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Abstract

Breast cancer is the most common malignant tumor worldwide, causing 685,000 deaths in 2020, and this
number continues to rise. Identifying the molecular mechanisms driving breast cancer progression and
potential therapeutic targets are currently urgent issues. Our previous work and bioinformatics analysis
shows that the expression of Endoplasmic Reticulum Membrane Protein Complex Subunit 2 (EMC2) is
up-regulated in breast cancer and is correlated with shortened overall survival of patients. However, the
mechanism of EMC2 in breast cancer is yet to be elucidated. In this study, we identified that EMC2
promotes breast cancer proliferation and metastasis by activating the PDK1/AKT (T308)/mTOR (52448)
signaling pathway and can serve as a candidate target for PDK1/AKT inhibition. Mechanistically, EMC2
serves as a '"scaffold" protein to recruit the deubiquitinating enzyme (DUB) USP7 for ENOI
deubiquitylation to stabilize its expression, thereby initiating downstream B-MYB/PDKI/AKT
(T308)/mTOR (52448) signal cascade. Silencing EMC2 significantly weaken the proliferation/metastasis
potential of breast cancer in vitro and in vivo, but made tumor cell sensitive to PDK1/AKT inhibition.
Overexpression of EMC2 leads to exactly the opposite result. This study reveals the
EMC2/USP7/ENO1/B-MYB protumorigenic axis in breast cancer and identifies EMC2 as a candidate
target for PDK1/AKT inhibitory therapy.
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Introduction

Breast cancer is the most prevalent malignant
tumor among women. According to data published
by Lancet (2024), breast cancer accounted for
approximately 685,000 deaths globally in 2020 (1).
Currently, chemotherapy remains the cornerstone of
breast cancer treatment, to which endocrine therapy
or targeted therapy is added depending on hormone
receptor (HR) expression (2). However, breast cancer
is a highly heterogeneous disease. Even within the
same subtype, there are significant differences in
tumor growth rate, metastasis patterns, and
chemotherapy sensitivity (3,4). As a result, some
viewpoints also hold that the HR status cannot fully

reflect the biological characteristics of tumors (5). This
also results in some patients being unable or less
likely to benefit from the treatment (6). Therefore,
clarifying the molecular mechanisms driving breast
cancer progression and identifying novel biomarkers
with the potential to guide drug therapy are key
scientific issues that need to be addressed.

The endoplasmic reticulum membrane complex
(EMC) is an important complex of nine protein
subunits on the endoplasmic reticulum of eukaryotic
organisms (7), that is involved in the synthesis,
folding, modification and processing of membrane
proteins. EMC usually acts as a membrane protein
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insertion enzyme, recognizing and inserting newly
synthesized tail-anchored protein (TA protein). For
example, it utilizes its own transmembrane domains
and hydrophilic ‘'client" protein pockets to
accommodate and stabilize the transmembrane
domains of the TA protein to complete the insertion
process (8). The rate of TA protein synthesis and
membrane localization can be influenced by
regulating EMC activity or expression levels (9).
Specific subunits of the EMC complex (e.g., EMC3) are
also involved in specific biological processes, such as
vascular development (10), by modulating the correct
folding and expression of receptors of signaling
pathways (e.g., FZD4). The EMC is also capable of
guiding the hydrophobic transmembrane helices of
transmembrane domain (TMD) proteins to insert
correctly into the lipid bilayer and is involved in the
folding and assembly process of TMD proteins (7).

Many studies have revealed that EMCs mediate
a variety of biological processes through different
mechanisms. For example, EMC10 regulates hepatic
endoplasmic reticulum stress and steatosis in an
isoform-specific manner. The secreted isoform
(scEMC10) promotes the activation of
PERK-elF2a-ATF4 signaling in hepatocytes, whereas
the membrane-bound isoform (MEMCI10) inhibits
these signals (11). In addition, EMC-mediated
biogenesis of the nonstructural multipass
transmembrane proteins NS4A and NS4B has been
suggested to be critical for dengue and Zika virus
infections (12).

To date, preliminary studies have revealed the
relationships between some subunits of EMC and
cancer. For example, EMC3 is able to modulate the
aberrant transport of the lung surface-active protein C
mutant SP-C (I73T) and the associated cytotoxic
damage (13). In lung adenocarcinoma, EMC6 is also
involved in the regulation of immune cell infiltration,
ferroptosis and cuproptosis (14). Overall, these
sporadic clues are still insufficient to fully explain the
mechanism of EMC in malignant tumors, especially
breast cancer.

Endoplasmic  reticulum-associated  protein
degradation (ERAD) is an intracellular protein quality
control mechanism through which redundant
proteins are ubiquitinated-proteasomal degradation
after retranslocation from the endoplasmic reticulum
to the cytoplasm (15). Recent studies have shown a
close relationship between EMC and the ERAD
pathway. On the one hand, large-scale mass
spectrometry has revealed that there is significant
crosstalk between EMC and ERAD in mammals (16).
On the other hand, previous studies have shown that
EMC and the ubiquitin-like chaperone UBQLN have a
synergistic effect during the insertion and

accumulation of the TA protein (8).

Here, we found that EMC2 expression is
upregulated in breast cancer and is associated with
poor overall survival. Silencing EMC2 significantly
inhibited the proliferative and metastatic potential of
breast cancer cells in vitro and in vivo. Moreover, drug
sensitivity assays revealed that high EMC2 expression
sensitized tumor cells to PDK1/AKT inhibition.
Mechanistically, EMC2 stabilizes the expression of the
RNA-binding protein ENO1 by acting as a “scaffold’
to recruit deubiquitinating enzyme-7 (USP7) to
deubiquitinate ENO1. ENOI1 subsequently promotes
breast cancer progression by stabilizing the
expression of the downstream transcription factor
B-MYB, which ultimately activates the
PDK1/AKT/mTOR signaling pathway thereby
promoting breast cancer progression.

In summary, our study revealed the mechanism
by which EMC2 promotes breast cancer progression
and identified EMC2 as a drug target for PDK1/AKT
inhibition.

Methods

Cell culture

All the cell lines used in this study were
purchased from the American Type Culture
Collection (ATCC). All the «cell lines were
authenticated via short tandem repeat (STR) profiling
and confirmed to be mycoplasma-free. MDA-MB-231
and MCEF-7 cells were grown in high-glucose DMEM
supplemented with 10% fetal bovine serum. SK-BR-3
cells were grown in MyCoy's 5A medium
supplemented with 10% fetal bovine serum.
Penicillin-streptomycin solution at 1% was added to
all media to prevent bacterial contamination.

Animal experiments

The 5-week-old female BALB/c nude mice used
to construct the subcutaneous graft tumor model and
lung metastases were purchased from Charles River
(Beijing, China). For the subcutaneous xenograft
tumor model, 1x10¢ tumor cells were transplanted
into the right abdomen via subcutaneous injection, the
tumor size was recorded at 3-day intervals, and the
mice were humanely euthanized 35 days post
inoculation or when the tumor weight reached 15% of
the mouse's body weight. The volume of the graft
tumor was calculated as follows: Volume (mm?) =
Length * Width * Depth * (1/6). For the lung
metastasis model, 1x10° tumor cells (cells suspended
in 200 pl of sterile saline) were injected through the
tail vein, and the mice were sacrificed 7 weeks after
inoculation. The lungs were weighed, and the number
of tumor nodules was assessed.
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Drugs For treatment

For in wvivo experiments, Capivasertib was
administered orally by gavage (100 mg/kg body
weight, twice daily) (17), while BX-795 was given
orally by gavage (25 mg/kg body weight, twice
weekly) (18). The control group received DMSO
without any drugs as a placebo via oral gavage.
Treatment was initiated on the third day following
tumor implantation.

For in vitro experiments, the concentration of
Capivasertib in the culture medium was 10 pM (17),
whereas BX-795 was used at a concentration of 3 pM
(19). The control group was cultured in a medium
containing 0.5%0 DMSO.

All the aforementioned drugs were purchased
from MedChemExpress (MCE), dissolved in DMSO,
and stored at -80°C.

Gene Silencing/Overexpression

The overexpression plasmids, silencing plasmids
and negative control plasmids for EMC2 and ENO1
were obtained from Genechem (Shanghai, China).
Small interfering RNAs for USP7 and B-MYB were
provided by Sangon Biotech (Shanghai, China).
Puromycin (working concentration: 1 pg/mL;
Beyotime, China) was used to select stably silenced or
stably overexpressing cell lines. The transfection of
plasmids or siRNAs was performed in strict
accordance with the instructions provided by the
manufacturer  (Lipo3000;  Invitrogen, = USA).
Transfection efficiency was verified via quantitative
real-time reverse transcription PCR (QRT-PCR) and
Western blot analysis. The shRNA or siRNA
sequences of all the genes are available in
Supplementary Table 1.

