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Abstract

Background The effectiveness of anti-programmed cell death protein 1(PD-1)/programmed cell death 1 ligand
1(PD-L1) therapy in treating certain types of cancer is associated with the level of PD-L1. However, this relationship
has not been observed in colorectal cancer (CRC), and the underlying regulatory mechanism of PD-L1 in CRC remains
unclear.

Methods Binding of TMEM160 to PD-L1 was determined by co-immunoprecipitation (Co-IP) and GST pull-down
assay.The ubiquitination levels of PD-L1 were verified using the ubiquitination assay. Phenotypic experiments were
conducted to assess the role of TMEM160 in CRC cells. Animal models were employed to investigate how TMEM160
contributes to tumor growth.The expression and clinical significance of TMEM160 and PD-L1 in CRC tissues were
evaluated by immunohistochemistry(IHC).

Results In our study, we made a discovery that TMEM160 interacts with PD-L1 and plays a role in stabilizing its
expression within a CRC model. Furthermore, we demonstrated that TMEM 160 hinders the ubiquitination-dependent
degradation of PD-L1 by competing with SPOP for binding to PD-L1 in CRC cells. Regarding functionality, the absence
of TMEM160 significantly inhibited the proliferation, invasion, metastasis, clonogenicity, and radioresistance of CRC
cells, while simultaneously enhancing the cytotoxic effect of CD8 +T cells on tumor cells. Conversely, the upregula-
tion of TMEM160 substantially increased these capabilities. In severely immunodeficient mice, tumor growth derived
from lentiviral vector sShTMEM160 cells was lower compared with that derived from shNC control cells. Furthermore,
the downregulation of TMEM160 significantly restricted tumor growth in immune-competent BALB/c mice. In clinical
samples from patients with CRC, we observed a strong positive correlation between TMEM160 expression and PD-L1
expression, as well as a negative correlation with CD8A expression. Importantly, patients with high TMEM160 expres-
sion exhibited a worse prognosis compared with those with low or no TMEM160 expression.
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Conclusions Our study reveals that TMEM160 inhibits the ubiquitination-dependent degradation of PD-L1
that is mediated by SPOP, thereby stabilizing PD-L1 expression to foster the malignant progress, radioresistance,
and immune evasion of CRC cells. These findings suggest that TMEM160 holds potential as a target for the treatment

of patients with CRC.
Keywords TMEM160, PD-L1, SPOP, Colorectal cancer

Background

Colorectal cancer (CRC) is a significant global health
concern, ranking as the third most diagnosed cancer and
the second leading cause of cancer-related deaths world-
wide. In 2020, China reported 533,170 new CRC cases,
leading to 278,476 deaths and accounting for 11.7% and
9.3% of the total cancer incidence and mortality, respec-
tively [1]. In recent years, immune checkpoint inhibitors
(ICIs) have been used to reactivate the immune system
by relieving the suppressive actions that are exerted by
tumors on T cells. The efficacy of ICIs has been veri-
fied and approved for clinical use in diverse advanced
cancers, encompassing non-small cell lung cancer and
gastric cancer [2, 3]. Moreover, ICIs have demonstrated
applicability in specific patients with metastatic CRC
particularly those with deficient mismatch repair or
high-level microsatellite instability [4]. Nonetheless, the
overall response of CRC to ICI therapy in patients with
proficient mismatch repair genes or microsatellite sta-
bility has proved unsatisfactory, and the relationship
between PD-L1 expression and ICI therapy in patients
with CRC remains unknown [5]. Consequently, the
investigation of molecular mechanisms governing PD-L1
expression in CRC is indispensable to formulate potential
strategies that heighten the clinical efficacy of anti-PD-1/
L1 therapy.

The transmembrane protein (TMEM) family encom-
passes transmembrane proteins that traverse the lipid
bilayer and wield critical functions across various cell
types, encompassing inflammation and store-operated
Ca’" entry [6, 7]. Evidence suggests that TMEM fam-
ily members have close associations with tumorigen-
esis, invasion, and metastasis of several cancers [8—10].
TMEM160, a recently identified transmembrane pro-
tein that is localized in the mitochondrial membrane,
has been implicated in neuropathic pain [11]. Further-
more, the ablation of TMEM160 triggers a mitochon-
drial unfolded protein response (UPR™) and significantly
elevates reactive oxygen species (ROS) production [12].
The relationship between TMEM160, tumorigenesis, and
the tumor microenvironment is not well-understood and
requires further exploration.

In this study, we report a novel association between
TMEM160 and PD-L1 expression in CRC cells, which
has not been previously described. Mechanistically,

TMEM160 competes with SPOP for binding PD-L1 and
reduces the ubiquitination-dependent degradation of
PD-L1, thereby stabilizing PD-L1 expression to foster the
malignant progress, radioresistance, and immune evasion
of CRC cells.

Materials and methods

Patient samples and clinical data collection

The samples were obtained from 125 patients with CRC
who underwent surgical treatment at the First Affiliated
Hospital of Nanchang University from January 2018 to
December 2018. New cancerous tissue and matched
adjacent normal tissue samples were stored in liquid
nitrogen. All patients provided written informed con-
sent, and the research was conducted in accordance with
the applicable national ethical standards. This study was
approved by the Research Ethics Committee of the First
Affiliated Hospital of Nanchang University (approval
number (2023)CDYFYYLK(07-014)).

Cell culture

Four human CRC cell lines, DLD1, HCT116, SW480,
and RKO, were cultured in high glucose dulbecco’s modi-
fied eagle medium (DMEM) containing 10% fetal bovine
serum (FBS). HEK293T was cultivated in high glucose
DMEM containing 10% FBS. CT26 mouse colon cancer
cell were cultured in RPMI1640 medium filled with 10%
FBS. All cell lines were cultivated in a moist incubator at
37°C and 5% CO,.

