX2 axis is
pivotal in promoting malignant progression of BC. These results
provide novel insights into the regulation of CBX2 and have
significant implications for developing innovative therapeutic
strategies targeting aggressive forms of BC.

RESULTS

USP27X interacts with CBX2

The regulatory function of USP27X has been implicated in multiple
types of tumor progression, with our research focusing on its
potential involvement in the development of BC. Our analysis of
the TCGA database identified an abnormally elevated expression
level of USP27X within this context (Supplementary Fig. 1A). To
further investigate this phenomenon, we established stable BT549
cell lines that express USP27X and utilized mass spectrometry
techniques to identify associated immunoprecipitates (Supple-
mentary Fig. 1B). Through functional analysis of potential down-
stream target proteins, CBX2 was initially identified as one of the
top 10 candidates (ranked by the number of specific peptides
identified) (Supplementary Fig. 1B). Subsequently, the interaction
between USP27X and CBX2 was validated in HEK-293T cells
(Supplementary Fig. 1C). Similarly, a physical association between
endogenous USP27X and CBX2 proteins was validated in MCF7,
MDA-MB-231 and BT549 (Fig. 1A-C). Immunofluorescence co-
localization experiments revealed a significant overlap between
USP27X and CBX2 within the nuclei of BC cells (VDA-MB-231,
MCF7, and BT549), with some co-distribution observed in the
cytoplasm (Fig. 1D). The interaction between exogenous USP27X
and CBX2 was also verified by immunofluorescence assay in HEK-
293T cells (Supplementary Fig. 1D). To validate the direct nature of
their interaction, we performed GST-pulldown (Fig. 1E) and
proximity ligation assays. Furthermore, we observed PLA signaling
in the nucleus and cytoplasm, providing additional evidence for a
direct interaction between endogenous USP27X and CBX2 (Fig.
1F). The PLA signal for a direct interaction between exogenous
USP27X and CBX2 was detected in HEK-293T cells (Supplementary
Fig. 1E). By analyzing truncated mutants of USP27X and CBX2, we
further investigated the minimal regions necessary for their
interaction (Fig. 1G, H). Our findings indicate that USP27X
truncating mutants lacking the USP domain do not bind CBX2,
and that absence of the D1 domain in CBX2 disrupts the binding
between USP27X and CBX2 (Fig. 1I-L). Therefore, the interaction
between USP27X and CBX2 requires the presence of the USP
domain in USP27X and the D1 domain in CBX2. Taken together,
these results strongly suggest that CBX2 is indeed an interacting
partner of USP27X.

USP27X enhances CBX2 protein stability

The interaction between USP27X and CBX2 suggests that USP27X
may act as a deubiquitinating enzyme targeting the degradation
of CBX2 protein. To confirm this hypothesis, we observed a
reduction in CBX2 expression upon knockdown of USP27X in BC
cells (Fig. 2A and Supplementary Fig. 2A-C), while overexpression
of wild-type but not catalytically inactive mutant USP27X C87A (a
catalytically inactive point-mutant) resulted in an increase in CBX2
expression in BT549 and HEK-293T cells (Fig. 2B, C). The
knockdown or overexpression of USP27X, as determined by
gRT-PCR, did not exert any effect on the mRNA level of CBX2 (Fig.
2D, E). In eukaryotic cells, the autophagy-lysosomal pathway and
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Fig. 1 USP27X interacts with CBX2. A-C Cell lysates from MCF7 (A), MDA-MB-231 (B), and BT-549 (C) were analyzed by IP using antibodies
against USP27X and CBX2, then subjected to IB analysis. IgG was used as the isotype control. D Triple immunofluorescence (IF) staining of
USP27X(green), CBX2(red), and nuclei (DAPI, blue) was performed in MCF7, MDA-MB-231, and BT-549 cells. Scale bar, 10 um. E Purified Myc-
CBX2 was incubated with GST, GST-USP27X or GST-USP27X C87A coupled to glutathione-Sepharose beads. Proteins retained on Sepharose
were then subjected to IB with indicated antibodies. Recombinant GST-USP27X and GST-USP27X C87A were purified from bacteria and
analyzed by SDS-PAGE and Coomassie blue staining. F Representative images show merged PLA and nuclear (DAPI) channels from PLA
experiments. In situ PLA between endogenous USP27X and CBX2. Each red dot represents detection of the USP27X-CBX2 interaction
complex. Scale bar, 10 pm. G, H Schematic representation of HA-tagged full-length (FL) USP27X (G), Myc-tagged FL CBX2 (H), and their various
deletion mutants. I, J HEK-293T cells were cotransfected with HA-USP27X and Myc-tagged FL CBX2 or its deletion mutants and anti-Myc or
HA-coupled magnetic beads for IP analysis of cell lysates followed by IB analysis with HA and Myc antibodies. K, L HEK-293T cells were
cotransfected with Myc-CBX2 and HA-tagged FL USP27X or its deletion mutants and anti-Myc or HA-coupled magnetic beads for IP analysis of
cell lysates followed by IB analysis with HA and Myc antibodies. For all panels, data are representative results of three independent
experiments.