Total RNA extraction and qRT-PCR

Total cellular RNA was extracted via RNAiso
Plus (TAKARA, Dalian, China). First-strand cDNA
was synthesized via the HiScript®III Reverse
Transcription Kit (Vazyme, China). qRT-PCR was
performed via a ChamQ SYBR kit (Vazyme, China).
All steps were performed in strict accordance with the
instructions provided by the manufacturer. For the
calculation of relative RNA expression, the 2-AACT
method was used, and the human GAPDH gene was
used as an internal reference. All forward/reverse
primer sequences are available in Supplementary
Table 2.

Western blotting

The cell lysis step was carried out in a
refrigerator at 4°C. RIPA buffer (Biosharp, China) was
supplemented with protease inhibitor cocktail
(working concentration: 1%; MedChemExpress, USA)

and phosphatase inhibitor cocktail (working
concentration: 2%; MedChemExpress, USA) was used
to prevent total or phosphorylated protein
degradation. The lysate was broken by ultrasonic
waves, and a 1/4 volume of 5X loading buffer
(Beyotime, China) was added and mixed, followed by
heating in a constant metal bath at 95°C for 5 min to
fully denature the proteins. Protein electrophoresis
was performed via 7.5-15% SDS-PAGE, and the
proteins were subsequently transferred to a
nitrocellulose membrane (NC membrane, PALL,
USA). Five percent skim milk was used to block the
antigens at room temperature for 2 h, after which
antibody hybridization detection equipment was
obtained from Bio-Rad (USA). All the antibody
sources and working concentrations used in this step
are available in Supplementary Table 3.

Immunocytochemistry (ICC)

The cells were cultured on glass coverslips and
after 24 h, they were treated with 4% PFA fixative, 3%o
Triton, and 5% bovine serum albumin in sequence.
This was followed by overnight incubation with
primary antibody at 4°C.This was followed by
incubation with secondary antibody cross-linked with
green or orange fluorescent dye for 1 h at room
temperature in the dark. A fluorescence inverted
microscope was used for observation and imaging.

Immunohistochemistry (IHC)

Immunohistochemistry was performed as
previously described. In brief, the tissue sections were
deparaffinized and sequentially subjected to antigen
repair, 3% hydrogen peroxide treatment, antigen
blocking, primary antibody incubation (4°C,
overnight), secondary antibody incubation (RT, 1 h),
DAB staining, and HE staining followed by
observation under an inverted microscope and image
capture. The level of staining was independently
assessed by two experienced pathologists. The
staining intensity scores were as follows: 0 (none), 1
(weak), 2 (moderate), and 3 (strong); the percentage of
positive cells was 1 (£10%), 2 (11-40%), 3 (41-70%), 4
(>70%). The final immunohistochemical score was as
follows: staining intensity X percentage of positive
cells.

Cell proliferation assay

For the CCK-8 proliferation assays, 1000-3000
cells/well were grown in 96-well cell culture plates,
and the absorbance (OD450) was determined by
adding Cell Counting Kit-8 (CCK-8;
MedChemExpress, USA) working solution every 24 h
after inoculation. For the colony formation
experiments, 500 cells/well were grown in 6-well cell
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culture plates, the medium was changed at 3-day
intervals, and 0.5% crystal violet staining was used on
day 15. The number of clones was automatically
identified and counted via Image] software (version
1.8.0).

For the EdU incorporation assay, staining was
performed according to the manufacturer's
instructions (EdU488/555; Beyotime, China), and
positive cells were detected via inverted fluorescence
microscopy. The number of EdU-positive cells was
automatically identified and counted via Image]
software (version 1.8.0).

Cell migration and invasion assays

For the wound healing assay, when the cells
reached 95-100% confluence within a 6-well cell
culture plate, a vertical scratch was created using 200
uL of peptide, and the culture was continued in
medium containing 1% FBS. Images were taken at 0 h,
24 h and 48 h. The wound healing rate was calculated
via the following formula: (initial width - width at the
time of shooting)/initial width x 100%. For transwell
migration experiments, 5x10* cells or 1x105 cells were
seeded into the upper layer of transwell chambers (8
pm pore size; BD Falcon, USA) containing 200 ul of
FBS-free medium, and the lower layer contained 600
ul of complete medium (10% FBS). After 24 hours of
incubation, the cells were fixed and stained, and the
lower layer was counted.

For the transwell invasion experiments, a matrix
adhesive coating was precoated on the membrane on
the basis of the transwell migration experiments.

Bioinformatics analysis

Discrepancy analyses (DESeq package), survival
analyses (Survminer package and survival package),
and GSEA (Cluster Profiler package) analyses were
performed with R software (version 4.4.2). Expression
profiling data for breast cancer patients and
corresponding clinical information were obtained
from the public databases The Cancer Genome Atlas
(TCGA, https:/ /portal.gdc.cancer.gov/) and
KM-plotter (https:/ /kmplot.com/analysis/).

IP, Co-IP and MS

For IP or co-IP, the cells were fully lysed via IP
lysis buffer (Beyotime, China) containing a mixture of
protease inhibitors, and the lysates were
immunoprecipitated (4°C, overnight) with a target
antibody or negative control antibody (IgG).
Antibody—protein complexes were captured via
protein A/G magnetic beads (Beyotime, China) and
subsequently detected via Western blotting or
analyzed via MS. Mass spectrometry analysis, which
is based on the quantitative method of unlabeled

proteins (label-free), was subsequently performed at
Genechem, Shanghai China.

RNA-seq / RIP-seq & ChIP-qPCR

For RNA-seq, after total RNA extraction, RNA
sequencing was performed by Majorbio Company
(Shanghai, China). The ChIP assay was performed
according to the instructions provided by the kit
manufacturer (BeyoChIP™ Enzymatic ChIP Assay
Kit, Beyotime, China), and for the final product,
enrichment levels were detected via qRT-PCR. The
RIP assay was performed according to the
instructions provided by the kit manufacturer
(BeyoRIP™ RIP Assay Kit, Beyotime, China), and for
the final product, the RIP assay was performed at
Seqhealth Technology Ltd (Wuhan, China) for
RIP-seq analysis.

Cell viability assay

The half-maximal inhibitory concentration
(IC50) was determined by the half-cell viability
measured via an in vitro CCK-8 cytotoxicity assay, and
the formula for cell viability was as follows:
[(As-Ab)/(Ac-Ab)] x 100%; As: OD450 value of the
treatment well; Ab: OD450 value of the blanked well;
Ac: OD450 value of the control well. Each
experimental group consisted of a DMSO control and
a media only control. The maximum working
concentration of DMSO was less than 0.1% (20).

Statistical analysis

All experiments were conducted independently
three times to determine the mean and standard
deviation (s.d.). For continuous variables, analyses
were conducted via Student’s t tests, one-way
ANOVA, or two-way ANOVA. For categorical
variables, analyses were performed via Fisher's exact
test. All the data were statistically analyzed via SPSS
software (Version 22.0, IBM, USA) and R software
(Version 4.2.0, USA). A p value < 0.05 was considered
statistically significant. *: P <0.05; **: P <0.01; ***: P
<0.001.

Upregulation of EMC2 expression is associated
with poor prognosis in breast cancer patients

Given the limited understanding of EMC2
expression patterns and mechanisms in breast cancer,
we first searched for transcriptomic data and clinical
information from the TCGA and GEO databases.
Bioinformatics analysis revealed that EMC2
expression was upregulated in breast cancer (Fig. 1A)
and was strongly associated with shorter overall
survival (OS) in patients (Fig. 1B and C). Interestingly,
we also found that patients with high EMC2
expression who received systemic therapy had
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significantly shorter recurrence-free survival (RFS)  the high expression of EMC2 in breast cancer may
compared to those who did not receive systemic  contribute to the poor prognosis of patients as well as
therapy (Fig. 1D and E). These findings suggest that  drug resistance through several mechanisms.
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Figure 1. EMC2 Expression Pattern and Clinical Significance in Breast Cancer. A. Differential expression analysis of EMC2 using paired transcriptomic data from The Cancer
Genome Atlas Breast Cancer (TCGA-BRCA) dataset. B-C. Kaplan-Meier analysis of overall survival (OS) based on EMC2 expression levels using transcriptomic and clinical data from TCGA
and KM-plotter databases. D-E. Kaplan-Meier analysis of recurrence-free survival (RFS) based on EMC2 expression levels using transcriptomic and clinical data from TCGA and KM-plotter
databases. F. Representative immunohistochemical staining and quantitative analysis of EMC2 expression in paired tumor and adjacent normal tissues. (Black scale bar: Imm, and white scale
bar: 100nm.) G. Western blot analysis of EMC2 protein expression in paired tumor and adjacent normal tissues. H. qRT-PCR analysis of EMC2 mRNA expression in one normal mammary
epithelial cell line and five breast cancer cell lines. I. Western blot analysis of EMC2 protein expression in one normal mammary epithelial cell line and five breast cancer cell lines. J.
Immunofluorescence co-staining of EMC2 and Calnexin in MDA-MB-231 and MCF-7 cells. K. Western blot validation of EMC2 protein expression following plasmid-mediated knockdown or
overexpression.
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We subsequently collected tissue samples from
breast cancer patients at our clinical center and
conducted immunohistochemical staining and
Western blot analysis. The results clearly indicated
that EMC2 is widely expressed in breast cancer
tissues, with expression levels significantly higher
than those in paired adjacent normal tissues (Fig. 1F
and G).