RNA interference, lentivirus, plasmid construction,

and transfection

To knockdown TMEMI160, siRNA was utilized. The
detailed sequence targeting TMEM160 and lentivirus
vector is shown below: CAUGCAGAGUGACAUGGG
UTTACCCAUGUCACUCUGCAUGTT;CGAGGA
CUGGGACAUUAAATTUUUAAUGUCCCAGUCCUC
GTT. For siRNA transfection, the cells were grown to a
concentration of 50-60% and subsequently transfected
with the respective siRNA constructs using TurboFect
Transfection Reagent (R0531, Thermo Fisher Scientific
Corp, Waltham, MA, USA) according to the manufac-
turer’s instructions. For gene transfection, the cells were
grown to a concentration of 70-80% and transfected with
plasmids containing TMEM160 cDNA using TurboFect
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Transfection Reagent. Cell proteins or total RNA were
extracted 48 h after transfection to assess the efficiency of
knockdown or overexpression.

RNA extraction and RT-qPCR analysis

RNA extraction reagents (R701-01, Vazyme Corp, Nan-
jing, China) were used to extract RNA from the cell sam-
ples when the cells were grown to a concentration of
85%—95%.Synthesis of SuperMix by transcriptional All-
in-One first strand cDNA Transgen(AT341-01, TransGen
Biotech Corp, Beijing, China.) was used to reverse tran-
scribe the dissolved RNA into complementary DNA
(cDNA). RT-qPCR was performed using a StepOnePlus
Real-Time PCR System (11736059, Thermo Fisher Sci-
entific Corp, Waltham, MA, USA).GAPDH was used
for normalization, and the test was repeated three times
for each sample. The primer sequences for GAPDH,
TMEM160, and PD-L1 were as follows:

GAPDH-S: 5 -GGAAGCTTGTCATCAATGGAAATC-3’
GAPDH-A: 5"-TGATGACCCTTTTGGCTCCC-3’
TMEM160-S: 5 -TCCTCTCCTGGTTCCGCAA-3’
TMEM160-A: 5'-CCCAGCAGGAAGAAGCCATAT-3’
PDL1-S: 5 -GCCGAAGTCATCTGGACAAGC-3’
PDL1-A:5"-GTGTTGATTCTCAGTGTGCTGGTCA-3

Western blotting

For protein immunoblotting analysis, we extracted total
protein from the cells 48 h after transfection, and the
detailed procedure followed that of our previous work
[13, 14]. Western blotting was performed using the fol-
lowing primary antibodies: TMEM160 (ab185451,
Abcam Corp, Cambridge, UK), PD-L1 (66248-1-Ig, Pro-
teintech Group Corp, Rosemont, USA), SPOP (16750-1-
AP, Proteintech Group Corp, Rosemont, USA), FLAG
(66008—4-Ig, Proteintech Group Corp, Rosemont, USA),
HA (51064-2-AP, Proteintech Group Corp, Rosemont,
USA), Myc (16286—-1-AP, Proteintech Group Corp, Rose-
mont, USA), His (66005—1-Ig, Proteintech Group Corp,
Rosemont, USA), CD8A (TA374492, ORIGENE Corp,
Wuxi, China), and GAPDH (60004—1-Ig, Proteintech
Group Corp, Rosemont, USA). The antibodies were used
according to the manufacturers’ protocols.

Molecular docking

To assess the potential direct interaction between
TMEM160 and PD-L1 proteins based on their three-
dimensional (3D) spatial structures, we acquired
the 3D structure of PD-L1 from the Protein Data
Bank (PDB) and predicted the 3D structure model
of TMEM160 using data from the UniProt database.
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Molecular docking was performed using the Discovery
Studio software, developed by BIOVIA Company in
the United States. The protein was pre-processed using
Discovery Studio software, and the original ligands
was extracted from their structures. Subsequently,
a molecular docking analysis between TMEM160
and PD-L1 was conducted using the ZDOCK mod-
ule. The binding conformation of the protein—protein
complexes was optimized using the RDOCK module.
Finally, the Analysis tool was utilized to visualize the
protein—protein complexes. This analysis allowed us to
evaluate the possible binding and spatial arrangement
of TMEM160 and PD-L1, providing insight into their
latent interaction.

Co-immunoprecipitation assay

By conducting co-immunoprecipitation (Co-IP) assays
on DLD1 and HCT116 cells, we analyzed the binding
relationship between TMEM160, SPOP, and PD-L1. We
used the Protein A/G Immunoprecision Kit (22202-100,
Beaver bio Corp, Suzhou, China) according to the pro-
tocol of the manufacturer for Co-IP. As in our previous
work [15], we performed a western blotting analysis on
the proteins that were removed from the beads.

Ubiquitination assay

To detect the ubiquitination of PD-L1 protein, Flag-PD-
L1, Myc-TMEM160, HA-SPOP, and His-Ub plasmids
were transfected into HCT116 cells, which were treated
with MG132 (10 uM) for 6 h before lysis. The cell lysate
was mixed with Flag beads and incubated at 4°C for one
night. Wash Buffer was then used to wash the beads three
times, and 1X Loading Buffer was added to boil the beads
and collect the immunoprecipitated proteins. The experi-
mental program is detailed in previous reports [16, 17].

GST pull-down assay

To determine whether TMEMI160 directly binds to
PD-L1, we conducted GST pull-down experiments using
a GST Pull-Down Kit (M7006, Mabnus Corp, Wuhan,
China) according to the manufacturer’s protocol. The
purified proteins used were Recombinant Human PD-L1
(C315, Novoprotein Corp, Suzhou, China), TMEM160
Fusion Protein (Ag24915, Proteintech Group Corp, Rose-
mont, USA), and GST Tag Fusion Protein (Ag0040, Pro-
teintech Group Corp, Rosemont, USA). The extracted
protein was analyzed by gel electrophoresis and western
blot.

Flow cytometry analysis
The cells were initially rinsed with Phosphate Buffer
Saline (PBS) and subsequently stained for cell surface
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PD-L1. This staining process was conducted on ice for
30 min using a solution of PBS supplemented with 20%
FITC (Fluorescein Isothiocyanate) labeled antibody
(558065, Univ Crop, Shanghai, China). After the staining
period, the cells were washed again with PBS to remove
any unbound antibodies. Subsequently, the samples were
analyzed using a Mindray flow cytometer (BriCyte E6,
Mindray Corp, Nanshan District, Shenzhen, China), and
the data analysis was performed using FlowJo software
(FlowJo ™10 software, Becton, Dickinson and Company,
Franklin Lake, New Jersey, United States).