ubiquitin-proteasome pathway are two major mechanisms that caused by USP27X overexpression (Fig. 2G, H). These findings
play crucial roles in maintaining cellular homeostasis, ensuring collectively indicate that the regulation of CBX2 at the protein

protein quality control, and regulating cellular responses to stress level by USP27X is dependent on both proteasome-mediated
conditions. Subsequently, we investigated whether USP27X- degradation and its deubiquitinating enzyme activity. To
mediated regulation of CBX2 is contingent upon proteasomal demonstrate the impact of USP27X on CBX2 stability, we

activity. As expected, treatment with the proteasome inhibitor employed CHX to inhibit protein synthesis and assessed changes
MG132 effectively restored the decreased levels of CBX2 induced in CBX2 protein levels upon interference with USP27X expression.
by USP27X knockdown, while inhibition of autophagy-lysosomal The current investigation demonstrates that the downregulation
pathway with CQ failed to exhibit such a restorative effect (Fig. of USP27X expression in MDA-MB-231 and MCF7 cells leads to a
2F). Similarly, MG132 counteracted the upregulation of CBX2 marked decrease in CBX2 protein stability (Fig. 21-L). Conversely,
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Fig.2 USP27X enhances CBX2 protein stability. A USP27X was knocked down in MCF7 and MDA-MB-231 cells by two independent shRNAs.
CBX2 protein expression level was detected by IB analysis. B, C USP27X WT or C87A mutants were overexpressed in BT549 (B) and HEK-293T
cells (C) The level of CBX2 protein was analyzed. D, E qRT-PCR analysis of CBX2 mRNA expression in MCF7 (D) and MDA-MB-231 (E) cell lines
depleted of USP27X. F MDA-MB-231 cells transfected with 2 independent USP27X shRNAs were treated with or without the proteasome
inhibitor MG132 (20 pM, 8 h) or CQ (20 pM, 12 h), and then analyzed for USP27X and CBX2. G MCF7 cells transfected with two independent
USP27X shRNAs were treated with or without the proteasome inhibitor MG132 (20 pM, 8 h), and then analyzed for USP27X and CBX2. H BT549
cells transfected with USP27X WT or C87A mutants were treated with or without the proteasome inhibitor MG132 (20 pM, 8 h), and then
analyzed for USP27X and CBX2. I-L MDA-MB-231 (I) and MCF7 (K) cells stably expressing control shRNA or USP27X shRNA were treated with
100 pg/ml CHX, harvested at the indicated times, and treated with IB with anti-CBX2 and USP27X antibodies. Quantification of CBX2 levels
relative to Vinculin is shown. J Analyzed results of relative CBX2 level in MDA-MB-231. L Analyzed results of relative CBX2 level in MCF7.
M BT549 cells transfected with USP27X WT or C87A mutants were treated with 100 pg/ml CHX, harvested at the indicated times, and treated
with IB with anti-CBX2 and USP27X antibodies. Quantification of CBX2 levels relative to Vinculin is shown. Data are represented as mean + SD
of 3 independent experiments. ***P < 0.001, one-way ANOVA with Dunnett’s post test (D, E, J, L, M).

the upregulation of USP27X in BT549 cells, but not in the C87A USP27X deubiquitinates CBX2

mutant, results in a significant increase in CBX2 protein stability The deubiquitination activity of USP27X on CBX2 was investigated
(Fig. 2M and Supplementary Fig. 2D). Taken together, these by observing the impact of USP27X knockdown and over-
findings provide evidence for the selective amplification of CBX2 expression on endogenous and exogenous CBX2 ubiquitination
protein stability by USP27X. levels in MDA-MB-231, MCF7, HEK-293T, and BT549 cells. The
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subjected to IP treatment with CBX2 antibodies followed by IB treatment with Ub and CBX2 antibodies. Cells were treated with 20 pM MG132
for 8 h before harvesting. B HEK-293T and BT549 cells were transfected with the indicated constructs were treated with MG132 for 8 h before
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C HEK-293T and BT549 cells were cotransfected with Myc-CBX2, His-Ub, and HA-USP27X WT or USP27X C87A, and cell lysates were subjected
to IP with Myc followed by IB with antibodies against Myc, HA and His. Cells were treated with 20 pM MG132 for 8 h before harvesting.
D Ubiquitylated Myc-CBX2 was incubated with HA-USP27X WT or HA-USP27X C87A coupled to glutathione-Sepharose beads. Myc-CBX2 was
subjected to IP with Myc beads followed by IB with antibodies against HA and His. Purified HA-USP27X or HA-USP27X C87A was analyzed by
SDS-PAGE and Coomassie blue staining. E HEK-293T cells were cotransfected with Myc-CBX2, HA-USP27X, and the indicated His-Ub Lys48-only
(K48), or Lys63-only plasmids (K63), and then the CBX2 ubiquitylation linkage was analyzed. F HEK-293T cells were cotransfected with Myc-
CBX2, HA-USP27X, and the indicated His-Ub Lys6-only (K6), Lys11-only (K11), Lys27-only (K27), Lys29-only (K29), or Lys33-only plasmids (K33),
and then the CBX2 ubiquitylation linkage was analyzed. For all panels, data are representative results of three independent experiments.

