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Abstract: Recent studies have suggested that ubiquitin-conjugating enzyme E2D1 (UBE2D1) is involved in tumor 
progression. In this study, we found that UBE2D1 expression was upregulated in breast cancer (BC) and was related 
to the prognosis of BC patients. Through in vitro and in vivo experiments, we demonstrated the aberrant expression 
of UBE2D1 promoted the proliferation and migration of BC cells, and the IGF2BP2-mediated N6-methyladenosine 
(m6A) modification increased the stability of UBE2D1 mRNA. Mechanistically, UBE2D1 expression regulated the ac-
tivity of TGF-β signaling through modulating the expression and the phosphorylation level of Smad2/3. Furthermore, 
UBE2D1 directly bound to Smad2/3 and affected the subsequent binding of Smad2 and Smad3, which is a neces-
sary step for TGF-β signaling activation. Thus, our study reveals a pro-oncogenic role of UBE2D1 in the progression 
of BC and may provide novel strategies for BC treatment.
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Introduction

Breast cancer (BC) has been a life-threatening 
problem to women’s health worldwide, account-
ing for nearly one-third of the new cancer cases 
among women in the United States in 2023 [1]. 
Although with the better understanding of BC, 
the early diagnosis of BC has been improved, 
and a variety of treatment options, including 
surgery, endocrine therapy, chemotherapy, 
radiotherapy, targeted therapy and immuno-
therapy have been developed [2], the prognosis 
remains unsatisfactory, especially for triple-
negative breast cancers and metastatic breast 
cancers [3-5]. Due to the high complexity and 
heterogeneity of BC, more therapeutic targets 
need to be identified. Recent studies have 
shown that the ubiquitin-conjugating enzyme 
E2D (UBE2D) family, which consists of four 
highly conserved discrete genes, UBE2D1-4, 
plays an important role in tumorigenesis [6, 7]. 
Particularly, some reports have suggested that 

UBE2D1 is involved in several irreplaceable car-
cinogenic pathways in tumors and that UBE2D1 
promotes tumor growth by regulating p53 ubiq-
uitination and degradation [8-10]. In addition, it 
has been reported that silencing UBE2D1 
reduces SMAD4 ubiquitination and inhibits gas-
tric cancer cell migration through the TGF-β/
SMAD4 pathway [11]. Another study shows that 
UBE2D1 is involved in Cisplatin resistance in 
gastric cancer [12]. Furthermore, the persis-
tence of the RNF128 Iso1-UBE2D1 complex is 
conducive to the stability of mutant p53, pro-
moting the survival of Barrett’s esophagus cells 
[9]. In addition, the upregulation of UBE2D1 is 
associated with the poor prognosis in patients 
with lung adenocarcinoma or bladder cancer 
[13, 14]. However, the role of UBE2D1 in BC 
development is unclear, which prompted us to 
carry out the current study.

Transforming growth factor β (TGF-β) is a key 
regulator of BC progression and metastasis by 
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regulating a variety of cellular functions such as 
cell invasion, migration and epithelial-mesen-
chymal transition (EMT) [15, 16]. Notably, 
Smad2/3 is the central mediator of TGF-β sig-
naling pathway. In canonical TGF-β signaling, 
activated TGF-β type I receptor (TGF-βR1) phos-
phorylates Smad2/3, which then binds to 
SMAD4 to form transcription complexes and 
translocate into the nucleus where they regu-
late the expression of target genes [17]. Studies 
have shown that the Nodal signaling-activated 
TGF-β/Smad2/3 pathway regulates the stem-
like properties of BC cells [18]. Recent evidence 
also suggests that the TGF-β/Smad2/3 path-
way controls the EMT, metastasis, and survival 
of BC cells [18, 19]. 

In this study, we revealed that UBE2D1 was sig-
nificantly upregulated in BC tissues and pro-
moted the proliferation and invasion of BC  
cells in vivo and in vitro. In addition, the stability 
of UBE2D1 mRNA was enhanced upon its bind-
ing to the N6-methyladenosine (m6A) reader 
IGF2BP2. Furthermore, UBE2D1 promoted the 
progression of BC through the TGF-β/Smad2/3 
pathway by interacting with Smad2/3. Hence, 
our results suggest that UBE2D1 may be a 
potential therapeutic target for the treatment 
of patients with BC.

Materials and methods

Cell culture and stable cell line construction

MCF-10A, MCF-7, MDA-MB-231, and 293T cells 
were maintained in high-glucose DMEM con-

taining 10% FBS (Wisent, Canada) and 1% peni-
cillin and streptomycin (P/S). To generate stable 
cell lines, lentivirus expressing the indicated 
gene was produced in 293T cells, and the virus-
containing medium was collected to infect the 
target cells. After infection for 6-8 h, cells were 
continuously cultured in fresh medium for 48 h 
culture before puromycin treatment for two 
weeks to select the cells that stably expressing 
the indicate gene, which was further confirmed 
by RNA and protein detection.

Plasmid construction 

Construction of shRNA-expressing plasmids: 
The primers of specific shRNA were designed, 
synthesized, and cloned into plko.l-puro vector. 
All plasmids were confirmed by sequencing. 
The shRNA sequences were shown in Table 1.