We further examined several common human
breast cancer cell lines to determine whether there are
differences in the expression levels of EMC2 across
different types of breast cancer. The qRT-PCR and
western blot results revealed that the expression
levels of EMC2 were relatively higher in the MCF-7
(HR positive), MDA-MB-231 (HR negative) and
BT-549 (HR negative) cell lines than in the MCF-10A
(normal cell line), T47-D (HR positive), and SK-BR-3
(HER2 positive) cell lines (Fig. 1H and I).
Immunocytofluorescence revealed that EMC2 was
strongly expressed in MCF-7 and MDA-MB-231 cells
and colocalized with ER biomarkers (Fig. 1J). Our
results suggest that EMC2 is indeed upregulated in
specific types of breast cancer cells and that this
differential expression does not correlate with HR
status. We then knocked down or overexpressed
EMC2 in MCF-7 and MDA-MB-231 cell lines,
respectively, for subsequent phenotypic and
molecular studies (Fig. 1K, Fig. SIA and B).

EMC2 promotes breast cancer proliferation in
vitro and in vivo

Given that survival analysis revealed that
upregulation of EMC2 expression was associated with
shorter overall survival in breast cancer patients, we
then performed CCK-8, EdU incorporation, and
colony formation assays to detect cancer cell
proliferation levels in vitro. The results revealed that
EMC2 knockdown significantly decreased both the
tumor cell proliferation rate (Fig. 2A and B) and the
number of clones (Fig. 2F and H-]). In addition, the
results of the EAU incorporation assay revealed that
DNA synthesis was significantly blocked (Fig. 2C-E
and G). The overexpression of EMC2 led to the
opposite results. In vivo, EMC2 silencing significantly
reduced the growth rate and final volume of
xenograft subcutaneous tumors, whereas EMC2
overexpression  accelerated the growth  of
transplanted tumors (Fig. 2K and L).

Finally, we examined the expression levels of
several classical cell cycle-associated kinases and their
ligands, and revealed that the expression levels of
Cyclin-dependent kinase 1 (CDK1) and its typical
ligand G2/mitotic-specific cyclin-B1 (Cyclin B1)
which are responsible for regulating the cellular
transition from the G1 phase (prephase of DNA

replication) to the S phase (phase of DNA replication),
were significantly and positively correlated with
EMC2 (Fig. 2M and N, Fig. S2A and B).

These results consistently demonstrate that
silencing EMC2 leads to cell cycle arrest (mainly
during the DNA replication phase) and ultimately
inhibits cell proliferation in vitro and in vivo.

EMC2 promotes breast cancer metastasis in
vivo and in vitro by mediating epithelial-
mesenchymal transition

Breast cancer is a malignant tumor with a high
propensity to metastasize, and we next investigated
the effect of EMC2 on the metastatic potential of
breast cancer cells. Through wound healing and
transwell assays, we observed that the migration and
invasion abilities of MCF-7 and MDA-MB-231 cells
were significantly inhibited by silencing EMC2, which
was mainly manifested as a significant decrease in the
number of cells migrating to the lower chamber of the
transwell (Fig. 3A-D) and the rate of wound healing
(Fig. 3E-G and I). Breast cancer is a highly aggressive
tumor of epithelial cell origin, and previous studies
have established the important role of mesenchymal
transition (EMT) in breast cancer metastasis. We
detected significant changes in the expression levels
of several EMT-related proteins with well-defined
roles. In brief, N-cadherin (N-CAD) and vimentin
(metastasis-promoting) were downregulated with
EMC2 knockdown, whereas EMC2 overexpression
increased their expression levels. In contrast,
E-cadherin (E-CAD), which inhibits metastasis, was
significantly —negatively correlated with EMC2
expression levels (Fig. 3H and J).

Finally, in the xenograft lung metastasis model,
EMC?2 silencing led to fewer tumor nodules than in
the control group (Fig. 3H and J). As predicted, the
overexpression of EMC2 led to the opposite effect
(Fig. 3K and L).

EMC2 activates the PDKI/AKT/mTOR
pathway by upregulating of ENO1

To investigate the mechanism through which
EMC2 regulates the metastatic and proliferative
potential of MDA-MB-231/MCF-7 cells, we
subsequently determined the changes in the
transcriptome landscape after EMC2 silencing via
transcriptomics (RNA-seq). A volcano diagram
indicated that silencing EMC2 resulted in changes in
the expression levels of many genes (Fig. 4A). We then
conducted gene set enrichment analysis (GSEA) to
determine whether EMC2 silencing resulted in the
enrichment or depletion of specific gene sets.
Interestingly, the GSEA results revealed that four
well-known  pro-oncogenic gene sets were

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21

2635

significantly ~ depleted

phosphatidylinositol 3-kinase

0D450
5

MDA-MB-231

rather

254

than enriched:
(PI3K)-AKT-mTOR/

E

a
o
1

S
=}
1

% of EdU positive cells
N w
o o
1 1

o
o
1

oD e PO

SH ]

®

*kk F
e o 2.0
Kk o
— o
(5]
S 15
2
E
S 1.0+
o
[0
=
5 054
o
0.0~

NE

SH#2

)

Tumor volume (mm

OE.'.‘0

EMC2 CON SH#1 SH#2

EMC2

EconN
[CIsH#1
W sH#2
BVEC

[oE

-
n
o
o
1

Tumor weight (g)

VEC OE

CDK1 [ =

[

Cydling1 [ [ =]
ez [
GAPDH [ . — | —

Figure 2. Effects of EMC2 on Breast Cancer Cell Proliferation. A-B. Cell proliferation analysis using CCK-8 assay in EMC2-modified MDA-MB-231 and MCF-7 cells. C/D/E/G. Cell
cycle analysis using EdU incorporation assay in EMC2-modified cells. (Magnification 100X [10X objective lens X 10X eyepiece lens]) F/H/I/J. Colony formation assay in EMC2-modified cells.
(6-well plate, diameter of 34.2mm) K-L. Xenograft tumor models were used to assess the effect of EMC2 silencing or overexpression on the proliferative capacity of MDA-MB-231 or MCF-7
cells. M-N. Western blot analysis of cell cycle checkpoint proteins.

Merge

G2m checkpoint/MYC target V1/E2f (Fig. 4B).

MCF-7

0.6

(2]
*
*
*
=

<]
o
|

*Hk
—

EMC2
EcoN

CIsH#1
W sH#2
B VEC

WoE

S
o
1

% of EdU positive cells
w
o
1

relative quantity of coloe

KAk

N
(=]
|

=}
1

0 7 14 21 28 35(Days)