CHX half-life assay

To explore the influence of TMEM160 expression on the
half-life of PD-L1, we conducted two separate experi-
ments. Firstly, we knocked out TMEM160 in DLD1 cells,
and secondly, we overexpressed TMEM160 in SW480
cells. Subsequently, we treated the cells with CHX (HY-
12320, MedChemExpress Corp, New Jersey, USA) at a
final concentration of 40 pg/ml. The cells were treated for
different durations (0, 2, 4, and 8 h) before protein extrac-
tion. Western blot analysis was performed to assess the
impact of TMEM160 on the half-life of PD-L1.

MG132 rescue assay

To investigate the underlying mechanism through which
TMEM160 stabilizes PD-L1 protein expression, we per-
formed a knockdown of TMEM160 in HCT116 cells.
Subsequently, we treated the cells with MG132 (HY-
13259, MedChemExpress Corp, New Jersey, USA) at a
final concentration of 10 uM. After a 6-h treatment, pro-
tein extraction was carried out, followed by Western blot
analysis. Our objective was to determine whether MG132
could restore the reduced PD-L1 expression resulting
from TMEM160 deficiency.

Cell proliferation and colony formation

Cell proliferation was evaluated using Cell Count Kit 8
(CCK-8) (GK10001, GlpBio Corp, Montclair, CA, USA).
The CCK-8 assay measures cell viability by analyzing the
absorbance of samples at 450 nm. To assess the effect of
TMEM160 expression on CRC cell colony formation,
cloning experiments were conducted following estab-
lished protocols [18, 19]. To ensure the accuracy and reli-
ability of the results, we repeated each experiment three
times.

Migration and invasion assays

For migration and invasion assays, transfected cells
(2x10°) were seeded in the upper chamber of transwell
inserts and cultured with 200 pL of serum-free medium.
A complete culture medium (basic medium+10% FBS)
was added to the lower chamber. After 24 h of cultivation,
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the medium was replaced with fresh medium. After 48
h of cultivation, the medium was removed and cleaned
three times with PBS. The cells were then fixed with 1
mL of 4% paraformaldehyde (PFA) in each well, the PFA
was removed after 30 min, 1 mL of crystal violet staining
solution was added, and the solution was incubated for
another 30 min. The bottom of the chamber was washed
three times with water, air-dried, and photographed.
Notably, the transwell inserts used in the invasion assay
were pre-coated with a matrix gel and mixed with a pre-
chilled basic medium at a 1:8 ratio before cell seeding.
We conducted each experiment three times.

Immunofluorescence

Immunofluorescence(IF) assays were performed to eval-
uate the effect of TMEM160 on PD-L1 expression in
CRC cells. The cells were cultured on glass slides for 24
h, then washed twice with PBS, fixed in 4% PFA for 15
min, and washed twice with PBS, each time for 5 min.
The cells were placed in 2% Triton for 10 min, then rinsed
with PBS twice for 5 min each time. Blocking was per-
formed with 10% bovine serum albumin (BSA) for 30
min and the cells were then washed twice with PBS for
5 min each. The cells were then incubated with the cor-
responding primary antibody at 4°C overnight. The cells
were washed with PBS three times, for 5 min each time,
and then incubated with the corresponding secondary
antibodies in the dark room for 30 min. Subsequently,
the cells underwent nuclear staining and were incubated
with 4-amino-6-diamino-2-phenylindole (DAPI) and an
anti-fluorescent quenching agent was added. Finally, the
cellular localization of PD-L1 and TMEM160 was exam-
ined using confocal microscopy.

T cell-mediated tumor cell killing

DLD1 cells that were stably expressing either shScr (con-
trol) or sShTMEM160#1 were seeded in 24-well plates at
a density of 10° cells per well. Human Jurkat cells were
activated with 25 ng/mL of PMA (Phorbol 12-myristate
13-acetate) and 1 pg/mL of PHA (Phytohemaggluti-
nin) obtained from CSNpharm for a duration of 48 h.
Following activation, the activated Jurkat cells were
added to the culture medium of DLD1 cells at a ratio
of 2:1 (Jurkat cells: DLD1 cells). After incubating these
cells together for 48 h, tumor cells were collected and
stained with Annexin V and propidium iodide (A211-
01, Vazyme Corp, Nanjing, China). After staining, Mind-
ray flow cytometer was used to analyze the cell apoptosis
rate.

Homologous tumor xenograft mouse model
This study complied with the ethical principles of experi-
mental animal welfare and the protocol for the animal
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experiments was approved by the animal welfare com-
mittee of the First Affiliated Hospital of Nanchang Uni-
versity (approval No: CDYFY-IACUC-202211QR022).
Female nude mice (aged 4—-6 weeks) were used as the
experimental subjects. HCT116 colon cancer cells
expressing LV-shTMEM160#1 and LV-shScr plasmid
stable clones were injected subcutaneously into the right
axilla of nude mice (12 mice were randomly divided into
two groups, with 1x 10° cells per mouse in each group).

Female BALB/c mice were used as the experimen-
tal subjects. CT26 mouse colon cancer cells expressing
LV-shTMEM160#1 and LV-shScr plasmid stable clones
were injected subcutaneously into the right axilla of the
BALB/c mice (12 mice were randomly divided into two
groups, with 1x 10° cells per mouse in each group).

Tumor size was measured with calipers every 3 days
and tumor volume was calculated using the formula:
V=(LxW?)/2, where V, L, and W represent the tumor
volume, longest diameter,and shortest diameter, respec-
tively. The mice were sacrificed using cervical disloca-
tion on the 22nd day. The expression of TMEM160 and
PD-L1 in tumor and paracancerous tissues was detected
by western blotting,and immunohistochemistry(IHC)
was used to assess the expression of TMEM160 and
PD-L1 and the infiltration of CD8+ cytotoxic T cells in
tumor tissue and adjacent normal tissue.