Construction of overexpression plasmids: The 
cDNA of indicated gene was cloned into mam-
malian expression vector PLVX-3Flag gene 
overexpression experiments. All constructs 
were confirmed by sequencing.

RNA extraction and qPCR

Total RNA was extracted from cells using TRIzol 
reagent (Invitrogen, America) following the 
manufacturer’s instructions. After quantifica-
tion, total RNA was reverse transcribed into 
cDNA (Vazyme, China) followed by qPCR reac-
tion using SYBR GREEN (Vazyme, China) was 
prepared for use in a qPCR system. The primers 
used for qPCR were shown in Table 2.

Table 1. shRNA sequences used in the experi-
ments
Gene name Sequence (5’-3’)
sh1-IGF2BP2 TTCCCGCATCATCACTCTTAT
sh2-IGF2BP2 AGTGAAGCTGGAAGCGCATAT
sh1-mettl14 CCATGTACTTACAAGCCGATA
sh2-mettl14 GCTAATGTTGACATTGACTTA
sh-SMAD2 GCAGAACTATCTCCTACTACT
sh-SMAD3 GGCTGCTCTCCAATGTCAACA
sh1-UBE2D1 CTTCTTTCTCACTGTACATTT
sh2-UBE2D1 AGTACCAGATATTGCACAAAT
sh1-IGF2BP1 CTCCGCTTGTAAGATGATCTT
sh2-IGF2BP1 GCAGTGGTGAATGTCACCTAT
sh1-IGF2BP3 GCCTCCTCCTAAGACTTAGGA
sh2-IGF2BP3 CGGTGAATGAACTTCAGAATT

Table 2. qPCR primers used in the experi-
ments
Gene name Sequence (5’-3’)
IGF2BP2-F CGAGGGCACTTGTGAGAAGCG
IGF2BP2-R TGTTCATGGTGCTGTCCACGTG
Mettl14-F CTGAAAGTGCCGACAGCATTGG
Mettl14-R CTCTCCTTCATCCAGATACTTACG
Smad2-F GGGTTTTGAAGCCGTCTATCAGC
Smad2-F CCAACCACTGTAGAGGTCCATTC
Smad3-F TGAGGCTGTCTACCAGTTGACC
Smad3-R GTGAGGACCTTGTCAAGCCACT
UBE2D1-F ATCAAGGTGGAGTCTTCTTTCTC 
UBE2D1-R CCATTACTGTTTATGTTTGGATGGT
GAPDH-F GGTGAAGGTCGGAGTCAACG
GAPDH-R CCATGTAGTTGAGGTCAATGAAG
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CCK8 assay

Cell proliferation was measured by CCK-8 
assay. Briefly, 3000 cells per well were seeded 
into 96-well plate and cultured for 24 h, 48 h, 
72 h, and 96 h. CCK-8 reagent (Zomanbio, 
China) was then added to each well at the indi-
cated time point. After 1-2 h incubation, the 
light absorbance value of the wells at 450 nm 
was measured. 

Colony formation assay

Briefly, 1000 cells per well were seeded into 
six-well plate in triplicate and cultured for 
approximately 2 weeks. Then, the cells were 
fixed and stained with crystal violet solution. 
The number of cell clones was counted under 
microscope.

Wound healing assay

Briefly, cells at a density of 90-100% conflu-
ence in the six-well plate were scratched using 
a pipette tip. The closure of the scratch was 
observed under microscope and measured at 0 
h, 24 h, and 48 h.

Transwell assay

Briefly, 10000 cells in serum free medium were 
added to the upper chamber of transwell, while 
high-glucose DMEM medium containing 20% 
FBS was added to the lower well. Cells were cul-
tured for approximately 16 h, and the migrated 
cells to the lower side of the membrane were 
fixed, stained with crystal violet solution, and 
counted under microscope.

Xenograft tumor model in nude mice

BALB/c-nu nude female mice aged 4-6 weeks 
were used in our in vivo study. To generate 
xenograft tumor, 1-4 × 106 stable cells/100 ul 
PBS was inoculated subcutaneously into the 
flank area in the middle of the posterior axillary 
in the nude mice. The tumor growth was moni-
tored for 1-2 weeks. At the end of the experi-
ment, the tumors were dissected, weighed and 
measured, and then fixed with formalin for fur-
ther analysis.

Nucleoplasm separation of protein assay

Briefly, cell pellet was lysed in 200 µl of cyto-
plasmic protein extraction reagent A with PMSF 

(PUMOKE, China) at 4°C. Then, Reagent B 
(Beyotime, China) was added to the lysate fol-
lowed by vortex and centrifugation. The super-
natant was immediately removed, and the pel-
let was resuspended with 50 µl of nuclear pro-
tein extraction reagent supplemented with 
PMSF followed by vortex and centrifugation. 
The supernatant was collected as the nuclear 
protein faction.

Western blot 

Briefly, cells were lysed with RIPA buffer con-
taining protease inhibitors and phosphatase 
inhibitors. After protein quantification, the pro-
tein samples were separated by SDS, trans-
ferred onto PVDF membrane. Then the mem-
brane was incubated with primary antibody 
against the target protein at 4°C overnight, fol-
lowed by incubation with corresponding sec-
ondary antibody at room temperature. After 
extensive washing, the protein bands were 
visualized with ECL (Axygen, America). The pri-
mary antibodies used in this study were: anti-
METTL14, IGF2BP2, Smad2, and Smad3 
(Proteintech, China).