results showed that USP27X knockdown increased endogenous
CBX2 ubiquitination, while USP27X overexpression decreased
CBX2 ubiquitination levels (Fig. 3A, B). Additionally, transfection of
HA-USP27X in HEK-293T and BT549 cells resulted in a decrease in
the ubiquitination level of exogenous CBX2, while overexpression
of USP27X C87A did not exhibit any effect on the ubiquitination
level of CBX2 (Fig. 3C). These findings suggest that USP27X is
involved in the regulation of CBX2 ubiquitination. To confirm CBX2
as a direct deubiquitinating substrate for USP27X, we conducted a
co-incubation experiment using purified HA-USP27X or HA-
USP27X C87A under cell-free conditions with polyubiquitinated
CBX2. Our results demonstrate that purified HA-USP27X specifi-
cally removes the polyubiquitin chains from CBX2 in vitro, while
USP27X C87A lacks this ability (Fig. 3D). This implies that USP27X
stabilizes CBX2 by directly deubiquitinating it. In fact, the two
primary forms of polyubiquitinated chains Lys48 bond and Lys63
bond have been extensively investigated in protein ubiquitination.
Lys48-linked ubiquitin chains represent the prototypical form of
ubiquitin chains that are associated with protein degradation via

Cell Death and Disease (2023)14:782

the proteasome. By serving as a signal for substrate recruitment to
the proteasome, lys48-linked polyubiquitin chains facilitate their
unfolding and targeted degradation within the core particle. This
pathway plays a crucial role in maintaining protein homeostasis,
regulating cell cycle progression, eliminating misfolded or
damaged proteins, and modulating levels of short-lived regulatory
proteins. Lys63-linked ubiquitin chains possess diverse functions
beyond proteasomal degradation, as compared to Lys48-linked
ubiquitin chains. This is due to the covalent attachment of the
Lys63 residue of one ubiquitin molecule to the Lys63 residue of
the next molecule in the chain. The essentiality of Lys63-linked
polyubiquitination is evident in several cellular processes such as
DNA repair, signal transduction, protein transport, and immune
response [50]. Therefore, our research objective was to identify the
specific type of polyubiquitin modification on CBX2 protein that is
targeted by USP27X. As depicted in Fig. 3E, the deubiquitinating
enzyme USP27X efficiently disassembles Lys48-linked polyubiqui-
tination of CBX2 without significantly affecting non-degradable
Lys63-linked polyubiquitination. Furthermore, the
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Fig. 4 USP27X promotes the proliferation, invasion and metastasis of BC cells by up-regulating CBX2. A, B In MCF7 cells, three
independent shRNAs were used to knock down CBX2. CBX2 was overexpressed in BT549. A CBX2 protein expression level was detected by IB
analysis, and (B) CBX2 mRNA level was detected by qRT-PCR analysis. C USP27X was knocked down in CBX2-overexpressing MDA-MB-231
cells. CBX2 was knocked down in BT549 cells overexpressing USP27X. Cell growth was examined by colony formation. D Cell treatment with
ctrl, two USP27X shRNA (1&2) and USP27X shRNA (1&2) + overexpressed CBX2, leads to a significant decrease and increase of the colony
number. E Cell treatment with vector, overexpressed USP27X and overexpressed USP27X + CBX2 shRNA leads to a significant increase and
decrease. F The indicated cells were subcutaneously injected (1 x 10° cells per mouse) into nude mice (n = 5) of MDA-MB-231. Tumor growth
curve (G) and weight (H) were analyzed. | The indicated cells were subcutaneously injected (1 x 10° cells per mouse) into nude mice (n = 5) of
BT549. Tumor growth curve (J) and weight (K) were analyzed. L-N The indicated cells were injected into the mammary fat pad of female NOD-
SCID mice (5-6 weeks old, n = 6) of BT549 and MDA-MB-231 (L). The number of pulmonary metastatic nodules was counted and quantified of
BT549 (M) and MDA-MB-231 (N). Data are represented as mean +SD of three independent experiments. ***P < 0.001, 1-way ANOVA with
Dunnett’s post test (B, D, E, G, H, J, K, M, N).
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polyubiquitination of CBX2 through Lys6, Lys11, Lys27, Lys29, and
Lys33 linkages exhibits minimal response to USP27X (Fig. 3F).
These findings suggest that USP27X is a genuine deubiquitinating
enzyme that specifically targets the deubiquitination of CBX2
protein.

USP27X promotes the proliferation, invasion, and metastasis
of BC cells by up-regulating CBX2