Immunohistochemistry and histopathological analysis
CRC tissue blocks were obtained from 125 CRC tumor
specimens from the First Affiliated Hospital of Nanchang
University in 2018. For the use of these tumor wax speci-
mens, our study obtained approval from the Research
Ethics Committee of the First Affiliated Hospital of
Nanchang University (approval number (2023)CDY-
FYYLK(07-014)). IHC analysis was conducted following
the previously described method [20]. A total of 125 clin-
ical CRC tissue sections were subjected to IHC analysis.
The immunostaining index was evaluated and indepen-
dently scored by two pathologists, taking into account
the staining intensity and the proportion of tumor cells
showing positive staining [18].

The immunohistochemical grading of TMEM160 was
determined based on staining intensity and the density

(See figure on next page.)
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of positive cells. The grading system assigned the follow-
ing categories: "-", indicating negative staining; "+", rep-
resenting weak staining; "+ +", indicating intermediate
staining; and "+ + +", representing strong staining. The
density of positive cells was assessed as follows: 0% =0,
1-25% =1, 26-50%=2, 51-75%=3, and>76%=4. To
calculate the immunoreactivity score, the H-score, the
following formula was applied: H-score=(% of stain-
ing positive cells) (0—4)X (staining intensity) (0-3). An
H-score ranging from 0 to 4 was considered TMEM160
low, while an H-score ranging from 5 to 12 was consid-
ered TMEM160 high. PD-L1 expression was catego-
rized using the TPS (Tumor Proportion Score), which
represents the percentage of tumor cells displaying
membranous PD-L1 staining [21]. The quantification of
intraepithelial CD8+ tumor-infiltrating T lymphocytes
(TILs) was performed as described by Hamanishi et al.
[22]. Three independent areas with the highest TILs infil-
tration were selected under a microscope at 200X mag-
nification. The number of intraepithelial CD8 + TILs was

manually counted and expressed as cells per mm?,

Statistical analysis

At least three independent experiments were used for
data analysis. For comparisons between two groups,
two-tailed t-tests were employed. To compare two or
more groups, we used a two-way analysis of variance
(ANOVA). In evaluating clinical data, we used the Stu-
dent’s t-test when comparing continuous variables
between the two groups. When assessing categorical
variables, we used the chi-square (x 2) test. Using SPSS
software for statistical analysis (version 19.0; IBM Corp,
Armonk, New York, USA). A p-value of<0.05 was con-
sidered statistically significant.

Results

TMEM160 interacts with PD-L1

To evaluate the PD-L1 binding proteins, we first pre-
dicted the interacting proteins of PD-L1 in the protein
interaction database (BioGRID), and the results showed
that TMEM160 may interact with PD-L1 (Fig. 1A). Sub-
sequently, a series of experiments were conducted to
confirm the interaction between these two proteins.

Fig. 1 TMEM160 interacts with PD-L1. A The BioGRID database was used to search for the interacting proteins of CD274. B HCT116 cells were
transfected using Flag-PD-L1 and Myc-TMEM160 for immunostaining with Flag antibodies (green), Myc antibodies (red), and DAPI antibodies

(blue). Scale bar, 20 um. C A prediction model for TMEM160 was obtained from the UniProt database (left), while a prediction model for PD-L1

was obtained from the Protein Data Bank (PDB) database (right). D The predicted interface of one of the complexes formed by TMEM160 and PD-L1.
E, F Results of Co-IP of exogenous PD-L1 and TMEM160 in HEK-293 T and SW480 cells. G, H Endogenous Co-IP assays were performed in DLD1

and HCT116 cells to assess the interaction of PD-L1 with TMEM160. 1 The GST pull-down assay was conducted to confirm the direct binding

between the His-PD-L1 and the GST-TMEM160 fusion protein
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First, we performed IF experiments and found that Flag-
PD-L1 co-localized with Myc-TMEM160 in the plasma
membrane and cytoplasm of cancer cells (Fig. 1B). Sub-
sequently, the 3D structure of PD-L1 was obtained from
the Protein Data Bank (PDB), while the 3D structure
model of TMEM160 was predicted using the UniProt
database (Fig. 1C). The predicted TMEM160 model dis-
played satisfactory quality, considering parameters such
as quality assessment, template matching, and amino
acid residue characteristics. To explore their potential
interaction, molecular docking was conducted using the
Discovery Studio software. The results revealed a com-
plex formation between TMEM160 and PD-L1, which
was supported by their compatible protein spatial struc-
tures as depicted in Fig. 1D.

To validate the interaction between TMEM160 and
PD-L1, we carried out the Co-IP experiment. Exogenous
Myc-TMEM160 and Flag-PD-L1 were shown to inter-
act in HEK-293 T and SW480 cells (Fig. 1E, F). Endog-
enous TMEM160 and PD-L1 also interacted with each
other in DLD1 and HCT116 cells (Fig. 1G, H). GST pull-
down experiments indicated that His-PD-L1 can bind to
GST-TMEM160, demonstrating that TMEM160 directly
interacts with PD-L1 in CRC cells (Fig. 1I).These results
indicate that TMEMI160 is an interacting protein of
PD-L1.

TMEM160 stabilizes PD-L1 protein expression by inhibition
of ubiquitination-dependent degradation of PD-L1

To further verify the regulatory relationship between
TMEM160 and PD-L1, we used siRNA to knockdown
TMEM160 expression in DLD1 and HCT116 cells and
observed a decrease in PD-L1 expression using west-
ern blotting (Fig. 2A). In contrast, overexpression of
TMEM160 significantly increased the expression of
PD-L1 in SW480 and RKO cells (Fig. 2B). Moreover,
qRT-PCR showed that TMEM160 promoted the protein
expression of PD-L1 without affecting its mRNA expres-
sion, indicating that TMEM160 regulates the expression
of PD-L1 at the post-transcriptional level (Fig. 2C). The IF
results showed that TMEM160 knockdown significantly
reduced the fluorescence intensity of PD-L1 localized to

(See figure on next page.)
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the plasma membrane of HCT116 cells (Fig. 2D). Flow
cytometry analysis also revealed a significant decrease
in the expression of surface PD-L1 in DLD1 cells after
TMEM160 knockdown (Fig. 2E).