Co-immunoprecipitation (Co-IP)

Co-IP was performed to identify interacting pro-
teins. Briefly, cell pellets were collected and 
lysed with RIPA buffer containing protease 
inhibitors and phosphatase inhibitors. A 30 µl 
aliquot of cell lysate was saved as input in west-
ern blotting, while the rest of the cell lysate was 
subjected to IP with indicated primary antibody, 
and the immune complex was precipitated with 
magnetic beads and analyzed by western 
blotting.

RNA-binding protein immunoprecipitation 
(RIP)-qPCR 

RIP-qPCR is used to study RNA-binding to tar-
get proteins in cells. Briefly, the binding of 
IGF2BP2 (Proteintech, China) to myc mRNA was 
analyzed by using IGF2BP2-specific antibody to 
precipitate RNA-protein complex. The bound 
RNA was reverse transcribed and quantified 
qPCR (BersinBio, China).

Methylated RNA immunoprecipitation (meRIP)-
qPCR

meRIP was applied to determine N6-methy- 
ladenosine (m6A) modification of UBE2D1 RNA. 
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Briefly, Co-IP was used to incubate random RNA 
fragments with anti-methylated RNA (m6A) 
antibodies (ABclonal, America) to obtain RNA 
methylation-modified fragments. Then, qPCR is 
used to directly quantify the enriched RNA 
(BersinBio, China). 

Statistical analysis

Data were analyzed with GraphPad Prism 7 
software, and each experiment was repeated 
three times. Data were expressed as the mean 
± standard deviation. Difference between two 
groups was compared using t-test, and a differ-
ence was considered statistically significant 
when P < 0.05.

Results

UBE2D1 expression was upregulated in BC 
cells and was associated with poor prognosis

To determine the role of UBE2D1 in BC, we ana-
lyzed UBE2D1 expression levels in a wide vari-
ety of tumors using TCGA data (UALCAN) and 
found a significant upregulation of UBE2D1 in 
various types of tumors, including BC (Figure 
1A). In addition, we downloaded BC data from 
TCGA, and an R language analysis showed that 
UBE2D1 was highly expressed in BC tissues 
(Figure 1B, 1C). Kaplan-Meier plotter demon-
strated that patients with high UBE2D1 expres-
sion had a significantly shorter overall survival 

Figure 1. UBE2D1 is highly expressed in breast cancer cells and associated with poor prognosis. A. UBE2D1 ex-
pression in pancarcinoma; B, C. UBE2D1 expression in BC samples from the TCGA database; D. Prognostic model 
based on UBE2D1 expression in BC; E. UBE2D1 expression in BC tissues; F. UBE2D1 expression in BC cell lines as 
determined by western blot.
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(OS) than those with low UBE2D1 expression 
(Figure 1D). Furthermore, the immunohisto-
chemistry (IHC) staining data on Human Protein 
Atlas also showed that UBE2D1 was highly 
expressed in BC tissues (Figure 1E). Importan- 
tly, we experimentally measured the protein 
level of UBE2D1 in BC cells by Western blotting 
and found that UBE2D1 level was significantly 
higher in BC cells than in normal MCF-10A BC 
cells (Figure 1F). Together, these results indi-
cate that UBE2D1 expression is upregulated in 
BC and is negatively correlated with the progno-
sis of BC patients.

UBE2D1 promoted BC cell proliferation and 
invasion

To further explore the biological function of 
UBE2D1, vectors with UBE2D1 knocked down 
or overexpressed were constructed and we 
expressed UBE2D1 knockdown or UBE2D1 
overexpression plasmid in MCF-7 and MDA-
MB-231 cells, and the successful knockdown 
or overexpression was confirmed by western 
blotting (Figure 2A). CCK-8 assay showed  
that knocking down UBE2D1 inhibited, while 
UBE2D1 overexpression promoted cell prolifer-
ation (Figure 2B). Consistently, colony forma-
tion experiments showed that knocking down 
UBE2D1 suppressed, whereas UBE2D1 overex-
pression enhanced the colony formation of  
BC cells (Figure 2C). Furthermore, knocking 
down UBE2D1 inhibited, while overexpression 
of UBE2D1 promoted the migration of these 
cells, as determined by transwell assay (Figure 
2D). We also used Edu staining (50 µM for 3 h) 
to confirm that UBE2D1 knockdown decreased 
the proliferation of MCF-7 and MDA-MB-231 
cells (Figure 2E). Finally, we verified the effect 
of UBE2D1 on xenograft tumor growth in vivo. 
MDA-MB-231 cells stably expressing shUBE2D1 
were subcutaneously injected into nude mice, 
and the results showed that knocking down 
UBE2D1 significantly inhibited tumor growth, 
as indicated by the smaller tumor size (Figure 
2F). Collectively, these results suggest that 
UBE2D1 may act as an oncogene to promote 
the growth and migration of BC cells.