In the field of oncology, the CBX2 gene has garnered significant
attention due to its involvement in tumorigenesis [51]. The
present study explores the impact of USP27X on BC progression
by regulating CBX2. CBX2 is known to modulate genes that
regulate cell cycle progression, apoptosis, and DNA damage
response, leading to uncontrolled proliferation of cancer cells.
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Additionally, CBX2 promotes epithelial-mesenchymal transition
(EMT), which is associated with increased invasive and metastatic
potential of cancer cells [52]. The results of this study indicate that
knockdown of USP27X in MDA-MB-231 cells inhibits proliferation,
whereas overexpression of USP27X in BT549 cells promotes tumor
growth. Furthermore, these effects were reversed upon modula-
tion of CBX2 expression. Furthermore, knockdown of USP27X
resulted in the inhibition of MCF7 invasion and metastasis,
whereas overexpression of USP27X facilitated invasion and
metastasis in BT549. Notably, this effect was reversed by either
overexpressing or knocking down CBX2 (Fig. 4A-E and Supple-
mentary Fig. 3A-C). In vivo experiments also demonstrated that
knockdown of USP27X suppressed tumor proliferation in xeno-
graft models (Fig. 4F-H), while overexpression of USP27X
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Fig.5 GSK3p enhances the stability of CBX2 protein by phosphorylating USP27X. A Amino acid sequence conservation in different species
of the motif in USP27X targeted by GSK3p. B MDA-MB-231 or MCF7 cells were treated with lithium chloride for 6 h, and the cell lysates were
analyzed by IB using an antibody against pSer. C HA-USP27X WT or HA-USP27X-S135A was co-transfected with or without Flag-GSK3p into
HEK-293T cells. Cell lysates were immunoprecipitated using an anti-HA antibody and then analyzed by IB using a specific antibody against
pSer. D Triple immunofluorescence (IF) staining of USP27X(green), GSK3p(red), and nuclei (DAPI, blue) was performed in MCF7 and MDA-MB-
231 cells. Scale bar, 10 pm. E Cell lysates from MCF7 and MDA-MB-231 were analyzed by IP using antibodies against USP27X and GSK3p, then
subjected to IB analysis. IgG was used as the isotype control. F BT549 cells were transfected with control vector or GSK3p for 36 h and then
treated with 20 yM MG132 for 6 h. Cell lysates were immunoprecipitated using an antibody against USP27X and then analyzed by IB.
G, H MDA-MB-231 (G) and MCF7 cells (H) were transfected with control siRNA or GSK3p siRNA for 36 h and then treated with 20 uM MG132 for
6 h. Cell lysates were immunoprecipitated using an antibody against USP27X and then analyzed by IB. | HEK-293T cells were transfected with
Myc-CBX2, Flag-GSK3p and HA-USP27X-WT or HA-USP27X-S135A. Cell lysates were immunoprecipitated using an anti-Myc antibody and
then analyzed by IB using an anti-HA antibody. J HEK-293T cells were transfected with His—-Ub, Myc-CBX2, Flag-GSK3p, and HA-USP27X WT or
HA-USP27X S135A. Cell lysates were immunoprecipitated using an anti-Myc antibody and then analyzed by IB using anti-Myc and anti-His
antibodies. K BT549 cells were transfected with His-Ub, Myc-CBX2, HA-USP27X WT, or GSK3p siRNA. Cell lysates were immunoprecipitated
using an anti-Myc antibody and then analyzed by IB using anti-Myc and anti-His antibodies. L BT549 cells transfected with USP27X WT, S135A,
or S135Q mutants were treated with 100 pg/ml CHX, harvested at the indicated times, and treated with IB with anti-CBX2 and USP27X
antibodies. Quantification of CBX2 levels relative to Vinculin is shown. M Relative CBX2 level of USP27X WT, S135A or S135Q mutants in BT549.
For all panels, data are representative results of three independent experiments. Results were shown as mean + SD; One-way ANOVA test,

**%P < 0.001.
<

promoted tumor proliferation in BT549 xenograft models (Fig.
41-K). Again, this effect was counteracted by manipulating CBX2
expression levels. Knockdown of USP27X was found to decrease
the incidence of lung metastases from BC cells, while over-
expression of USP27X had the opposite effect (Fig. 4L). The
aforementioned phenomenon was found to be reversed through
either overexpression or knockdown of CBX2, as depicted in Fig.
4L-N. These results suggest that USP27X facilitates the growth
and metastasis of BC cells by up-regulating CBX2, both in vivo and
in vitro.

GSK3p enhances the stability of CBX2 protein by
phosphorylating USP27X

Our findings suggest that USP27X promotes BC progression
through CBX2. However, the molecular mechanisms regulating
USP27X in BC remain unclear, and strategies for directly targeting
USP27X are yet to be established. Phosphorylation events can
either generate or disrupt binding sites for DUBs, thereby
influencing the stability and degradation of key proteins involved
in cellular processes. Additionally, phosphorylation can regulate
the deubiquitination activity of specific DUBs by modulating their
catalytic activity, substrate specificity, or subcellular localization
through phosphorylation of themselves or their interacting
partners. The modulation of catalytic activity, substrate specificity,
or subcellular localization of deubiquitinating enzymes (DUBs) can
be achieved through their phosphorylation or that of their
interacting partners. This modulation has a consequential impact
on the deubiquitination process and downstream targets that are
implicated in tumorigenesis [53]. We discovered in the Phospho-
SitePlus PTM database that USP27X contains two potential GSK3f3
phosphorylation sites within its amino acid sequence (Fig. 5A). The
administration of LiCl, a GSK3 inhibitor, led to a reduction in the
levels of CBX2 phosphorylated serine in MDA-MB-231 and MCF7
cells (Fig. 5B). The phosphorylation of USP27X was solely observed
in HEK-293T cells that were transfected with the wild-type
USP27X, and not with the S135A mutant (Fig. 5C). Immunofluor-
escence staining confirmed the co-localization of GSK3B and
USP27X primarily in the nucleus, with a lesser extent in the
cytoplasm (Fig. 5D). Immunoprecipitation studies demonstrated
that endogenous USP27X intercalates with GSK3f (Fig. 5E).
Additionally, our findings suggest that Ser135 may be phosphory-
lated by GSK3p as it binds to the USP structural domain of USP27X
(Supplementary Fig. 4A, B). Collectively, these results indicate that
USP27X functions as a substrate for GSK3pB. The upregulation of
GSK3B in BT549 cells intensified the association between
endogenous USP27X and CBX2 (Fig. 5F), whereas the down-
regulation of GSK3p in MDA-MB-231 and MCF7 cells weakened
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the interaction between endogenous USP27X and CBX2 (Fig. 5G,
H). Furthermore, mutation of S135A on USP27X significantly
reduced its binding affinity to CBX2 (Fig. 5I). The deubiquitination
of CBX2 by USP27X S135A was found to be impaired in the
presence of GSK3pB (Fig. 5J), and a similar attenuation of CBX2
deubiquitination was observed upon knockdown of GSK3p (Fig.
5K). As anticipated, the capacity of USP27X mimetic
phosphorylation-inactivated phenotype (USP27X S135A) to sus-
tain CBX2 stability was significantly diminished compared to that
of USP27X, while the ability of USP27X mimetic phosphorylation-
activated phenotype (USP27X S135Q) to maintain CBX2 stability
was considerably augmented (Fig. 5L, M). These findings suggest
that GSK3B-mediated phosphorylation of USP27X is indispensable
for its binding and deubiquitination with CBX2.