Research has demonstrated that post-translational
modifications (PTMs), such as ubiquitination, phospho-
rylation, glycosylation, and palmitoylation, play crucial
roles in the regulation of PD-L1 [23-25]. Subsequently,
we conducted an analysis of the half-life of PD-L1 to
investigate the influence of TMEM160 on the stability
of PD-L1 protein expression. The results revealed sig-
nificant findings. In cells where TMEM160 was knocked
down (DLD1 cells), the half-life of PD-L1 was notably
shortened (Fig. 2F). Conversely, in cells with TMEM160
overexpression (SW480 cells), the degradation of PD-L1
was slowed down, as shown in Fig. 2G. To gain further
insights into the underlying mechanism, western blot-
ting experiments were carried out. Specifically, we
treated CRC cells (HCT116) with the proteasome inhibi-
tor MG132. The results demonstrated that the reduced
expression of PD-L1 triggered by TMEM160 knockdown
was restored upon MG132 treatment (Fig. 2H). These
findings indicate that TMEM160 is involved in regulat-
ing the stability of PD-L1 protein expression, possibly by
participating in the proteasomal degradation pathway.
Further ubiquitination results showed that TMEM160
significantly reduced the ubiquitination-dependent deg-
radation of PD-L1 (Fig. 2I), indicating that TMEM160
stabilizes PD-L1 expression through the ubiquitin pro-
teasome pathway.

TMEM160 competitively binds to PD-L1 with SPOP,
inhibiting its ubiquitination-dependent degradation

SPOP is a key component of cullin-RING E3 ligases,
known for its role in recognizing and targeting specific
substrates for degradation. SPOP has been extensively
studied and has shown a dual role in tumorigenesis and
cancer progression [26, 27]. Numerous studies have iden-
tified SPOP as an inhibitor of various human malignan-
cies, including lung, colon, and gastric cancers [28-30].
Using the protein interaction database, we found that
TMEM160 could also interact with SPOP (Fig. 3A),

Fig. 2 TMEM160 stabilizes PD-L1 protein expression by inhibition of ubiquitination-dependent degradation of PD-L1. A, B Western blotting

assays and C RT-qPCR were performed to test the expression of TMEM160 and PD-L1 at the protein and mRNA levels, respectively. The expression
analysis was performed following interference with TMEM160 expression using two different siRNAs (#1 and #2) in HCT116 and DLD1 cells,

as well as TMEM160 overexpression in SW480 and RKO cells. D IF experiments of HCT116 cells transfected with siScr or siTMEM160#1 plasmid

were assessed with PD-L1 expression by the fluorescence intensity of PD-L1. E Flow cytometric analysis of DLD1 cells transfected with siScr

or sSiTMEM160#1 plasmid were assessed with surface PD-L1 expression. F, G To assess the effect of TMEM160 expression on PD-L1 stability, the CHX
assay was performed in DLD1 cells transfected with siTMEM 16041 and SW480 cells with Myc-TMEM160. H Western blotting assay detected

that MG132 can reverse the reduced expression of PD-L1 due to TMEM160 downregulation. I The ubiquitination assay was conducted in HCT116
cells to analyze the impact of TMEM160 overexpression on PD-L1 ubiquitination
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which is an E3 ubiquitination-degrading enzyme of
PD-L1 [31]. First, we conducted Co-IP experiments to
evaluate the interaction between TMEM160 and SPOP
and found that TMEMI160 interacted with SPOP in
HCT116 and DLD1 cells (Fig. 3B, C). Western blotting
revealed that TMEM160 counteracts the inhibitory effect
of SPOP on PD-L1 (Fig. 3D, E). Moreover, given that
TMEM160 and SPOP interact with PD-L1, we hypoth-
esized that TMEM160 and SPOP might competitively
interact with PD-L1. The interaction between SPOP and
PD-L1 was markedly reduced when TMEM160 was over-
expressed in DLD1 and SW480 cells (Fig. 3F, G). Subse-
quently, we extended the ubiquitination experiment and
found that TMEM160 antagonized the ubiquitination-
dependent degradation of PD-L1 by SPOP, resulting in
reduced PD-L1 ubiquitination (Fig. 3H). These results
suggest that TMEM160 competitively binds PD-L1 with
SPOP, thereby preventing SPOP-mediated ubiquitina-
tion-dependent degradation of PD-L1.

TMEM160 promotes malignant biological behavior in CRC
cells

To gain insights into the biological function of
TMEM160, we conducted in vitro experiments using
CRC cells in which TMEM160 expression was either
downregulated or overexpressed. Phenotypic analyses
were performed to evaluate the effects of TMEM160 on
cellular behaviors.

The results of these experiments demonstrated that
knockdown of TMEM160 significantly reduced the pro-
liferation, migration, invasion, and colony formation abil-
ities of DLD1 and HCT116 cells (Fig. 4A—E). Conversely,
exogenous overexpression of TMEM160 promoted the
cell proliferation, migration, invasion, and colony form-
ing abilities of RKO and SW480 cells (Fig. 4F-]). The
downregulation of TMEMI160 impaired cancer cell
growth and metastatic potential, while its overexpres-
sion promoted these phenotypic characteristics. These
findings collectively indicate that TMEM160 may have a
significant impact on the development and progression
of CRC.

Deletion of TMEM160 impairs the role of PD-L1inT
cell-mediated tumor cytotoxicity and reduces radiotherapy
resistance in CRC cells

Bioinformatics analysis was employed to investigate the
relationship between TMEM160 and immunity. The find-
ings revealed a significant negative correlation between
TMEM160 and tumor immunity, as depicted in Fig. 5A—
B. To explore the potential role of TMEM160 in regulat-
ing tumor immune suppression through its modulation
of PD-L1 expression, we carried out T cell cytotoxicity
assays. As depicted in Fig. 5C-E, the downregulation of
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TMEM160 expression resulted in increased apoptosis
and heightened sensitivity to cell killing that was medi-
ated by human Jurkat cells. These observations suggest
that TMEM160 may contribute to tumor immune sup-
pression by stabilizing PD-L1 expression.