m6A reader protein IGF2BP2 bound to and 
stabilized UBE2D1 mRNA in BC cells

Given our data above that UBE2D1 was aber-
rantly upregulated in BC and promoted BC cell 
proliferation and migration, we first explored 

the mechanism underlying high UBE2D1 
expression in BC. Posttranscriptional modifica-
tion has been recognized as an important regu-
latory step in normal and pathological process-
es. Notably, the m6A moiety is the most abun-
dant mRNA modification, and mRNA methyla-
tion is regulated mainly by m6A readers. As one 
of the m6A readers, IGF2BPs recognizes and 
binds to the conserved GG (m6A) C sequence in 
mRNA, which increases the stability of mRNA. 
Therefore, we searched UBE2D1 RNA-binding 
proteins using the CLIP-seq data of starBase 
(http://starbase.sysu.edu.cn/starbase2/index) 
and identified a significant positive correlation 
between IGF2BPs and UBE2D1, suggesting 
IGF2BPs as UBE2D1 mRNA-binding proteins 
(Figures 3A, S1A, S1B). Subsequently, we 
examined the mRNA and protein levels of 
UBE2D1 in cells with IGF2BP1, IGF2BP2, or 
IGF2BP3 knockdown by qPCR and Western  
blot and observed a significant change with 
IGF2BP2 knockdown (Figure S1C, S1D). There- 
fore, we focused our study on IGF2BP2. 

First, we generated stable BC cells with either 
IGF2BP2 knockdown or overexpression and 
observed that UBE2D1 protein level was signifi-
cantly reduced in IGF2BP2 knockdown cells 
but was significantly increased in IGF2BP2-
overexpressing cells (Figure 3B, 3C). In addi-
tion, we also generated stable BC cells with 
METTL3 and METTL14 knockdown or METTL3 
and METTL14 overexpression and found that 
METTL3 and METTL14 knockdown decreased, 
while METTL3 and METTL14 overexpression 
increase UBE2D1 protein level (Figures 3D, 3E, 
S1F). Notably, mutation at the catalytic domain 
of METTL3 lost this effect, suggesting that the 
m6A activity was required for METTL3 regula-
tion of UBE2D1 (Figure S1E). Furthermore, we 
predicted the m6A binding site on UBE2D1 
through the SRAMP website (Figure 3F), which 
was confirmed by MeRIP experiment showing 
that UBE2D1 could indeed bind to the catalytic 
active site of m6A (Figure 3G). To determine 
how IGF2BP2 regulated UBE2D1 level, we 
employed RIP experiments to explore the rela-
tionship between IGF2BP2 and m6A modifica-
tion. The results demonstrated that IGF2BP2 
bound to UBE2D1 mRNA (Figure 3H). In addi-
tion, using actinomyces D treatment, we found 
that the degradation of UBE2D1 mRNA was 
increased by IGF2BP2 knockdown but was 
decreased by IGF2BP2 overexpression (Figure 
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Figure 2. UBE2D1 promoted the proliferation and migration of BC cells. A. The successful knockdown or overexpression of UBE2D1 was determined by western 
blotting. B. The proliferation of UBE2D1-overexpressing cells was determined by CCK-8 assay. C. Colony formation assay of BC cells with UBE2D1 knockdown or 
overexpression. D. Transwell assays of BC cells with UBE2D1 knockdown or overexpression. E. The proliferation of cells with UBE2D1 knockdown or overexpression 
was measured by EdU assay. F. The growth of UBE2D1 knockdown-cell-derived tumor in nude mice.
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Figure 3. m6A reader protein IGF2BP2 bound to and stabilized UBE2D1 mRNA in BC cells. A. Correlation between UBE2D1 and IGF2BP2; B, C. After IGF2BP2 was 
knocked down and overexpressed, the expression of Western blot analysis of UBE2D1 in cells with IGF2BP2 knockdown or overexpression; D, E. Western blot analy-
sis of UBE2D1 in cells with METTL3/4 knocked down or overexpression; F. The distribution of m6A modification sites on UBE2D1 and the sites with high confidence 
on UBE2D1 mRNA; G. MeRIP assay showed the m6A binding site in UBE2D1; H. IGF2BP2 binding to UBE2D1 as determined by RIP assay; I. The stability of UBE2D1 
after actinomycin D treatment.



UBE2D1 promotes breast cancer progression

2957	 Am J Cancer Res 2023;13(7):2948-2968

3I). Therefore, we concluded that the increased 
m6A modification on UBE2D1 mRNA in BC cells 
enhanced the stability of the mRNA through 
IGF2BP2 binding.

IGF2BP2 promoted BC cell proliferation and 
migration

To explore the biological function of IGF2BP2 in 
BC, CCK-8 assays were performed to evaluate 
the effect of IGF2BP2 on cell proliferation, and 
the results showed that knocking down 
IGF2BP2 inhibited, while IGF2BP2 overexpres-
sion promoted BC cell proliferation (Figure 4A). 
Colony formation assays further confirmed this 
effect, in which IGF2BP2 knockdown inhibited 
the colony formation of BC cells, while IGF2BP2 
overexpression led to the opposite effect 
(Figure 4B). Moreover, the transwell assay 
results revealed that knocking down IGF2BP2 
attenuated, whereas IGF2BP2 overexpression 
enhanced the migration of BC cells (Figure 4C), 
which was also verified by the wound healing 
assay (Figure 4D).