1.2
1.0 .
G — 1 EMC2
£ 0.8 EconN
o
? g6d ns [CIsH#1
g s WvEC
E 047 WoEe
2

0.2

0.0-

N
EMC2 CON SH#1 SH#2 VEC OE

Cyclin B1 | e [ —]
——

EMC2 | s
GAPDH [ s a— |

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21 2636

MDA-MB-231 MCF-7

A B
SH#2 VEC OE

CON SH#1 SH#2 VEC OE

CON

Migration

Invasion

(2]
o

Migration Invasion Migration R Invasion
7] —E P L A *kk g Sk e
3 1257 T 209 ,,. 125 T 20 xxx :%3 125 . 20 1254 Sex 20
2 e EMC2 o
5 100 48 1.00 T Hoon 2 1 0§ 1.00 i8
£ 075 0.75 CsH#1 £ 075 0.75
g 1.0 1.0 W2 S 1.0 1.0
& 050 0.50 ms o 0.50 0.50
o [
£ 025 055 0.25 s HoE & 025 Uis 025 0:5
€ 000 0.0 0.00 0.0 € 000 00 0.00 00
E CON SH#1 SH#2 VEC OE
G H ! J MCF-7
MDA-MB-231
— T o EMC2 CON SH#TSH#2 VEC OE 400 Axx, EMC2  CON SH#1SH#2 VEC OE
9 — I __
1 L EMC2  NCAD [ —] S Emcz NCAD | |
g s B coo e ] E7] L. Hoon <o
% 50 .SH#Z V|MENT|N| [ —— ” --l % 50 Hork VlMENTlNI ——— ”- -I
Q [
s Hvec  sv [ E Moo S [
3 moE EMC2 | s — 3 [OE  EMC2 | e - G
= o GAPDH [Wie we e | | = 0 GAPDH [ SESEES | S S
L
VEC
%\8 *% ga =%
£ EMC2 £ EMC2
26 - [EcoN 26 [EcoN
e - *k
2,1 = [sH#1 g | = CsH#1
i WsH#2 3 W sH#2
2, WveC = sl WVEC
5 loE 5 WoE
5o 5o
[ [

Figure 3. Impact of EMC2 on Breast Cancer Cell Metastasis A-D. Transwell migration and invasion assays in EMC2-modified cells. (Magnification 100X [10X objective lens x 10X
eyepiece lens]) E/F/G/l. Wound healing assay in EMC2-modified cells. (Magnification 100X [10X objective lens X 10X eyepiece lens]) H/J. Western blot analysis of epithelial-mesenchymal
transition (EMT) markers. K-L. Quantification of tumor nodules in xenograft metastasis model.

We then focused on the PI3K-AKT-mTOR
signaling pathway (Fig. 4C), as we noted that EMC6
(another member of the EMC family) mediated
autophagy was associated with inactivation of the

PI3K/AKT/mTOR signaling pathway (21). Many
studies have demonstrated that the PI3K-AKT-mTOR
signaling pathway is closely related to breast cancer
development  (22,23). The PI3K/AKT/mTOR
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signaling cascade is highly dependent on the alsoknown as AKT), after which AKT phosphorylates
phosphorylation activation mechanism; in short, in ~ mammalian target of rapamycin (mTOR [Ser2448])
breast cancer, PI3K first phosphorylates and activates  (24).

the Thr308 and Ser473 sites of protein kinase B (PKB,
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Figure 4. Molecular Mechanism of EMC2 in PDKI/AKT/mTOR Pathway Regulation. A. Volcano plot showing differential gene expression following EMC2 knockdown in MCF-7
cells. B. Gene Set Enrichment Analysis (GSEA) of signaling pathways following EMC2 knockdown. C. Butterfly plot demonstrating depletion of PI3K/AKT/mTOR pathway following EMC2
knockdown. D. Western blot analysis of PI3K/AKT/mTOR pathway components in relation to EMC2 expression. E. Western blot analysis of PDK1/PDK2 expression in relation to EMC2
levels. F. qRT-PCR analysis of PDK1 expression in relation to EMC2 levels. G. Western blot analysis of ENO| expression in relation to EMC2 levels. H-1. Rescue experiments: Western blot
analysis of PI3K/AKT/mTOR pathway components following: (H) ENO| overexpression in EMC2-knockdown cells (I) ENOI knockdown in EMC2-overexpressing cells
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Figure 5. EMC2-Mediated ENO1 Deubiquitination Mechanism. A. Co-immunoprecipitation analysis demonstrating protein interactions between EMC2, ENOI, and USP7. B.
Schematic hypothesis: EMC2 functions as a scaffold protein to recruit USP7 for the deubiquitination of ENOI. C-D. Effect of USP7 knockdown on ENO|1 expression analyzed by Western blot
and qRT-PCR. E-F. Protein stability analysis using cycloheximide chase assay (CHX, 50 pg/mL) at 0, 3, and 6 hours. G. ENOI protein levels following treatment with protein degradation
inhibitors: MG-132 (proteasome inhibitor, 10 uM), Chloroquine (CQ, lysosomal inhibitor, 50 uM), 3-Methyladenine (3-MA, autophagy inhibitor, 10 mM). H. Analysis of ENO1 ubiquitination

levels following MG-132 (10 uM) treatment for 10 hours by Western blot.

We first assessed the protein expression levels of
members within the pathway and found that EMC2
silencing significantly inhibited the phosphorylation
of AKT (Thr308) and downstream mTOR (Ser2448),
with overexpression leading to the opposite result
(Fig. 4D). Interestingly, we noted no significant

changes in the expression levels of AKT (Ser473) or
PI3K (Fig. 4D). These results suggest that EMC2
phosphorylates AKT(Thr308) via a PI3K-independent
mechanism and ultimately activates mTOR (Ser2448).
Pyruvate dehydrogenase kinase isozyme 1/2
(PDK1/2) are the key phosphorylated kinases of AKT.
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In brief, PDK1 and PKD2 are responsible for
activating the Thr308/Ser473 phosphorylation sites of
AKT, respectively. We then further examined the
expression levels of PDK1/2, and the results revealed
that PDK1  expression  was  significantly
downregulated after EMC2 knockdown and that the
overexpression of EMC2 further upregulated PDK1
expression, whereas PDK2 expression was not
affected by the expression level of EMC2 (Fig. 4E).
These results consistently demonstrated that EMC2
activated the AKT (Thr308)/mTOR (Ser2448)
signaling pathway by increasing PDK1 expression.

We proceeded to consider whether PDK1
expression is regulated at the transcriptional level,
and if so, by what mechanism. By qRT-PCR, we
compared the expression levels of EMC2 and PDK1,
and the results showed that in both MCF-7 and
MDA-MB-231 cells, the mRNA expression level of
PDK1 was positively correlated with EMC2 (Fig. 4F,
Fig. S3A). Furthermore, the same trend was observed
by transient silencing of EMC2 by small interfering
RNAs (Fig. S3B).

We further hypothesized that EMC2 performs
transcriptional regulatory functions via protein—
protein coreactions and attempted to validate this
hypothesis.  In  summary, we  performed
immunoprecipitation-mass spectrometry  (IP-MS)
analysis of MCF-7 whole cell lysates. Interestingly, the
IP-MS results indicated that EMC2 directly or
indirectly bound to a substantial number of client
proteins (Table S54). After confirming that PDK1 is not
a binding protein of EMC2, we focused on those
proteins with relatively high binding abundance that
have been reported to possess transcriptional
regulatory functions.

Several recent studies have reported that enolase
1 (ENO1) functions as an RNA-binding protein to
regulate target RNA transcript levels (25,26), and our
mass spectrometry results revealed that the binding
abundance of EMC2 to ENO1 was 2.5-fold greater
than that of IgG controls (Table S4). We next
investigated whether EMC2 regulates the protein
expression level of ENO1 by binding to it. Consistent
with expectations, the protein expression level of
ENO1 was clearly positively regulated by EMC2 (Fig.
4G), whereas at the transcriptional level, ENO1
mRNA was not regulated by EMC2 (Fig. S3C).

To further determine whether the activation of
the PDK1/AKT(Thr308)/ mTOR(Ser2448) pathway by
EMC2 upregulates ENO1 expression, we performed a
series of rescue experiments via plasmid
cotransfection. Encouragingly, the restoration of
ENOI1 expression in the EMC2 knockdown cell line
effectively rescued the overall activation level of the
PDK1/AKT(Thr308)/mTOR(Ser2448) pathway (Fig.

4H). Similarly, the inhibition of ENO1 expression
partially abolished the pathway activation caused by
the overexpression of EMC2 (Fig. 4I). Taken together,
strong evidence suggests that EMC2 activates the
PDK1/AKT(Thr308)/ mTOR(Ser2448) signaling path-
way by upregulating ENO1 expression and thereby
activating the PDK1/AKT(Thr308)/ mTOR(Ser2448)
signaling pathway.

EMC2 serves as a "scaffold" to recruit USP7
for deubiquitination of ENOI.

We next investigated how EMC2 regulates the
expression levels of the ENO1 protein. EMC2 is
localized in the endoplasmic reticulum (27) and has
been previously reported to be associated with the
ERAD pathway (16) - a protein degradation
mechanism based on the ubiquitin-proteasome
system (28). We therefore attempted to identify
potential ~EMC2-binding  members of the
ubiquitination system that might bind to EMC2.
Encouragingly, we found that the binding abundance
of ubiquitin specific peptidase 7 (USP7) to EMC2 was
significantly increased (foldchange=1.35; Table S4).