To evaluate the biological function of TMEMI160 in
the radioresistance of CRC cells, we conducted experi-
ments using DLD1 and RKO cells. In DLD1 cells, we
transduced cells with either a control vector or a vector
expressing shTMEM160#1 to downregulate TMEM160
expression. Conversely, in RKO cells, we used an over-
expression plasmid to upregulate TMEM160 expression.
RT was performed 48 h after transfection and revealed a
significant increase in TMEM160 and PD-L1 levels after
RT (Fig. 5F, G). The effect of TMEM160 expression on
radiosensitivity was then analyzed using clone formation
experiments. The DLD1-shTMEM160#1 group showed
a lower survival rate after irradiation than the control
group (Fig. 5H). Consistent with these findings, RKO
overexpression of TMEM160 resulted in higher survival
than the controls (Fig. 5I). Moreover, CCK-8 assays dem-
onstrated that the RKO cells overexpressing TMEM160
exhibited significantly increased proliferation compared
to the control group. On the other hand, the prolifera-
tion of DLD1 cells with TMEM160 knockdown was sig-
nificantly lower than that of the control group (Fig. 5], K).
These data indicate that TMEM160 expression correlates
with radiosensitivity and that inhibition of TMEM160
can reverse radioresistance in CRC.

In summary, the deletion of TMEM160 results in the
destabilization of PD-L1 expression, leading to a reduc-
tion in the immunosuppressive function of PD-LI.
Additionally, the deletion of TMEM160 enhances the
radiosensitivity of CRC cells.

TMEM160 plays a crucial role in tumor immune evasion

To explore the effect of TMEM160 on tumor growth,
we conducted animal experiments in immunodeficient
and immunocompetent mice. This study used HCT116
human and CT26 mouse CRC cells. We observed that,
in severely immunodeficient NCG mice, tumor growth
derived from LV-shTMEMI160#1 cells was lower than
that derived from LV-shNC control cells (Fig. 6A-D).
Moreover, we found that LV-shTMEM160#1 significantly
restricted tumor growth in immunocompetent BALB/c
mice, indicating a critical role for TMEM160 in tumor
immune evasion (Fig. 6E-H).

We collected subcutaneous tumor samples for west-
ern blotting and IHC to assess the expression of PD-L1
and the functionality of TILs in the tumor models. As
expected, after the deletion of TMEM160, the expres-
sion of PD-L1 was significantly reduced in immunode-
ficient mice (Fig. 61, ]J). We also observed a significant
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downregulation of PD-L1 expression and a significant
increase in CD8+ T cell infiltration in tumors derived
from LV-shTMEM160#1 cells in immunocompetent mice
(Fig. 6K, L). These results suggest that the downregula-
tion of TMEM160 leads to reduced PD-L1 expression,
which activates cytotoxic T lymphocytes and promotes
antitumor effects.

TMEM160 is associated with PD-L1 expression in human
CRC and predicts poor patient prognosis

To verify our findings in clinical patient samples, we per-
formed western blotting and IHC analyses of CRC tis-
sue and the adjacent normal tissue. The results showed
higher expression of TMEM160 in CRC tissues, espe-
cially in the cell membrane and cytoplasm, than in nor-
mal tissues (Fig. 7A, B). We collected basic information
from 125 patients with CRC and assessed their progno-
ses. The baseline characteristics are shown in Table 1.
Kaplan—Meier survival analysis showed that the over-
all survival time of patients with high expression of
TMEM160 was significantly shorter than that of patients
with low or no expression of TMEM160. This finding
suggested that TMEM160 holds clinical significance as
a potential prognostic marker in CRC (Fig. 7C). Unad-
justed Cox regression analysis showed that the depth of
local invasion, regional lymph node metastasis, Tumor
Node Metastasis (TNM) stage, and TMEM160 expres-
sion were prognostic factors for CRC (Table 2). Further
multivariate regression analysis also showed that TNM
stage and TMEM160 expression were independent prog-
nostic factors (Table 2).

To investigate the correlation between TMEMI160
and PD-L1 expression as well as their prognostic impli-
cations, we conducted IHC staining on 125 CRC tissue
samples. The study findings demonstrated a positive cor-
relation between TMEM160 and PD-L1 expression in
CRC. Additionally, a negative correlation was observed
between TMEM160 expression and CD8A expression.
High TMEMI160 expression was associated with con-
comitantly high PD-L1 expression and decreased CD8A
expression in CRC tissues (Fig. 7D, E). Furthermore,

(See figure on next page.)
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the survival analysis conducted in this study revealed
that patients with high expression of both TMEM160
and PD-L1 had shorter overall survival compared with
patients with high TMEM160 expression alone (median
survival time [MST] 36 vs. 58 months, p=0.012)
(Fig. 7F).

Discussion

To the best of our knowledge, our study is the first to pro-
vide evidence that TMEM160 functions as an inhibitor
of ubiquitination-dependent degradation of PD-L1. This
novel finding holds significant implications for under-
standing the multifaceted role of TMEM160 in various
aspects of CRC cell behavior, which includes cancer cell
proliferation, migration, radioresistance, and immune
evasion. Furthermore, our findings indicate a significant
association between TMEM160 expression and PD-L1
expression, an association that is accompanied by a poor
prognosis. Further studies may provide insights into the
application of TMEM160 inhibition in immunotherapy
against CRC.

The clinical response and efficacy of anti-PD-1/PD-L1
therapies have been observed to be correlated with the
levels of PD-L1 expression in tumor cells [32, 33]. There-
fore, it is of utmost importance to gain a comprehensive
understanding of the molecular mechanisms that govern
the regulation of PD-L1 expression. In this study, we first
used a protein-interaction website to identify the inter-
acting protein, TMEM160, of PD-L1 and conducted IF
experiments to demonstrate that PD-L1 and TMEM160
are co-localized on the cell membrane and cytoplasm in
CRC cells. Subsequently, molecular docking revealed that
PD-L1 and TMEM160 can form a protein complex. To
validate this interaction, we performed Co-IP and GST
pull-down experiments, which provided strong evidence
that PD-L1 directly interacts with TMEM160 in CRC
cells. These results indicate that TMEM160 is a binding
protein of PD-L1.In this study, we have not found specific
sites of TMEM160 and PD-L1 binding, which requires
our continued efforts.