UBE2D1 enhanced the activation of TGF-β/
Smad2/3 signaling pathway in BC 

To further explore the mechanism underlying 
the oncogenic function of UBE2D1 in BC, we 
downloaded TCGA data, and a pathway enrich-
ment analysis revealed that UBE2D1 was sig-
nificantly enriched in the TGF-β/Smad signa- 
ling pathway. In addition, a protein interaction 
analysis showed a clear interaction between 
UBE2D1 and Smad (Figure 5A-C), suggesting 
that UBE2D1 may influence the progression of 
BC by affecting the TGF-β pathway.

Indeed, we found that Smad2/3 and p-Smad2/3 
levels were significantly reduced by UBE2D1 
knockdown; while, their levels were significantly 
upregulated by UBE2D1 overexpression (Figure 
5D), which was consistent with the qPCR results 
(Figure 5E). To determine if protein degradation 
was involved in this effect, we subsequently 
treated cells with CHX and MG132 and didn’t 
observe significant changes in the expression 
levels of Smad2/3 and p-Smad2/3 (Figure 5F), 
suggesting that UBE2D1 might regulate the 
expression of Smad2/3 and p-Smad2/3 th- 
rough a non-ubiquitin/proteosome degradation 
pathway. Furthermore, nucleoplasmic separa-
tion experiments in BC cells revealed that 
UBE2D1 and Smad2/3 were located in the 

cytoplasm, while p-Smad2/3 was located in the 
nucleus (Figure 5G). Moreover, Co-IP experi-
ments demonstrated a binding of UBE2D1 to 
Smad2/3 (Figure 5H). Taken together, these 
results suggested that UBE2D1 not only inhib-
its TGF-β pathway activation by directly inhibit-
ing Smad2/3 and p-mad2/3 level, but also 
affects the occurrence and development of BC 
by binding to Smad2/3 in BC cells.

TGF-β/Smad2/3 signaling was an important 
oncogenic pathway in BC

To further clarify the important role of  
Smad2/3 in BC, we constructed MCF-7 cells 
stably expressing shSmad2 and shSmad3 for 
Smad2/3 knockdown. CCK-8 assay results 
showed that knocking down Smad2/3 inhibited 
the proliferation of BC cells, while Smad2/3 
overexpression showed the opposite effect 
(Figure 6A). Similar effects were observed in 
colony formation assay in which knocking down 
Smad2/3 inhibited, while Smad2/3 overex-
pression promoted the colony formation of BC 
cells (Figure 6B). Consistently, transwell assay 
also showed that knocking down Smad2/3 
inhibited, whereas overexpression of Smad2/3 
enhanced the migration of BC cells (Figure 6C).

UBE2D1 participated in BC cell proliferation 
and migration by promoting the interaction 
between Smad2 and Smad3 

This study has found that UBE2D1 not only reg-
ulates the expression of Smad2/3 but also 
binds to Smad2/3. However, it was not clear 
how UBE2D1 regulates Smad2/3 activity. 
Therefore, Co-IP was performed to explore 
whether UBE2D1 affects the binding between 
Smad2 and Smad3. The results showed that 
the binding between Smad2 and Smad3 was 
weakened by UBE2D1 knockdown (Figure 7A). 
In addition, we downloaded Smad2/3 and 
UBE2D1 target genes from the Cistrome  
Cancer web site, and an enrichment analysis 
indicated that the target genes downstream  
of Smad2 were enriched in TGF-β pathway, 
Smad3 and UBE2D1 as well as were related to 
the EGF/EGFR pathway (Figure 7B-D), another 
growth-promoting oncogenic pathway. These 
results suggest that UBE2D1 further regulates 
the expression of downstream genes by medi-
ating the binding of Smad2 and Smad3 and 
thus participates in BC occurrence. Further- 
more, among the 382 genes identified at the 
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Figure 4. IGF2BP2 promoted BC cell proliferation and migration. A. The proliferation of IGF2BP2 was measured by CCK-8 assay. B. Colony formation assay of 
IGF2BP2. C. Transwell assays of BC cells with IGF2BP2 knockdown or overexpression. D. Wound healing assays of BC cells with IGF2BP2 knockdown or overexpres-
sion.
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Figure 5. UBE2D1 promoted the activation of TGF-β/Smad2/3 signaling pathway in BC. A. Pathway enrichment analysis of UBE2D1 target genes. B, C. Correlation 
between UBE2D1 and Smad2/3 levels. D. Western blot analysis of Smad2/3 and p-Smad2/3. E. qPCR analysis of Smad2/3 and p-Smad2/3. F. Western blot assay 
of Smad2/3 and p-Smad2/3 in CHX and MG132-treated cells. G. Western blot analysis of the nucleoplasmic distribution of target genes. H. Co-IP indicated the 
interaction between UBE2D1 and Smad2/3.
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Figure 6. TGF-β/Smad2/3 was an important oncogenic pathway in BC. A. The effect of Smad2/3 on cell proliferation was measured by CCK-8 assay. B. The effect 
of Smad2/3 on colony formation. C. The effect of Smad2/3 on cell migration was determined by transwell assay.
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Figure 7. UBE2D1 participated in BC cell proliferation and migration by promoting the interaction of Smad2 and Smad3. A. Co-IP of Smad2 and Smad3 in cells with 
UBE2D1 knockdown. B. The enrichment of Smad2 target genes. C. The enrichment of Smad3 target genes. D. The enrichment of UBE2D1 target genes. E. The 
intersection genes of UBE2D1 and SMAD2/3. F. Enrichment of 382 cross-target genes. G. The changes in the mRNA expression levels of target genes determined 
by qPCR.
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intersection of Smad2, Smad3 and UBE2D1, 
we chose RNF111 and NEDD4L, which are 
highly correlated to the EGF/EGFR pathway 
after enrichment, for subsequent experimental 
validation (Figure 7E, 7F). A qPCR analysis 
showed that the expression levels of RNF111 
and NEDD4L were regulated by UBE2D1 and 
Smad2/3 (Figure 7G), suggesting that UBE2D1 
promotes the proliferation and migration of BC 
cells by affecting the binding of Smad2/3 in the 
TGF-β signaling pathway, thus affecting the 
expression of downstream target genes.