The expression of USP27X in BC tissues is positively correlated
with the levels of CBX2

To evaluate the clinical significance of the USP27X-CBX2 axis and
its relevance in BC, we investigated the correlation between
USP27X and CBX2 protein expression in human BC specimens. As
depicted in Fig. 6A, B, a positive association was observed
between USP27X and CBX2 protein levels in BC specimens
(P<0.0001, Pearson r=0.9726). Subsequently, immunohisto-
chemical staining for both USP27X and CBX2 was conducted on
serial sections of BC tissue microarrays (n = 132). Representative
images of USP27X and CBX2 staining are presented in Fig. 6C,
indicating a significant positive correlation between the USP27X
and CBX2 (P < 0.0001, Pearson r = 0.4372) (Fig. 6D). These findings
suggest that upregulation of USP27X expression is associated with
increased CBX2 expression in BC. Furthermore, Kaplan-Meier
survival analysis was employed to evaluate the relationship
between USP27X and CBX2 protein levels and clinical outcomes
among BC patients. Clinical data demonstrated a significant
correlation between elevated expression of either USP27X or CBX2
and reduced overall survival (Fig. 6E, F).

DISCUSSION

Chromobox protein homolog 2 (CBX2) has been identified as a
multifaceted player in the progression of aggressive cancers [35].
The proteasome-dependent pathway is known to play a crucial
role in regulating CBX2, but the regulatory roles and mechanisms
of deubiquitinating enzymes that target CBX2 have remained
elusive. The interaction between phosphorylation and deubiqui-
tination, two pivotal post-translational modifications, exerts a
notable influence on tumorigenesis and the advancement of
cancer [54]. Phosphorylation denotes the attachment of
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Fig. 6 The expression of USP27X in BC tissues is positively correlated with the levels of CBX2. A IB detection of USP27X and CBX2 in BC
specimens. B Correlation analysis of USP27X and CBX2 in BC tissues. Statistical analyses were performed with the y* test. The Pearson r
indicates correlation coefficient. C Representative images of immunohistochemical staining of USP27X and CBX2 on tissue microarray of BC
specimens (n = 132). Scale bar, 100 pm, 500 um. D Relative CBX2 score = CBX2 protein expression/ Internal reference protein expression
(Vinculin). Relative USP27X score = USP27X protein expression/ Internal reference protein expression (Vinculin). Data of IHC were analyzed
using Pearson correlation by GraphPad Prism (8.3). E, F Kaplan-Meier curves showing overall survival of BC patients divided based on USP27X
(E) and CBX2 expression (F) by GraphPad Prism (8.3). For all panels, data are representative results of three independent experiments.