Co-IP demonstrated that EMC2, ENO1 and USP7
bind to each other in the MDA-MB-231 and MCF-7
cell lines (Fig. 5A). We further hypothesized that
EMC2 acts as a scaffold protein that recruits USP7 to
deubiquitinate ENO1, thereby protecting the ENO1
protein from degradation by the ERAD pathway (Fig.
5B). Moreover, consistent with our hypothesis, USP7
silencing reduced the expression of ENO1 at the
protein level but had no effect on its transcriptional
level (Fig. 5C and D).

We subsequently treated the cells with the
protein synthesis inhibitor cycloheximide (CHX) and
examined ENOI1 protein levels at several time points,
and it was clear that silencing either EMC2 or USP7
significantly shortened the half-life of the ENO1
protein (Fig. 5E/F & Fig. S4A/B).

Deng and Xu et al. reported that ENOI is
degraded via the ubiquitination pathway in gastric
cancer and cholangiocarcinoma (29,30). To further
determine whether ENO1 is also degraded in the
same way in breast cancer, we treated MCF-7 and
MDA-MB-231 cells with the ubiquitin-proteasome
inhibitor MG-132. The results showed that MG-132
restored the expression levels of ENO1l in a
time-dependent manner in both EMC25H and USP7 KD
cell lines (Fig. 5G & Fig. 54C/D). In addition, we ruled
out the possibility of ENO1 degradation via lysosomal
or autophagic pathways, as neither the lysosomal
inhibitor chloroquine (CQ) nor the autophagy
inhibitor 3-methyladenine (3-MA) was able to restore
ENOI1 expression (Fig. 5G & Fig. 54C/D). Finally, we
treated cells with MG-132 and confirmed that
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silencing EMC2 or USP7 significantly upregulated the
ubiquitination level of ENOL1 (Fig. 5H).

Collectively, the above results suggest that
EMC2 protects ENO1 from ubiquitination-mediated
degradation by recruiting USP7.

ENOI stabilizes the transcription factor
B-MYB mRNA to initiate PDKI transcription

Although RT-qPCR revealed that ENO1 could
upregulate PDK1 expression at the transcriptional
level (Fig. 6A), our subsequent RIP-seq results
revealed that ENO1 did not directly bind to PDK1
mRNA (Table S5), and we chose to combine the
RNA-seq and RIP-seq data to identify downstream
targets of ENO1. Briefly, the candidate genes should
be bound to ENO1 and demonstrate a positive
correlation with the expression levels of both EMC2
and ENOI1. As a result, we obtained two candidates,
WD repeat domain 4 (WRD4) and MYB
proto-oncogene like 2 (B-MYB) (Fig. 6B).

We then performed qRT-PCR, western blot, and
RNA stability experiments to further identify the
target genes of ENO1, and it was clear that silencing
ENO1 or EMC2 significantly downregulated the RNA
and protein levels of B-MYB (Fig. 6C and D, Fig. SSA
and B). Conversely, the opposite result was obtained
(Fig. 6C and D, Fig. S5A and B). Moreover, the B-MYB
mRNA half-life duration was positively correlated
with the expression level of ENO1 or EMC2 (Fig. 6E,
Fig. S5C). Furthermore, we did not observe similar
effects of ENO1 or EMC2 on WDR4 (Fig. S5D-I). We
additionally performed rescue experiments, and the
results suggested that the overexpression of ENO1 in
EMC2KD cells could partially restore the expression of
B-MYB (Fig. 6F). Similarly, silencing ENOI1
suppressed the expression of B-MYB in EMC2OE cell
lines (Fig. 6G). These findings suggest that EMC2
stabilizes downstream B-MYB mRNA levels by
deubiquitinating ENOL1 in breast cancer cells.

We next asked whether EMC2 activates the
PDK1/AKT(T308)/ mTOR(S2448) signaling pathway
by upregulating B-MYB because B-MYB is a
well-known transcription factor (31). We therefore
performed ChIP-qPCR in two cell lines. The primer
pairs were designed on the basis of the B-MYB and
PDK1 binding sequences predicted by the online
transcription factor database JASPAR (Supplementary
Table S5). The results demonstrated that the binding
signals of B-MYB in the PDK1 promoter region were
approximately 3-4-fold greater than those of the
negative control IgG (Fig. 6H). Consistent with the
ChIP-qPCR results, the silencing of B-MYB
significantly decreased the expression level of PDK1
(Fig. 61-K). In summary, rescue experiments revealed

that the activation of the PDK1/AKT(T308)/
mTOR(S2448) pathway caused by the overexpression
of EMC2 was almost completely reversed by B-MYB
silencing (Fig. S5] and K).

In summary, our study demonstrated that EMC2
activates  the = PDK1/AKT(T308)/ mTOR(S2448)
signaling pathway by upregulating ENO1/B-MYB
expression in breast cancer.

EMC2 sensitizes tumor cells to PDKI1/AKT
inhibition

Given that EMC2 activates the
PDK1/AKT/mTOR pathway in breast cancer, we
hypothesized that EMC2 sensitizes tumor cells to
PDK1/AKT inhibition. To test our hypothesis, we
selected two drugs. BX-795 is a potent, selective PDK1
inhibitor that specifically inhibits the expression of
PDK1 and its downstream target AKT (T308) (19,32).
Capivasertib (AZD5363) is a novel pan-AKT inhibitor
(33,34).

First, we performed drug sensitivity experiments
in MDA-MB-231 cells. CCK-8 and colony formation
assays revealed that, compared with the control
(DMSO), BX-795 or capivasertib significantly
inhibited the proliferation of MDA-MB-231[EMC2
CON] cells in vitro (Fig. 7A and B). Concurrently, oral
gavage of BX-795 or capivasertib markedly reduced
the xenograft tumor growth rate and volume (Fig.
7C). Interestingly, when we performed the same
experiments in EMC2-silenced MDA-MB-231[EMC2
SH] cells, the tumor cells became insensitive to both
drugs, with no further reduction in proliferation
caused by BX-795 or capivasertib in vitro or in vivo
(Fig. 7A-C). We subsequently conducted the above
experiments in MCF-7 cells and observed similar
results, where the antitumor effects of BX-795 or
capivasertib were abolished after EMC2 silencing
(Fig. 7D-F).

To further confirm the association between
EMC2 expression and drug efficacy, we chose the
SK-BR-3 cell line, which has relatively low EMC2
expression, for rescue experiments. We then
overexpressed EMC2 in SK-BR-3 cells and performed
the aforementioned proliferation assays. Consistent
with our hypothesis, at baseline, SK-BR-3 (EMC2
CON) cells were insensitive to either drug (Fig 7G-I).
However, when we overexpressed EMC2 in SK-BR-3
cells, the proliferation of the experimental group
(BX-795 or capivasertib) was significantly lower than
that of the control group (DMSO) in vitro and in vivo
(Fig 7G-I).

In summary, these results indicate that EMC2
sensitizes tumor cells to PDK1/AKT inhibition.
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Figure 6. ENOI-Mediated Regulation of B-MYB and PDKI1. A. qRT-PCR analysis of PDK 1 expression following ENO1 knockdown or overexpression. B. Venn diagram analysis for
identification of ENOI target RNAs. C. qRT-PCR analysis of B-MYB expression following ENO| knockdown or overexpression. D. Western blot analysis of B-MYB expression following
ENOI knockdown or overexpression. E. mRNA stability analysis using Actinomycin D (ActD, 5 uM) treatment at 0, 2, 4, 6, and 8 hours. F-G. Rescue experiments: Western blot analysis of
B-MYB expression following: (F) ENO1 overexpression in EMC2-knockdown cells, (G) ENO1 knockdown in EMC2-overexpressing cells. H. ChIP-PCR analysis of B-MYB binding to PDK1
promoter region relative to IgG control. I. qRT-PCR analysis of PDK1, EMC2, and ENOI1 expression following B-MYB knockdown. J-K. Western blot analysis of PDK1 and ENO1 expression
following B-MYB knockdown.
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Discussion

In this study, we demonstrated that EMC2 was
aberrantly upregulated in breast cancer tissues,
significantly =~ enhanced the proliferation and
metastasis potential of tumor cells, and increased the
sensitivity of tumor cells to PDK1/AKT inhibition.

Mechanistically, EMC2 functions as a scaffold
protein to recruit both USP7 and ENOL. Through the
deubiquitinating activity of USP7, ENO1 avoids
degradation by the ubiquitin-proteasome system.
ENO1 stabilizes the oncogene B-MYB at the
transcriptional level, which in turn activates the
downstream PDK1/AKT(T308)/ mTOR(52448)
signaling pathway, ultimately promoting
tumorigenesis and progression.