Discussion

With advances in basic and clinical research, 
the treatment for patients with BC has greatly 
improved [4]. However, there are still many 
challenges, such as the drug resistance in lumi-
nal breast cancer and HER-2-positive breast 
cancer as well as the lack of effective therapeu-
tic targets for triple-negative breast cancer, 
that require the identification of novel molecu-
lar biomarkers for the diagnosis and prognosis 
of BC [2, 5, 20]. UBE2D1 is known to regulate 
the development of various cancers. In our 
study, we analyzed the data of 33 types of can-
cers in the TCGA database and found that the 
expression of UBE2D1 was upregulated in most 
tumors, including esophageal carcinoma, liver 
hepatocellular carcinoma, and stomach adeno-
carcinoma. Through a differential expression 
and prognosis analysis of the TCGA data, we 
found that UBE2D1 expression was upregulat-
ed in BC and was also negatively associated 
with OC of patients with BC. Therefore, we mea-
sured UBE2D1 expression in BC patient sam-
ples as well as BC cell lines and confirmed the 
findings from bioinformatics analysis. To further 
explore the role of UBE2D1 in BC, we conduct-
ed in vivo and in vitro experiments and found 
that overexpression of UBE2D1 promoted the 
proliferation and migration of BC cells.

Moreover, we explored the mechanism underly-
ing the high UBE2D1 expression in BC. RNA 
modification is a common epigenetic modifica-
tion mode, among which methylation at ade-
nosine N6 (m6A) modification is catalyzed by 
the RNA methyltransferases (writers) METTL3, 
METTL4 and WTAP. The reversible demethyl-
ation of M6A-modified RNA sites is catalyzed by 
the demethylases (erasers) FTO and ALKBH5. 
The m6A-modified RNA sites can be recognized 
and bound by an m6A-binding protein (reader), 

which regulates RNA metabolism. These modi-
fications regulate RNA translation, splicing, 
transposition, degradation, and processing 
[21]. In this study, we found that the expression 
level of UBE2D1 decreased significantly by 
METTL3 knockdown. To further elucidate the 
key molecular mechanism underlying m6A 
modification-induced increase of UBE2D1 
mRNA level, we reviewed our previous analysis 
on UBE2D1 mRNA-binding proteins using CLIP-
seq data (starBase) and found that UBE2D1 
mRNA bound to a m6A reader protein: insulin-
like growth factor 2 mRNA-binding proteins 
(IGF2BPs) [22]. Importantly, our in vitro experi-
mental results showed that the expression 
level of UBE2D1 was significantly reduced by 
IGF2BP2 knockdown but was significantly 
increased by IGF2BP2 overexpression, which 
was further verified by MeRIP-qPCR.

TGF-β signaling plays a key role in tumor pro-
gression. Most cancer cells benefit from 
increased TGF-β expression and TGF-β signal-
ing, resulting in cancer invasion and spread, 
increased stem cell population, and acquired 
cancer therapy resistance [23]. To explore the 
specific mechanism by which UBE2D1 pro-
motes the progression of BC and to confirm the 
involvement of TGF-β signaling in the cancer-
promoting effect of UBE2D1, we conducted a 
pathway analysis with TCGA data and found 
UBE2D1 was significantly enriched in TGF-β sig-
naling, P53 signaling, TNF-α/NF-kB signaling, 
etc. Further analysis of UBE2D1-interacting 
proteins suggested that the TGF-β/Smad path-
way might be an essential contributor to the 
UBE2D1-promoting effects in cancer. Subse- 
quent experiments confirmed the role of the 
TGF-β/Smad2/3 pathway in promoting the pro-
liferation and migration of BC cells.