phosphate groups to proteins, whereas deubiquitination involves
the elimination of ubiquitin molecules from ubiquitinated proteins
[55]. The interplay between these modifications influences protein
stability, localization, and activity, ultimately impacting key
signaling pathways involved in cancer. Phosphorylation can
modulate the recognition and binding of deubiquitinases (DUBs)
to ubiquitinated proteins, thereby influencing the process of
deubiquitination [56]. In this study, we utilized mass spectrometry
to identify ubiquitin-specific peptidase 27X (USP27X) as a
deubiquitinating enzyme responsible for regulating CBX2. We
have demonstrated that the overexpression of USP27X results in
an increase in CBX2 levels through deubiquitination, while the
deficiency of USP27X promotes CBX2 degradation and restrains
tumorigenesis. Additionally, we have discovered a direct interac-
tion between GSK3( and USP27X, where GSK3( phosphorylates
USP27X to enhance its affinity for CBX2 and further stabilize CBX2
protein levels. Clinical analysis has revealed that the co-expression
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of elevated levels of USP27X and CBX2 in BC tissues is indicative of
a poor prognosis. These findings collectively suggest that USP27X
serves as a critical regulator of CBX2, and the GSK3p-USP27X-CBX2
axis plays a pivotal role in driving malignant progression in BC.
The discovery of USP27X as a deubiquitinating enzyme for
CBX2 sheds light on the regulatory mechanisms controlling its
stability, providing potential therapeutic targets for aggressive
cancers. Our research emphasizes the significance of proteasome-
dependent pathways in regulating CBX2 levels, supporting
evidence that their dysfunction contributes to tumorigenesis.
Through an investigation into the regulatory roles of deubiquiti-
nating enzymes, we have discovered that USP27X is involved in
CBX2 deubiquitination, shedding light on a previously unknown
aspect of CBX2 regulation. One of the key findings in our study is
that overexpression of USP27X significantly enhances the level of
CBX2 through deubiquitination. This implies that USP27X func-
tions as a positive regulator of CBX2, contributing to its
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stabilization and potentially promoting tumorigenesis. Conversely,
the deficiency of USP27X results in CBX2 degradation, indicating a
tumor-suppressive role for USP27X in restraining cancer progres-
sion. These findings emphasize the intricate interplay between
deubiquitinating enzymes and the proteasome in regulating CBX2
levels and ultimately impacting tumorigenesis. Our study also
elucidates the involvement of GSK3B in modulating the
GSK3B-USP27X-CBX2 axis, revealing that GSK3B can directly
interact with and phosphorylate USP27X, thereby enhancing its
binding affinity for CBX2. This phosphorylation event enhances
the stability of USP27X-CBX2 interaction, thereby promoting CBX2
protein accumulation. This novel regulatory mechanism expands
our understanding of the intricate interplay between signaling
pathways and post-translational modifications in cancer progres-
sion. Clinical analysis of BC tissues indicates that high co-
expression levels of USP27X and CBX2 are associated with poor
prognosis. This observation highlights the clinical significance of
the GSK3[3-USP27X-CBX2 axis as a promising prognostic marker in
BC. The association between increased expression of these
proteins and unfavorable patient outcomes emphasizes the
necessity to consider USP27X and CBX2 as potential targets for
BC therapy.

While our study offers valuable insights into the regulatory roles
of USP27X and GSK3 in maintaining CBX2 stability, it is important
to acknowledge certain limitations and areas for further investiga-
tion. Specifically, while we have identified USP27X as a
deubiquitinating enzyme for CBX2 through mass spectrometry
analysis, a more comprehensive understanding of the specific
ubiquitination sites on CBX2 targeted by USP27X would enhance
our knowledge of the underlying regulatory mechanisms.
Additionally, exploring the potential interplay between USP27X
and other deubiquitinating enzymes that may also modulate CBX2
levels would facilitate a comprehensive understanding of CBX2
regulation. Moreover, while our study highlights the role of GSK3f3
in phosphorylating USP27X and enhancing its affinity for CBX2,
the downstream signaling events triggered by this interaction
remain largely unexplored. Understanding the signaling cascades
and downstream effectors influenced by the GSK33-USP27X-CBX2
axis could provide further insights into the molecular mechanisms
driving malignant progression in BC. Additionally, our study is
limited to BC, and further investigations are necessary to
determine the role of USP27X and the GSK3[-USP27X-CBX2 axis
in other types of cancer. Different types of cancer may present
unique molecular characteristics and signaling pathways, thus the
impact of USP27X and CBX2 could vary. Examining the expression
and functional significance of these genes across a wider range of
cancer types would enhance the translational potential of our
findings. Moreover, although our clinical analysis has revealed a
correlation between elevated levels of USP27X and CBX2 protein
levels and unfavorable prognosis in BC patients, it is imperative to
conduct larger-scale studies with comprehensive patient cohorts
to validate these findings. Additionally, conducting functional
studies to investigate the impact of targeting USP27X and CBX2 in
preclinical models and assessing their therapeutic potential would
be beneficial for translating these findings into clinical
applications.

In summary, our study provides significant insights into the
regulatory roles of USP27X and GSK3( in maintaining the stability
of CBX2, underscoring their importance in driving malignant
progression in BC. However, further investigations are necessary to
identify specific ubiquitination sites on CBX2, explore potential
interactions with other deubiquitinating enzymes, investigate
downstream signaling events, and extend the scope of this
research to other types of cancer. Furthermore, to confirm the
clinical significance and therapeutic potential of targeting USP27X
and CBX2 in cancer treatment, more extensive clinical studies and
functional preclinical studies are required. Overcoming these
limitations will enhance our comprehension of the interplay
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between post-translational modifications and lay a solid founda-
tion for developing targeted therapies against aggressive cancers.

METHODS

Study approval

The Animal Research Committee of Inner Mongolia Medical University
granted approval for the animal experiments, and strict adherence to the
guidelines for animal care at Inner Mongolia University was observed
during housing and handling of the animals. Data on patients and their
tumors were collected through medical records and pathological reports.
The experimental procedures were approved by the ethics committee of
Inner Mongolia Medical University, and written informed consent was
obtained from all participants.

Plasmids

The HA-USP27X and HA-USP27X C87A constructs were generated by
cloning human USP27X cDNA into the pcDNA3.1-HA vector, while the Myc-
CBX2 construct was produced through the insertion of human CBX2 cDNA
into the pcDNA3.1-Myc vector. Additionally, both His-Ub and Flag-GSK3f3
constructs were created by incorporating human Ub and GSK3 cDNA into
their respective vectors, pcDNA3.1-His and pcDNA3.1-Flag. The lentiviral
vector expressing USP27X was generated by cloning USP27X cDNA into
the pLVX-Puro-HA vector. To construct truncated mutants of USP27X and
CBX2, the corresponding human cDNA were cloned into pcDNA3.1 using
HA-USP27X and Myc-CBX2 as templates. The GST-USP27X and GST-USP27X
C87A constructs were generated by cloning the corresponding human
cDNA into pGEX-1AT, a modified version of pGEX-4T1. Site-directed
mutagenesis was employed to introduce point mutations, using the
respective plasmids as templates.