Prior to our study, research investigating the
mechanism of EMC2 in malignant cancer was lacking.
Our study is the first to reveal that EMC2 functions as
a scaffold protein in breast cancer. It recruits USP7 to
deubiquitinate ENO1, thereby protecting ENO1 from
ubiquitin-mediated degradation.

In conclusion, our study revealed that EMC2
drives breast cancer progression by activating the
PDK1/AKT(T308)/ mTOR(S2448) signaling pathway.
Importantly, we pinpointed EMC2 as a potential

target for PDK1/AKT inhibition. This crucial
mechanism may facilitate the future development of
targeted therapies.

The EMC is an abundant and highly conserved
nine-subunit protein complex (35) located in the
endoplasmic reticulum (ER). Research on EMC over
the past decade has shown that disruption of its intact
conformation broadly impacts the biosynthesis of
cellular membrane proteins, further affecting cellular
biological processes (36), including ER stress, viral
infection (37), and lipid metabolic homeostasis (16).
The role of EMC in membrane protein biosynthesis is
largely attributed to its enzymatic activity in
mediating the insertion of the TA protein into the
lipid bilayer (38) or the cotranslational insertion of the
N-terminal TMD (39).

Recent studies have provided new insights into
the EMC complex. On the one hand, high-throughput
proteomics has revealed a high degree of crosstalk
(16) between the mammalian EMC complex and the
ERAD pathway. On the other hand, depletion of
EMC2 has been shown to affect the abundance of
entire EMC complex members (40). However, it
remains unclear whether EMC2 promotes tumor
progression through ERAD-related mechanisms. Our
research fills this gap in the field by demonstrating
that EMC2 acts as a scaffold protein involved in
regulating the ERAD degradation pathway in vivo.

ENO1, also known as 2-phospho-D-glycerate
hydrolase, is a glycolytic enzyme (41). ENO1 is a
typical multifunctional protein. In hepatocellular
carcinoma (HCC), ENO1 can initiate a metastatic
cascade (42) by activating the HGFR/WNT signaling
pathway through phosphorylation. Moreover, by
binding to 2-PG (2-phosphoglycerate) and regulating
the pentose phosphate pathway (PPP), ENO1 can
significantly increase tumorigenicity and platinum
resistance in lung cancer (43). RNA-binding proteins
(RBPs) are a class of proteins that can bind to and
regulate the transcription or degradation of target
RNAs (44). Recent studies have reported that ENO1,
in addition to its metabolic activity, functions as an
RBP to play a role in transcriptional regulation. For
example, Sun et al. demonstrated that ENO1 activates
the downstream PLCB1/HPGD signaling pathway by
binding to the YAP1 mRNA translational element,
ultimately leading to HCC progression (26). Similarly,
Zhang et al. reported that ENO1 helps HCC cells
escape ferroptosis (25) by degrading IRP1 mRNA. In
gastric cancer, ENO1 promotes tumor growth (45) by
stabilizing the expression of genes such as SOX9,
VEGF-a, GPRC5A, and MCL-1. In this study, we
revealed that ENO1 is  protected from
ubiquitin-mediated degradation by EMC2 (29,30,46)
and promotes tumor progression by stabilizing
B-MYB mRNA.

B-MYB is a classic oncogenic transcription factor.
Over the past few decades, the functions of B-MYB
have been extensively elucidated by numerous
studies. For example, B-MYB accelerates the cell cycle
in colorectal cancer cells (47) by upregulating the
E2F2/ERK/AKT signaling pathway, and suppressing
IGFBP3 expression to promote proliferation and
metastasis in non-small cell lung cancer (48). Our
study revealed that B-MYB mRNA is stabilized by
ENO1 in breast cancer and then initiates PDK1
transcription and ultimately activates the AKT
(T308)/mTOR (52448) signaling pathway.

BX-795 is a novel aminopyrimidine compound.
Feldman first reported that it specifically inhibits
PDK1 expression by competitively binding to the ATP
active pocket. At low concentrations, BX-795
significantly reduces the expression of AKT (Thr308),
without affecting AKT (Ser473) (49). Previously,
BX-795 has shown multiple antitumor activities in
malignancies such as neuroblastoma (32), liver cancer
(50), prostate cancer (51), pancreatic cancer (18), and
oral squamous cell carcinoma (52). Combining BX-795
can enhance the sensitivity of tumor cells to
radiotherapy or chemotherapy.

Capivasertib (AZD5363), a novel pan-AKT
inhibitor, is a widely noted antitumor drug. From its
inception, it has shown broad-spectrum antitumor
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activity, especially in breast cancer (53). Capivasertib
exhibits synergistic effects with both docetaxel and
trastuzumab, = which are  commonly  used
chemotherapy or targeted therapy drugs for breast
cancer (53). Notably, Capivasertib has already
achieved favorable results in several clinical trials in
breast cancer. The CAPItello-291 Phase III clinical trial
reported that Capivasertib combined with fulvestrant
significantly prolonged progression-free survival in
HR-positive advanced breast cancer patients, some of
whom had disease progression after CDK4/6
inhibitor treatment (54). For metastatic triple-negative
breast cancer, the PAKT Phase III clinical trial
reported that Capivasertib combined with paclitaxel
extended the median progression-free survival of
patients from 3.7 months to 9.3 months (55).

Conclusion

In summary, our study provides strong evidence
for the mechanism of EMC2 in the development and
progression of breast cancer, and highlights its
significant potential as a target for PDK1/AKT
inhibition. These functions are mediated through its
scaffold protein activity, which involves recruiting
USP7 to deubiquitinate the RNA-binding protein
ENO1, thus protecting ENO1 from
ubiquitin-mediated degradation. As a result, the
PDK1/AKT(T308)/ mTOR(S2448) signaling pathway
is activated through the transcription factor B-MYB,
ultimately contributing to breast cancer progression.

Drug sensitivity experiments revealed that
EMCQC2 overexpression sensitizes breast cancer cells to
PDK1 or AKT inhibition both in vitro and in vivo,
whereas EMC2 silencing has the opposite effect. These
findings suggest that EMC2 is a potential therapeutic
target for PDK1/AKT inhibition.

Furthermore, clinical analyses based on public
databases indicate that EMC2 may also function as a
biomarker for reduced overall survival in breast
cancer patients. Our findings shed new light on the
mechanisms driving breast cancer development and
progression, and pave the way for future drug target
screening endeavors.

However, this study has several limitations. We
were unable to further construct a truncated ENO1
protein to clarify the binding site of the USP7-ENO1
complex. Nevertheless, we believe that this does not
impact the main conclusions of the study. Moreover,
in future work, we intend to apply BX-795 and
capivasertib to organoid or PDX models to further
corroborate the conclusion that EMC2 sensitizes
tumor cells to PDK1/AKT inhibition therapy, serving
as a complement to existing in vivo and in vitro drug
sensitivity experiments.

Abbreviations
EMC2: Endoplasmic reticulum membrane
protein complex subunit 2; PDKI1: Pyruvate

dehydrogenase kinase isozyme 1, AKT: Protein kinase
B (PKB); ENO1: Enolase 1; HR: Hormone receptor; ER:
Endoplasmic reticulum/Estrogen receptor; TA: Tail-
anchored (protein); TMD: Transmembrane domain;
ERAD: Endoplasmic reticulum-associated protein
degradation; OS: Overall survival; RFS:
Recurrence-free survival; CCK-8: Cell counting kit-8;
CDK1: Cyclin-dependent kinase 1, EMT: Epithelial-
mesenchymal transition; PI3K: Phosphatidylinositol
3-kinase; mTOR: Mammalian target of rapamycin;
USP7: Ubiquitin specific peptidase 7; DUB:
Deubiquitinating enzyme; WRD4: WD repeat domain
4; HCC: Hepatocellular carcinoma; PPP: Pentose
phosphate pathway; GSEA: Gene set enrichment
analysis; RNA-seq: RNA sequencing; RIP-seq: RNA
immunoprecipitation sequencing; IP-MS: Immuno-
precipitation-mass spectrometry; ChIP-qPCR:
Chromatin immunoprecipitation-quantitative PCR;
gRT-PCR: Quantitative real-time reverse transcription
PCR; DMSO: Dimethyl sulfoxide; IC50: Half-maximal
inhibitory concentration; FBS: Fetal bovine serum;
ATCC: American type culture collection; STR: Short
tandem repeat; CQ: Chloroquine; PFA:
Paraformaldehyde; DAB: Diaminobenzidine; HE:
Hematoxylin and eosin; TCGA: The cancer genome
atlas; NC: Nitrocellulose.