Smad2/3 is the central mediator of the TGF-β 
signaling pathway [24]. Undoubtedly, the regu-
lation of Smad activity and expression depends 
on the interaction of Smad proteins with their 
partners in cells. Therefore, the identification 
and characterization of molecules that interact 
with Smads are key to understanding how the 
Smad pathway functions [25]. Notably, through 
protein interaction analysis, we found that both 
UBE2D1 and Smads interacted with each other. 
Through a series of biochemical and cell experi-
ments, we determined that UBE2D1 regulated 
the protein levels of Smad2/3 and p-Smad2/3, 
hence the activity of TGF-β signaling. In addi-
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tion, we found that UBE2D1 bound to Smad2/3 
as UBE2D1 and Smad2/3 were located mainly 
in the cytoplasm, while p-Smad2/3 was located 
in the nucleus. Therefore, we speculate that 
UBE2D1 ultimately regulates the progression  
of BC by binding to Smad2/3 and is involved in 
the nuclear translocation of p-Smad2/3 and 
SMAD4 complex. Since the binding between 
Smad2 and Smad3 is a key event in the TGF-β 
signaling pathway [17], we further explored 
whether UBE2D1 affect the binding of Smad2 
to Smad3. As expected, the Co-IP results 
showed that the binding between Smad2 and 
Smad3 was weakened by UBE2D1 knockdown.

In conclusion, our study revealed that IGF2BP2-
mediated UBE2D1 mRNA methylation plays an 
important role in promoting the proliferation 
and migration of BC cells. We also identified 
that UBE2D1 not only interacted with Smad2/3 
but also promoted the Smad2 and Smad3 
interaction, thereby facilitating the progression 
of BC. Hence, UBE2D1 may serve as a novel 
therapeutic target for BC treatment.

Acknowledgements

We thank the contributors to the GEO (Gene 
Expression Omnibus) database (http://www.
ncbi.nlm.nih.gov/geo/) and TCGA (The Cancer 
Genome Atlas) database (https://portal.gdc.
cancer.gov/) for their data. Our study was sup-
ported by the Basic and Clinical Medical 
Research Joint Fund of Zhongnan Hospital of 
Wuhan University (Grant No. JCZN2022008), 
Translational Medicine and Interdisciplinary 
Research Joint Fund of Zhongnan Hospital of 
Wuhan University (Grant No. ZNJC202236) and 
The National Natural Science Funds of China 
(Grant No. 81972833).

Disclosure of conflict of interest

The authors declare that the research was con-
ducted in the absence of any commercial or 
financial relationships that could be construed 
as a potential conflict of interest.

Address correspondence to: Lei Wei, Department of 
Pathology and Pathophysiology, Hubei Provincial 
Key Laboratory of Developmentally Originated 
Disease, TaiKang Medical School (School of Basic 
Medical Sciences), Wuhan University, Wuhan 
430071, Hubei, P. R. China. Tel: +86-15327396969; 
E-mail: leiwei@whu.edu.cn; Jing-Wei Zhang, De- 
partment of Breast and Thyroid Surgery, Zhongnan 

Hospital of Wuhan University, Hubei Key Laboratory 
of Tumor Biological Behaviors, Hubei Cancer Clinical 
Study Center, Wuhan 430071, Hubei, P. R. China. 
Tel: +86-13971240262; E-mail: zjwzhang68@whu.
edu.cn

References

[1]	 Siegel R, Miller K, Wagle N and Jemal A. Can-
cer statistics, 2023. CA Cancer J Clin 2023; 
73: 17-48.

[2]	 Loibl S, Poortmans P, Morrow M, Denkert C 
and Curigliano G. Breast cancer. Lancet 2021; 
397: 1750-1769.

[3]	 Tarantino P, Curigliano G, Parsons HA, Lin NU, 
Krop I, Mittendorf EA, Waks A, Winer EP and 
Tolaney SM. Aiming at a tailored cure for 
ERBB2-positive metastatic breast cancer: a re-
view. JAMA Oncol 2022; 8: 629-635.

[4]	 Agostinetto E, Gligorov J and Piccart M. Sys-
temic therapy for early-stage breast cancer: 
learning from the past to build the future. Nat 
Rev Clin Oncol 2022; 19: 763-774.

[5]	 Harbeck N, Penault-Llorca F, Cortes J, Gnant 
M, Houssami N, Poortmans P, Ruddy K, Tsang 
J and Cardoso F. Breast cancer. Nat Rev Dis 
Primers 2019; 5: 66.

[6]	 Huang M, Zhou Y, Duan D, Yang C, Zhou Z, Li F, 
Kong Y, Hsieh YC, Zhang R, Ding W, Xiao W, 
Puno P and Chen C. Targeting ubiquitin conju-
gating enzyme UbcH5b by a triterpenoid PC3-
15 from Schisandra plants sensitizes triple-
negative breast cancer cells to lapatinib. 
Cancer Lett 2021; 504: 125-136.

[7]	 Ramatenki V, Dumpati R, Vadija R, Vellanki S, 
Potlapally SR, Rondla R and Vuruputuri U. Tar-
geting the ubiquitin-conjugating enzyme E2D4 
for cancer drug discovery-a structure-based 
approach. J Chem Biol 2016; 10: 51-67.

[8]	 Saville MK, Sparks A, Xirodimas DP, Wardrop J, 
Stevenson LF, Bourdon JC, Woods YL and Lane 
DP. Regulation of p53 by the ubiquitin-conju-
gating enzymes UbcH5B/C in vivo. J Biol Chem 
2004; 279: 42169-42181.