Antibodies and other reagents

The antibodies targeting the proteins/epitopes Myc (2276), HA (3724), His
(12698), Flag (14793), Ub (3936), Vinculin (13901), GSK3 (12456), and CBX2
(25069) were procured from Cell Signaling Technology. The USP27X
antibody (AP16881a) was procured from Abcepta, while the USP27X for IF
(NBP2-57733) was obtained from NOVUS. The phosphoserine antibody
(ER60006) and CBX2 antibody (EM1706-28) were acquired from HUABIO.
Additionally, the Anti-Myc Magnetic Beads (HY-K0206A), Anti-HA Magnetic
Beads (HY-K0201A), Anti-Flag Magnetic Beads (HY-K0207A), Z-Leu-Leu-Leu-
al (MG132, HY-13259), and Cycloheximide (HY-12320) were purchased
from MedChemExpress.

Cell culture

The cells utilized in this study were procured from Procell, with the
exception of those specifically noted. HEK-293T cells were maintained in
DMEM, while MDA-MB-231 cells were cultured in Leibovitz's L-15. MCF7
cells were cultured in MEM, and BT-549 cells were cultured in RPMI 1640.

Transient and stable RNAi knockdown

To achieve transient knockdown, the cells were subjected to siRNA
transfection using Lipofectamine 3000 (Invitrogen Life Technologies) in
accordance with the manufacturer's guidelines. The siRNA sequences
employed were as follows: negative control, 5-TACAAACGCTCTCATCGA-
CAAG-3'; GSK-3B 1, 5'-CAGCTGGTGGAGATCATCA-3’; GSK-3 2, 5-CAGGA-
CAAGAGGTTCAAGA-3; GSK-3B 3, 5'-AGCCCAATGTCTCCTACAT-3". To
achieve stable knockdown, lentiviral particles expressing shRNAs were
utilized to infect cells, followed by selection in the presence of puromycin.
The shRNA sequences employed were as follows: shUSP27X 1, 5'-
ACCTCCAGCTTTACGATCG-3/; shUSP27X 2, 5'-GACAGGCACCGATGTGAGA-
3/, shUSP27X 3, 5-GAGGCGCAAGATCACTACA-3/; shCBX2 1, 5
TGCGTTGTTGCTGAGTTTG-3’; shCBX2 2, 5-TGACAGTGACTTAGATGCT-3’;
shCBX2 3, 5-AGCATGTTCCATTTCTAAA-3, as previously described.

GST pull-down assay

The bacterial expression plasmid pGEX-4T-1 was utilized to express both
GST-USP27X-WT and GST-USP27X-C87A in Escherichia coli strain BL21. The
resulting proteins were purified using Sigma-Aldrich GST beads according
to the manufacturer’s instructions. For the GST pull-down assay, bacterial-
expressed GST, GST-USP27X, or GST-USP27X-C87A bound to glutathione-
Sepharose 4B beads (GE Healthcare) were incubated with His-Myc-CBX2
expressed in HEK-293T cells for 2 h at 4°C.
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Immunoblotting and co-IP assay

To conduct immunoblotting (IB), cells were lysed in a lysis buffer
containing 50 mM Tris-Cl at pH 7.4, 150 mM NaCl, 1% Triton X-100, and
1mM DTT supplemented with a protease and phosphatase inhibitor
cocktail (MCE). For co-IP, designated antibodies were utilized to
immunoprecipitate the cell lysates. The resulting immunoprecipitates
underwent four washes with lysis buffer before being analyzed via SDS-
PAGE and IB.

RNA isolation and quantitative real-time PCR

The RNeasy Mini Kit (QIAGEN) was employed for the extraction of Total
RNA, followed by reverse transcription using an iScript cDNA Synthesis Kit
(Bio-Rad). The expression levels of USP27X and CBX2 were determined
using the 2-AACt method and normalized to the housekeeping gene
GAPDH. Primer sequences for USP27X and CBX2 are provided in
Supplementary Table 1.

Immunohistochemistry

The human BC tissue microarray was deparaffinized and rehydrated using
a descending alcohol series for immunohistochemical staining. Subse-
quently, antigen retrieval was performed with sodium citrate buffer. The
tumor sections were blocked with 1% BSA containing 0.25% Triton X-100
and 3% H,0, in PBS for one hour at room temperature, followed by
overnight incubation with the specified primary antibodies at 4°C.
Subsequently, HRP conjugates were administered and diaminobenzidine
detection was employed.