Supplementary Material

Supplementary figures.
https:/ /www.ijbs.com/v21p2629s1.pdf
Supplementary table 1.
https:/ /www.ijbs.com/v21p2629s2.pdf
Supplementary table 2.
https:/ /www.ijbs.com/v21p2629s3.xlsx

Supplementary table 3.

https:/ /www .ijbs.com/v21p2629s4.xlsx
Supplementary Table 4 (anti EMC2 IP-MS results) &
Supplementary Table 5 (anti ENO1 RIP-seq results).
https:/ /www.ijbs.com/v21p2629s5.zip

Acknowledgements

We sincerely thank Dr. SAMINA for her
generous and selfless assistance during the course of
this study. With her extensive experimental
experience and professional knowledge, the
researcher Dr. SAMINA helped us overcome the
technical challenges encountered in our experiments.

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21

2645

Funding

This research was funded by the National
Natural Science Foundation of China (Grant number:

82372844) and the Hubei Province Science &
Technology  Plan  project  (Grant number:
2022BGE233).

Ethics approval and consent to participate

Human breast cancer tissue and paracancerous
tissue samples were obtained from breast cancer
patients who underwent surgery at the Department of
Breast and Thyroid Surgery of Union Hospital
between 2023 and 2024, and all patients provided
informed consent. The Medical Ethics Committee of
Union Hospital, Tongji Medical College, Huazhong
University of Science and Technology, approved this
study (Grant number: 1013). The Experimental
Animal Ethics Committee of Huazhong University of
Science and Technology approved the animal
experiments (JACUC number: 4132).

Awvailability of data and materials

The sequencing raw data generated in this study
have been uploaded to the GEO database. Readers
can access these data without restriction by searching

the project numbers at https://www.ncbi.nlm
nih.gov/  (RNA-seq: PRJNA1213054; RIP-seq:
PRJNA1213289).

Author contributions

SHX & SX] were responsible for the design and
implementation of the entire experimental program.
CXW was assigned the task of collecting and
analyzing the experimental data. HW conducted an
extensive literature survey, which provided an
important theoretical basis for the experimental
design. WXN was involved in writing, editing and
proofreading the paper. JGZ & BZ participated in the
design and implementation of the entire experimental
program as corresponding authors. They also
conducted a comprehensive assessment of the
feasibility of the project and personally supervised the
implementation of the experiment to ensure that all
steps were strictly followed in accordance with the
intended protocol.

Competing Interests
The authors have declared that no competing

interest exists.

References

1. Coles CE, Earl H, Anderson BO, Barrios CH, Bienz M, Bliss JM, et al. The
lancet breast cancer commission. Lancet (Lond Engl). 2024 May
11;403(10439):1895-950.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Gradishar W], Moran MS, Abraham ], Abramson V, Aft R, Agnese D, et al.
Breast Cancer, Version 3.2024, NCCN Clinical Practice Guidelines in
Oncology. ] Natl Compr Cancer Netw: JNCCN. 2024 Jul;22(5):331-57.
Barzaman K, Karami ], Zarei Z, Hosseinzadeh A, Kazemi MH,
Moradi-Kalbolandi S, et al. Breast cancer: Biology, biomarkers, and treatments.
Int Immunopharmacol. 2020 Jul;84:106535.

Ganesan K, Xu C, Wu S, Sui Y, Du B, Zhang J, et al. Ononin Inhibits Tumor
Bone Metastasis and Osteoclastogenesis By Targeting Mitogen-Activated
Protein Kinase Pathway in Breast Cancer. Res (Wash DC). 2024;7:553.

Raghav KPS, Hernandez-Aya LF, Lei X, Chavez-Macgregor M,
Meric-Bernstam F, Buchholz TA, et al. Impact of low estrogen/progesterone
receptor expression on survival outcomes in breast cancers previously
classified as triple negative breast cancers. Cancer. 2012 Mar 15;118(6):1498-
506.

Yi M, Huo L, Koenig KB, Mittendorf EA, Meric-Bernstam F, Kuerer HM, et al.
Which threshold for ER positivity? a retrospective study based on 9639
patients. Ann Oncol: Off ] Eur Soc Med Oncol. 2014 May;25(5):1004-11.
Pleiner T, Tomaleri GP, Januszyk K, Inglis AJ, Hazu M, Voorhees RM.
Structural basis for membrane insertion by the human ER membrane protein
complex. Sci (N'Y NY). 2020 Jul 24;369(6502):433-6.

Guna A, Stevens TA, Inglis AJ, Replogle JM, Esantsi TK, Muthukumar G, et al.
MTCH?2 is a mitochondrial outer membrane protein insertase. Sci (N Y NY).
2022 Oct 21;378(6617):317-22.

Bai L, You Q, Feng X, Kovach A, Li H. Structure of the ER membrane complex,
a transmembrane-domain insertase. Nature. 2020 Aug;584(7821):475-8.

Yang M, Li S, Liu W, Li X, He Y, Yang Y, et al. The ER membrane protein
complex subunit Emc3 controls angiogenesis via the FZD4/WNT signaling
axis. Sci China, Life Sci. 2021 Nov;64(11):1868-83.

Chen K, Wang Y, Yang J, Kloting N, Liu C, Dai J, et al. EMC10 modulates
hepatic ER stress and steatosis in an isoform-specific manner. ] Hepatol. 2024
Sep;81(3):479-91.

Lin DL, Inoue T, Chen Y], Chang A, Tsai B, Tai AW. The ER Membrane Protein
Complex Promotes Biogenesis of Dengue and Zika Virus Non-structural
Multi-pass Transmembrane Proteins to Support Infection. Cell Rep. 2019 May
7,27(6):1666-1674.e4.

Tang X, Wei W, Sun Y, Weaver TE, Nakayasu ES, Clair G, et al. EMC3
regulates trafficking and pulmonary toxicity of the SFTPCI73T mutation
associated with interstitial lung disease. J Clin Invest. 2024;134;e173861.

Zhou X, Xiao B, Jiang M, Rui J. Pan-cancer analysis identifies EMC6 as a
potential target for lung adenocarcinoma. iScience. 2024 Jan 19;27(1):108648.
Krshnan L, van de Weijer ML, Carvalho P. Endoplasmic Reticulum-Associated
Protein Degradation. Cold Spring Harbor Perspect Biol. 2022 Dec
1,14(12):a041247.

Wideman JG. The ubiquitous and ancient ER membrane protein complex
(EMCQ): tether or not? F1000Research. 2015;4:624.

Eberlein C, Williamson SC, Hopcroft L, Ros S, Moss JI, Kerr J, et al.
Capivasertib combines with docetaxel to enhance anti-tumour activity
through inhibition of AKT-mediated survival mechanisms in prostate cancer.
Br J Cancer. 2024 May;130(8):1377-87.

Choi EA, Choi YS, Lee EJ, Singh SR, Kim SC, Chang S. A pharmacogenomic
analysis using L1000CDS2 identifies BX-795 as a potential anticancer drug for
primary pancreatic ductal adenocarcinoma cells. Cancer Lett. 2019 Nov
28,;465:82-93.

Dangelmaier C, Manne BK, Liverani E, Jin ], Bray P, Kunapuli SP. PDK1
selectively phosphorylates Thr(308) on Akt and contributes to human platelet
functional responses. Thromb Haemost. 2014 Mar 3;111(3):508-17.

Aerbajinai W, Zhu ], Gao Z, Chin K, Rodgers GP. Thalidomide induces
gamma-globin gene expression through increased reactive oxygen
species-mediated p38 MAPK signaling and histone H4 acetylation in adult
erythropoiesis. Blood. 2007 Oct 15;110(8):2864-71.

Shen X, Kan S, Hu J, Li M, Lu G, Zhang M, et al. EMC6/TMEMO93 suppresses
glioblastoma proliferation by modulating autophagy. Cell Death Dis. 2016 Jan
14;7(1):e2043.

Zhu K, Wu Y, He P, Fan Y, Zhong X, Zheng H, et al
PIBK/AKT/mTOR-targeted therapy for breast cancer. Cells. 2022 Aug
12;11(16):2508.

Gough SM, Flanagan JJ, Teh J, Andreoli M, Rousseau E, Pannone M, et al. Oral
Estrogen Receptor PROTAC Vepdegestrant (ARV-471) Is Highly Efficacious as
Monotherapy and in Combination with CDK4/6 or PI3K/mTOR Pathway
Inhibitors in Preclinical ER+ Breast Cancer Models. Clin Cancer Res: Off ] Am
Assoc Cancer Res. 2024 Aug 15;30(16):3549-63.