Fig. 5 Deletion of TMEM160 impairs the role of PD-L1in T cell-mediated tumor cytotoxicity and reduces radiotherapy resistance in CRC cells. AThe
association of TMEM160 with immunity was predicted using the TIMER database. B Schematic representation of TMEM160 correlation with immune
infiltration. C FACS analysis of Jurkat cell-mediated killing of tumor cells using Annexin'V and propidium iodide (Pl) double staining. D The
quantitative measurement of apoptotic cells in the Q2 and Q3 quadrants of each group, with more than 10* cells counted in each group. E CCK8
analysis was performed to detect tumor cell viability after incubation with activated Jurkat cells. F, G To investigate the protein levels of TMEM160
and PD-L1 after radiotherapy (RT), measurements were performed in two experimental groups: SITMEM160#1 and TMEM160 overexpression.

Both groups were subjected to 8 Gy of radiation. H, I The colony formation assays were visually represented through representative photographs,
depicting the surviving proportions of DLD1 and RKO cells following irradiation with 0, 2, 4, and 8 Gy. J, K The proliferation of DLD1 and RKO cells
was assessed using CCK8 assays. The independent biological experiments were repeated three times. Statistical significance is denoted *p < 0.05,

**p <0.01 and ***p < 0.001
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Fig. 6 TMEM160 plays a crucial role in tumor immune evasion. A, B To establish CDX models, nude mice were subcutaneously injected

with HCT116 cells that had been stably transfected with LV-ShTMEM16041 or LV-ShScr. C, D In the LV-TMEM160#1 group, the tumor volume

and weight were lower than those in the control group (mean =+ SEM, n=6/group). E, F To establish CDX models, BALB/c mice were subcutaneously
injected with CT26 cells that had been stably transfected with LV-ShTMEM16041 or LV-ShScr. G, H In the LV-TMEM160#1 group, the tumor volume
and weight were markedly lower than those in the control group (mean =+ SEM, n=6/group). I, J Western blotting and IHC were conducted

to detect the protein levels of TMEM160 and PD-L1 in tumor tissues obtained from subcutaneous CDX models constructed by HCT116 cells. K, L
The protein levels of TMEM160 and PD-L1 and the infiltration of CD8+T lymphocytes in subcutaneous CDX models constructed from CT26 cells
were determined by western blotting and IHC

Recently, several studies have elucidated various lysosomes [34, 35]. However, the precise details of how
mechanisms involved in the regulation of PD-L1 abun-  PD-L1 stabilization is regulated by the ubiquitin pro-
dance at the post-translational level. These mechanisms  teasome system remain unknown. To further elucidate
include degradation mediated by the proteasome or the regulatory mechanisms governing the stability of
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Fig. 7 TMEM160 is associated with PD-L1 expression in human CRC and predicts poor patient prognosis. A Western blotting assays were
employed to detect the protein levels of TMEM160 in eight pairs of CRC tissue samples. B IHC analysis was conducted to detect the protein levels
of TMEM160 in tumor tissues (n=125) and adjacent normal tissues (n=125) obtained from patients clinically diagnosed with CRC. C The patients
with CRC were categorized into groups based on the IHC results of TMEM160 protein levels. Kaplan-Meier analysis was then conducted to assess
the survival outcomes in each group. D IHC analysis was performed on serial sections of both tumor tissues and paired normal tissues. The purpose
of the analysis was to evaluate the expression levels of TMEM160, PD-L1, and CD8A proteins. To assess the correlation between TMEM160 expression
and the expression of PD-L1 and CD8A, a chi-square test was employed. E The correlation between TMEM160 protein expression and the protein
expression of PD-L1 and CD8A was analyzed using IHC assays performed on CRC tissues that were obtained from clinical patients. F Kaplan—

Meier survival analysis was performed on a cohort of 125 patients, who were classified into four groups based on the protein levels of TMEM160

and PD-L1

PD-L1, we conducted relevant experiments.We found
that TMEM160 stabilizes the protein expression of
PD-L1 but does not affect its mRNA expression level.
We also found that TMEM160 stabilizes the expres-
sion of PD-L1 by inhibiting its proteasomal degradation

pathway.

The

protein-interaction

database

revealed that

TMEM160 can also interact with SPOP, and recent
research has shown that SPOP is an E3 ubiquitina-
tion-degrading enzyme of PD-L1 [31]. First, Co-IP
experiments were conducted to evaluate the interac-
tion between TMEMI160 and SPOP, which revealed
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Table 1 Clinical characteristics of patients according to TMEM160
Varieables N Low TMEM160(%) High TMEM160(%) p-value
Gender 0.183
Female 47 16(34.0%) 31(66.0%)
Male 78 36(46.2%) 42(53.8%)
Age(years) 0.700
<60 53 21(39.6%) 32(60.4%)
>60 72 31(43.1%) 41(56.9%)
Tumor size(cm) 0.137
<4 43 14(32.6%) 29(67.4%)
>4 82 38(46.3%) 44(53.7%)
Differentiation status 0914
Well + Moderate 69 29(42.0%) 40(58.0%)
Poor and undifferentiated 56 23(41.1%) 33(58.9%)
Depth of invasion 0.022
TI+T2 50 27(54.0%) 23(46.0%)
T3+T4 75 25(33.3%) 50(67.6%)
Lymph node metastasis 0.047
NO 59 30(50.8%) 29(49.2%)
N1T+N2 66 22(33.3%) 44(66.7%)
TNM stage 0.019
[+I 52 28(53.8%) 24(46.2%)
+1v 73 24(32.9%) 49(67.1%)
Table 2 Univariable and multivariable COX regression analysis of prognostic factors associated with OS
Variables Univariable analysis Multivariable analysis
HR(95Cl) p-value HR(95CI) p-value
Gender(female vs male) 0.833(0.473-1.468) 0.528 - -
Age (years) (<60 vs >60) 0.588(0.331-1.045) 0.070 - -
Tumor size (<4 cmvs>4cm) 0.930(0.528-1.639) 0.803 - -
Differentiation status (well+moderate vs poor 0.631(0.369-1.077) 0.092 - -
and undifferentiated)
Depth of invasion (T1+T2 vs T3+T4) 0.511(0.285-0.918) 0.025 0.981(0.530-1.819) 0.950
Lymph node metastasis (NO vs NT+N2) 0.195(0.100-0.379) <0.0001 O67W(O 237-1 901) 0452
TNM stage (I+11vs ll1+1V) 0.141(0.063-0.312) <0.0001 212(0.058-0.768) 0.018
TMEM160 (high vs low) 2.084(1.161-3.741) 0.014 1.881(1.042-3.396) 0.036