In vivo and in vitro deubiquitylation of CBX2

For in vivo experiments, after transfection with the indicated plasmids, cells
were treated with 20 uM MG132 for 8 h and detected for CBX2 ubiquitination.
Subsequently, cells were harvested and lysed in RIPA buffer. The lysate was
then incubated with anti-CBX2 antibody for 3 h, followed by protein A /G
agarose beads for an additional 8 h at a temperature of 4 °C. The plates were
then boiled in SDS-PAGE loading buffer for 10 min followed by IB treatment
with anti-ubiquitin antibody. HEK-293T cells were transfected with Myc-CBX2
and His-ubiquitin and treated with 20uM MG132 for 8h to prepare
ubiquitylated CBX2 as a substrate for in vitro deubiquitination experiments.
Ubiquitinated CBX2 was isolated from cell extracts using anti-Myc magnetic
beads and subsequently incubated with purified HA-USP27X-WT or HA-
USP27X-C87A proteins for 2 h at 37 °C in deubiquitination buffer. The resulting
responses were then analyzed by IB analysis.

Protein half-life assay

The cells that were transfected with the plasmids specified were subjected
to treatment with CHX (50 pug/ml), an inhibitor of protein synthesis, for the
durations indicated prior to being collected.

Proximity Ligation Assay

To commence proximity ligation, cells were initially cultivated on collagen-
coated Lab-Tek Il chamber slides for a minimum of 16 h. Following this, the
resultant cells underwent two washes with PBS and were subsequently
fixed with 3.7% formaldehyde in PBS for 15 min at room temperature. The
slides were then subjected to a wash with TBS (25 mM Tris, 100 mM NaCl,
pH 7.4) and treated with 50 mM NH4Cl in TBS for 10 min. After another
wash with TBS, the cells were rendered permeable with 0.1% Triton X-100
in TBS for 15min and then washed again with TBST. Subsequently, the
slides were treated with 0.5% Roche Applied Science milk powder in TBST
for 2 h at 37 °C in a humidified chamber to prevent any further movement.
The slides were then incubated overnight at 4°C with a suitable
combination of antibodies and washed with TBST. The proximity ligation
was carried out using the Rabbit PLUS and Mouse MINUS Duolink in situ
PLA kits (Sigma-Aldrich) as per the manufacturer’s guidelines. The slides
were subjected to dehydration and air-drying, and subsequently
embedded in a Citifluor mounting medium containing DAPI (Sigma-
Aldrich). The analysis of PLA in fresh-frozen tumor tissue involved fixation
of cryosections with 3.7% formaldehyde in PBS for 15 min, followed by
execution of in situ PLA reactions using the same protocol as for
cultured cells.

Immunofluorescence
To perform immunofluorescence staining, the cells were initially fixed
using a 4% formaldehyde solution, followed by permeabilization using
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0.25% Triton X-100. Subsequently, the cells were blocked with 1% BSA for a
duration of 1 h at room temperature. The cells were then probed with the
primary antibodies as indicated.

Colony formation and cell migration assays

For colony formation assays, single-cell suspensions of cells overexpressing
specific genes were diluted, cultured in 6-well plates at a density of 1000
cells per well, and incubated at 37 °C and 5% CO, for 2 weeks. Colonies
were then stained with 0.04% crystal violet and quantified. Cell migration
assays were performed using 24-well transwell plates containing 8 pm
polyethylene terephthalate filter membrane (Corning) and migration was
performed for 24 h in a humidified chamber. After the incubation period,
filters were extracted and treated with 4% formaldehyde solution for
15 min. Cells located in the lower filter membrane were subsequently
stained with 0.1% crystal violet solution for 20 min and counted.

In vivo tumorigenesis and metastasis assay

The Institutional Animal Care and Use Committee (Inner Mongolia Medical
University Medical Ethics Committee), affiliated with Inner Mongolia
Medical University, approved all animal experiments. Specifically, 4-week-
old female BALB/c nude mice (n=25) (spfbiotech, Beijing) were sub-
cutaneously implanted with MDA-MB-231 and BT549 cells (1 x 10° cells).
The tumor’s short and long diameters were measured using a vernier
caliper, and the tumor volume was assessed every 3 days. The tumor
volume was calculated using the formula width? x length x 0.5 (mm3). For
the purpose of investigating lung metastasis, 1x10° MDA-MB-231 and
BT549 cells were injected into the mammary fat pad of female NOD-SCID
mice (5-6 weeks old, n = 6) obtained from Spfbiotech Company. Once the
primary tumor reached a size of 400 mm?, it was removed. After an 8-week
interval, the mice were euthanized and the number of pulmonary
metastatic nodules was counted and quantified.

Mass Spectrometry

PTM BIO provides resources and services for mass spectrometry
proteomics. Methods procedures roughly involved the preparation of
protein samples and the digestion of proteins present in the gel bands by
overnight incubation with trypsin. Additional peptides will be extracted
from the gel and then shaken for 10 min. The supernatant was then dried,
after which it was reconstituted and eluted with 0.1% formic acid for 5 min
before final mass spectrometry (Supplementary Table 2).

Statistical analysis

The data in all graphs is presented using the mean * standard deviation of
biological triplicates. Statistical significance is determined using GraphPad
Prism 8.3 software, which employs a 2-tailed Student’s t test or 1-way ANOVA
with Dunnett's post-test for multiple comparisons. The statistical significance
of Kaplan-Meier survival curves is determined through a log-rank (Mantel-Cox)
analysis. The P value of <0.05 is considered significant for all statistical tests.

DATA AVAILABILITY

All datasets generated and analyzed during this study are included in this published
article and its Supplementary Information files. All data generated or analyzed during
this study are available from the corresponding author on reasonable request.
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