Glaviano A, Foo ASC, Lam HY, Yap KCH, Jacot W, Jones RH, et al.
PI3K/AKT/mTOR signaling transduction pathway and targeted therapies in
cancer. Mol Cancer. 2023 Aug 18;22(1):138.

Zhang T, Sun L, Hao Y, Suo C, Shen S, Wei H, et al. ENO1 suppresses cancer
cell ferroptosis by degrading the mRNA of iron regulatory protein 1. Nat
Cancer. 2022 Jan;3(1):75-89.

Sun L, Suo C, Zhang T, Shen S, Gu X, Qiu S, et al. ENO1 promotes liver
carcinogenesis through YAPI-dependent arachidonic acid metabolism. Nat
Chem Biol. 2023 Dec;19(12):1492-503.

Bai L, Li H. Cryo-EM structures of the endoplasmic reticulum membrane
complex. FEBS J. 2022 Jan;289(1):102-12.

Lopata A, Kniss A, Lohr F, Rogov VV, Détsch V. Ubiquitination in the ERAD
process. Int ] Mol Sci. 2020 Jul 28;21(15):5369.

https://www.ijbs.com



Int. J. Biol. Sci. 2025, Vol. 21

2646

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Deng T, Shen P, Li A, Zhang Z, Yang H, Deng X, et al. CCDC65 as a new
potential tumor suppressor induced by metformin inhibits activation of AKT1
via ubiquitination of ENO1 in gastric cancer. Theranostics. 2021;11(16):8112-
28.

Xu X, Chen Y, Shao S, Wang J, Shan ], Wang Y, et al. USP21 deubiquitinates
and stabilizes HSP90 and ENOI1 to promote aerobic glycolysis and
proliferation in cholangiocarcinoma. Int J Biol Sci. 2024;20(4):1492-508.

Sala A. B-MYB, a transcription factor implicated in regulating cell cycle,
apoptosis and cancer. Eur ] Cancer (Oxf Engl: 1990). 2005 Nov;41(16):2479-84.
Chilamakuri R, Rouse DC, Yu Y, Kabir AS, Muth A, Yang J, et al. BX-795
inhibits neuroblastoma growth and enhances sensitivity towards
chemotherapy. Transl Oncol. 2022 Jan;15(1):101272.

Hopcroft L, Wigmore EM, Williamson SC, Ros S, Eberlein C, Moss J1, et al.
Combining the AKT inhibitor capivasertib and SERD fulvestrant is effective in
palbociclib-resistant ER+ breast cancer preclinical models. NPJ Breast Cancer.
2023 Aug 5;9(1):64.

Li J, Davies BR, Han S, Zhou M, Bai Y, Zhang J, et al. The AKT inhibitor
AZD5363 is selectively active in PIBKCA mutant gastric cancer, and sensitizes
a patient-derived gastric cancer xenograft model with PTEN loss to taxotere. ]
Transl Med. 2013 Oct 2;11:241.

Volkmar N, Christianson JC. Squaring the EMC - how promoting membrane
protein biogenesis impacts cellular functions and organismal homeostasis. ]
Cell Sci. 2020 Apr 24;133(8):jcs243519.

Chitwood PJ, Hegde RS. The role of EMC during membrane protein
biogenesis. Trends Cell Biol. 2019 May;29(5):371-84.

Ma H, Dang Y, Wu Y, Jia G, Anaya E, Zhang J, et al. A CRISPR-based screen
identifies genes essential for west-nile-virus-induced cell death. Cell Rep. 2015
Jul 28;12(4):673-83.

Guna A, Volkmar N, Christianson JC, Hegde RS. The ER membrane protein
complex is a transmembrane domain insertase. Sci (N Y NY). 2018 Jan
26;359(6374):470-3.

Chitwood PJ, Juszkiewicz S, Guna A, Shao S, Hegde RS. EMC Is Required to
Initiate Accurate Membrane Protein Topogenesis. Cell. 2018 Nov
29;175(6):1507-1519.e16.

Shurtleff MJ, Itzhak DN, Hussmann JA, Schirle Oakdale NT, Costa EA, Jonikas
M, et al. The ER membrane protein complex interacts cotranslationally to
enable biogenesis of multipass membrane proteins. eLife. 2018 May
29;7:e37018.

Huang CK, Sun Y, Lv L, Ping Y. ENO1 and cancer. Mol Ther Oncolytics. 2022
Mar 17,24:288-98.

Li HJ, Ke FY, Lin CC, Lu MY, Kuo YH, Wang YP, et al. ENO1 Promotes Lung
Cancer  Metastasis via HGFR and WNT  Signaling-Driven
Epithelial-to-Mesenchymal Transition. Cancer Res. 2021 Aug 1,81(15):4094-
109.

Sun M, Li L, Niu Y, Wang Y, Yan Q, Xie F, et al. PRMT6 promotes
tumorigenicity and cisplatin response of lung cancer through triggering
6PGD/ENO1 mediated cell metabolism. Acta Pharm Sin, B. 2023
Jan;13(1):157-73.

Zhang C, Wang S, Lu X, Zhong W, Tang Y, Huang W, et al. POP1 facilitates
proliferation in triple-negative breast cancer via m6A-dependent degradation
of CDKN1A mRNA. Res (Wash DC). 2024;7:472.

Wang N, Qiao H, Hao J, Deng C, Zhou N, Yang L, et al. RNA-binding protein
ENOI1 promotes the tumor progression of gastric cancer by binding to and
regulating gastric cancer-related genes. ] Gastrointest Oncol. 2023 Apr
29;14(2):585-98.

Ma ], Zhu]J, Li], Liu J, Kang X, Yu J. Enhanced E6AP-mediated ubiquitination
of ENO1 via LINC00663 contributes to radiosensitivity of breast cancer by
regulating mitochondrial homeostasis. Cancer Lett. 2023 Apr 28;560:216118.
Fan X, Wang Y, Jiang T, Liu T, Jin Y, Du K, et al. B-myb accelerates colorectal
cancer progression through reciprocal feed-forward transactivation of E2F2.
Oncogene. 2021 Sep;40(37):5613-25.

Fan X, Wang Y, Jiang T, Cai W, Jin Y, Niu Y, et al. B-Myb Mediates
Proliferation and Migration of Non-Small-Cell Lung Cancer via Suppressing
IGFBP3. Int ] Mol Sci. 2018 May 16;19(5):1479.

Feldman RI, Wu JM, Polokoff MA, Kochanny MJ, Dinter H, Zhu D, et al. Novel
small molecule inhibitors of 3-phosphoinositide-dependent kinase-1. J Biol
Chem. 2005 May 20,280(20):19867-74.

Bamodu OA, Chang HL, Ong JR, Lee WH, Yeh CT, Tsai JT. Elevated PDK1
Expression Drives PI3K/ AKT/MTOR Signaling Promotes Radiation-Resistant
and Dedifferentiated Phenotype of Hepatocellular Carcinoma. Cells. 2020 Mar
18;9(3):746.

Gilbert S, Péant B, Malaquin N, Tu V, Fleury H, Leclerc-Desaulniers K, et al.
Targeting IKKe in androgen-independent prostate cancer causes phenotypic
senescence and genomic instability. Mol Cancer Ther. 2022 Mar 1;21(3):407-18.
Pai S, Yadav VK, Kuo KT, Pikatan NW, Lin CS, Chien MH, et al. PDK1
inhibitor BX795 improves cisplatin and radio-efficacy in oral squamous cell
carcinoma by downregulating the PDK1/CD47/akt-mediated glycolysis
signaling pathway. Int J Mol Sci. 2021 Oct 25;22(21):11492.

Davies BR, Greenwood H, Dudley P, Crafter C, Yu DH, Zhang J, et al.
Preclinical ~pharmacology of AZD5363, an inhibitor of AKT:
pharmacodynamics, antitumor activity, and correlation of monotherapy
activity with genetic background. Mol Cancer Ther. 2012 Apr;11(4):873-87.
Turner NC, Oliveira M, Howell SJ, Dalenc F, Cortes J, Gomez Moreno HL, et
al. Capivasertib in hormone receptor-positive advanced breast cancer. N Engl
J Med. 2023 Jun 1;388(22):2058-70.

55. Schmid P, Abraham J, Chan S, Wheatley D, Brunt AM, Nemsadze G, et al.

Capivasertib Plus Paclitaxel Versus Placebo Plus Paclitaxel As First-Line
Therapy for Metastatic Triple-Negative Breast Cancer: The PAKT Trial. J Clin
Oncol: Off ] Am Soc Clin Oncol. 2020 Feb 10;38(5):423-33.

https://www.ijbs.com