an interaction between the two. Moreover, given that
TMEM160 and SPOP interacted with PD-L1 and
TMEM160 itself lacks a ubiquitinated domain, we
hypothesized that TMEM160 and SPOP competitively
interact with PD-L1. Co-IP experiments showed that
the interaction between SPOP and PD-L1 was mark-
edly reduced when TMEM160 was overexpressed. Sub-
sequently, we expanded the ubiquitination experiment,
and the results showed that TMEM160 antagonized the
ubiquitination degradation of PD-L1 by SPOP, resulting
in reduced PD-L1 ubiquitination. The results suggest that

TMEM160 competitively binds PD-L1 with SPOP, pre-
venting the ubiquitination degradation of PD-L1 medi-
ated by SPOP. We speculated further that TMEM160
overexpression binds more ubiquitination sites of PD-L1,
while the binding between SPOP and PD-L1 is reduced,
thereby leading to a decreased ubiquitination of PD-L1.
These findings enrich the regulatory mechanism of
PD-L1 in CRC, and in-depth research may provide new
insights into immunotherapy of CRC.

Moreover, TMEMI160 is a transmembrane protein
that localizes to the mitochondrial membrane [11]. It
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has previously been reported that loss of TMEM160
induces a UPR™ and significantly increases the gen-
eration of ROS [12]; however, its effect of TMEM160
on tumor development and the immune microenvi-
ronment has not been studied. We observed that the
knockdown of TMEMI160 has a significant impact
on the behavior of CRC cells. Specifically, when
TMEM160 was knocked down, there was a significant
reduction observed in cell proliferation, migration,
invasion, colony formation, and radioresistance.Con-
versely, when TMEM160 was overexpressed in CRC
cells, we observed a significant enhancement in these
cellular capabilities. We also found that downregula-
tion of TMEM160 expression increased apoptosis and
enhanced sensitivity to cell death mediated by human
Jurkat cells. The CRC mouse model results suggest
that TMEM160 plays a critical role in tumor immune

Low TMEM160

CD8+T cell

T cell activation

. 2

0 ’ Degradation

Colorectal cancer cell
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evasion and that downregulation of TMEM160 leads
to reduced PD-L1 expression, which activates cyto-
toxic T lymphocytes and promotes antitumor effects.
CRC is indeed one of the leading causes of cancer-
related deaths globally. Ataxia-telangiectasia and Rad3-
related(ATR) [36], C—C motif chemokine ligand 5(CCL5)
[37], and Fibroblast growth factor receptor 2(FGFR2) [38]
have been shown to stabilize PD-L1 expression, thereby
promoting the immune escape of CRC tumor cells. Our
experiments complement these findings. Our study indi-
cates that patients with high TMEM160 expression expe-
rience a worse prognosis compared to those with low or
no TMEMI160 expression. Therefore, TMEM160 may
serve as a prognostic biomarker for CRC. Indeed, several
studies have suggested a correlation between high PD-L1
expression and immune evasion, as well as poor progno-
sis [39, 40], and that high TIL infiltration within the tumor

High TMEM160

Degradation

Fig. 8 TMEM160 promotes immune escape and radiotherapy resistance to colorectal cancer cells by binding to PD-L1. In the context of CRC,
the interaction between membrane-localized PD-L1 and PD-1 on T cells plays a critical role in inhibiting T cell activation. When the expression
of TMEM160 is low, PD-L1 can bind to SPOP, which triggers the proteasomal degradation of PD-L1. As a result, the expression of PD-L1 localized
as the cellular membrane decreased, ultimately promoting T cell activation. Conversely, when TMEM160 expression was increased in vivo,

the binding of TMEM160 to PD-L1 increased, so that the binding of PD-L1 to SPOP decreased, resulting in a decrease in PD-L1 ubiquitination
and stabilizing its expression, leading to immune escape and radiotherapy resistance in CRC cells. This suggests that TMEM160 expression levels
can impact the stability and localization of PD-L1, ultimately influencing immune regulation and the response to radiotherapy in CRC. The figure

was drawn using Figdraw
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microenvironment is associated with a favorable prognosis
in CRC [41]. In our study, it was observed that patients who
had high expression levels of both TMEM160 and PD-L1
had a lower overall survival rate compared to those with
high PD-L1 expression alone. On the other hand, patients
with low expression levels of both TMEM160 and PD-L1
exhibited the most favorable prognosis. Therefore, our find-
ings highlight the importance of evaluating the co-expres-
sion of TMEM160 and PD-L1 in predicting the prognosis
of patients with CRC. In the upcoming research, we plan to
collect samples from CRC patients who are either sensitive
or resistant to immunotherapy and assess the expression
status of TMEM160 in these patients. The aim is to inves-
tigate whether TMEM160 can serve as a biomarker for pre-
dicting the efficacy of immunotherapy in CRC patients.

Conclusions

In summary, our study demonstrates that in CRC,
TMEM160 reduces the ubiquitination-dependent degrada-
tion of PD-L1 by competitively binding PD-L1 with SPOP,
thereby stabilizing its protein expression and promoting
immune escape and radiotherapy resistance (Fig. 8). There-
fore, targeting TMEM160 could be a promising strategy for
enhancing the efficacy of immunotherapy in CRC.
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