[9]	 Ray P, Nancarrow DJ, Ferrer-Torres D, Wang Z, 
San Martinho M, Hinton T, Wu JH, Wu A, Tur-
geon DK, Hammer MA, Dame MK, Lawrence 
TS, O’Brien PJ, Spence JR, Beer DG and Ray D. 
UBCH5 family members differentially impact 
stabilization of mutant p53 via RNF128 Iso1 
during Barrett’s progression to esophageal ad-
enocarcinoma. Cell Mol Gastroenterol Hepatol 
2022; 13: 129-149.

[10]	 Zhou C, Bi F, Yuan J, Yang F and Sun S. Gain of 
UBE2D1 facilitates hepatocellular carcinoma 
progression and is associated with DNA dam-
age caused by continuous IL-6. J Exp Clin Can-
cer Res 2018; 37: 290.

[11]	 Xie H, He Y, Wu Y and Lu Q. Silencing of 
UBE2D1 inhibited cell migration in gastric can-

mailto:leiwei@whu.edu.cn
mailto:zjwzhang68@whu.edu.cn
mailto:zjwzhang68@whu.edu.cn


UBE2D1 promotes breast cancer progression

2968	 Am J Cancer Res 2023;13(7):2948-2968

cer, decreasing ubiquitination of SMAD4. In-
fect Agent Cancer 2021; 16: 63.

[12]	 Li Y, Wang L, Xu X, Sun H and Wu L. LncRNA 
HLA complex group 11 knockdown alleviates 
cisplatin resistance in gastric cancer by target-
ing the miR-144-3p/UBE2D1 axis. Cancer 
Manag Res 2021; 13: 7543-7557.

[13]	 Cai H, Chen H, Huang Q, Zhu JM, Ke ZB, Lin YZ, 
Zheng QS, Wei Y, Xu N and Xue XY. Ubiquitina-
tion-related molecular subtypes and a novel 
prognostic index for bladder cancer patients. 
Pathol Oncol Res 2021; 27: 1609941.

[14]	 Hou L, Li Y, Wang Y, Xu D, Cui H, Xu X, Cong Y 
and Yu C. UBE2D1 RNA expression was an in-
dependent unfavorable prognostic indicator in 
lung adenocarcinoma, but not in lung squa-
mous cell carcinoma. Dis Markers 2018; 
2018: 4108919.

[15]	 Kretzschmar M. Transforming growth factor-
beta and breast cancer: transforming growth 
factor-beta/SMAD signaling defects and can-
cer. Breast Cancer Res 2000; 2: 107-115.

[16]	 Shukla N, Naik A, Moryani K, Soni M, Shah J 
and Dave H. TGF-β at the crossroads of multi-
ple prognosis in breast cancer, and beyond. 
Life Sci 2022; 310: 121011.

[17]	 Derynck R and Zhang YE. Smad-dependent 
and Smad-independent pathways in TGF-beta 
family signalling. Nature 2003; 425: 577-584.

[18]	 Gong W, Sun B, Sun H, Zhao X, Zhang D, Liu T, 
Zhao N, Gu Q, Dong X and Liu F. Nodal signal-
ing activates the Smad2/3 pathway to regulate 
stem cell-like properties in breast cancer cells. 
Am J Cancer Res 2017; 7: 503-517.

[19]	 Padmanaban V, Krol I, Suhail Y, Szczerba BM, 
Aceto N, Bader JS and Ewald AJ. E-cadherin is 
required for metastasis in multiple models of 
breast cancer. Nature 2019; 573: 439-444.

[20]	 Garrido-Castro AC, Lin NU and Polyak K. In-
sights into molecular classifications of triple-
negative breast cancer: improving patient se-
lection for treatment. Cancer Discov 2019; 9: 
176-198.

[21]	 Qin Y, Li L, Luo E, Hou J, Yan G, Wang D, Qiao Y 
and Tang C. Role of m6A RNA methylation in 
cardiovascular disease (review). Int J Mol Med 
2020; 46: 1958-1972.

[22]	 Wang J, Chen L and Qiang P. The role of 
IGF2BP2, an m6A reader gene, in human met-
abolic diseases and cancers. Cancer Cell Int 
2021; 21: 99.

[23]	 Derynck R, Turley SJ and Akhurst RJ. TGFβ biol-
ogy in cancer progression and immunotherapy. 
Nat Rev Clin Oncol 2021; 18: 9-34.

[24]	 Hata A and Chen YG. TGF-β signaling from re-
ceptors to Smads. Cold Spring Harb Perspect 
Biol 2016; 8: a022061.

[25]	 Kong Y, Zhang Y, Wang H, Kan W, Guo H, Liu Y, 
Zang Y and Li J. Inner nuclear membrane pro-
tein TMEM201 promotes breast cancer metas-
tasis by positive regulating TGFβ signaling. On-
cogene 2022; 41: 647-656.



UBE2D1 promotes breast cancer progression

1	

Figure S1. A, B. Correlation of UBE2D1 with IGF2BPs; C, D. Western blot and qPCR assays of UBE2D1 expression in 
IGF2BPs knockdown cells. E. Western blot analysis of UBE2D1 in cells with METTL3 mutation at the catalytic site; F. 
qPCR analysis of UBE2D1 mRNA expression in cells with METTL14 knockdown or METTL14 overexpression.


