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Background: Gallbladder cancer (GBC) is a highly lethal malignancy that carries an extremely poor prognosis due
to its chemoresistant nature. Cisplatin (CDDP) is a first-line chemotherapeutic for GBC; however, patients
experienced no benefit when treated with CDDP alone. The underlying mechanisms of CDDP resistance in GBC
remain largely unknown.

Methods: Agilent mRNA microarray analysis was performed between paired GBC and paracarcinoma to explore
differentially expressed genes that might underlie drug resistance. Gene Set Enrichment Analysis (GSEA) was
employed to identify key genes mediating CDDP resistance in GBC, and immunohistochemistry was performed to
validate protein expression and test correlations with clinicopathological features. In vitro and in vivo functional
assays were performed to investigate the proteins’ roles in CDDP resistance.

Results: Olfactomedin 4 (OLFM4) was differentially expressed between GBC and paracarcinoma and had the
highest rank metric score in the GSEA. OLFM4 expression was increasingly upregulated from chronic chole-
cystitis to GBC in clinical tissue samples, and OLFM4 depletion decreased GBC cell proliferation and invasion.
Interestingly, downregulation of OLFM4 reduced ARL6IP1 (antiapoptotic factor) expression and sensitized GBC
cells to CDDP both in vitro and in vivo. The evidence indicated that CDDP could significantly increase Bax and Bad
expression and activate caspase-3 cascade in OLFM4-depleted GBC cells through ARL6IP1. Clinically, lower
OLFM4 expression was associated with good prognosis of GBC patients.

Conclusions: Our results suggest that OLFM4 is an essential gene that contributes to GBC chemoresistance and
could serve as a prognostic biomarker for GBC. Importantly, OLFM4 could be a potential chemotherapeutic
target.

Introduction around the world [5,6]. Gallstones are recognized as a major risk factor

for gallbladder carcinoma [7], but several other factors may also be

Gallbladder cancer (GBC) is a rare malignant neoplasm [1] and the
most frequently encountered malignancy of the biliary tract [2], with a
global annual incidence of 115,949 and mortality of 84,695 in 2020 [3,
4]. GBC is reported to affect females two to six times more than males,
and the incidence varies greatly among ethnic groups and in countries

important in GBC development including porcelain gallbladder, gall-
bladder polyps, anomalous pancreaticobiliary duct junction, carcino-
gens, obesity, and estrogens [8-10]. GBC is generally diagnosed at an
advanced stage due to the unique anatomical position of the gallbladder
and vague clinical symptoms [10,11]. According to most reports, the
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5-years survival for GBC is less than 10%. The only curative therapy for
this malignant disease is surgical resection [12,51], and patients with
unresectable and metastatic GBC have extremely poor prognosis [13,
14]. No standard adjuvant chemotherapeutic regimen or targeted ther-
apy is currently available for this disease [15,16]. The median overall
survival is only 11.7 months following first-line treatment of cisplatin
(CDDP)-gemcitabine chemotherapy due to GBC chemoresistance [17,
18].

Chemotherapy is used to treat unresectable GBC and as an adjuvant
therapy for GBC patients who underwent cholecystectomy [19-21];
however, the chemoresistant nature of GBC impedes the beneficial ef-
fects [22]. CDDP is a cytotoxic anticancer drug that is widely used to
treat a variety of biliary tract cancers [19,23]. Several studies indicated
that the overall clinical efficacies of CDDP containing regimens were
unsatisfactory in both postoperative and unresectable GBC patients
owing to the chemoresistant nature of gallbladder carcinoma [20,24,
25]. Apoptosis is the dominant way that CDDP suppresses tumor growth;
however, the presence of anti-apoptotic factors leads to chemo-
resistance, which is a major obstacle in solid tumor treatment [26].
Clarifying the drug resistance mechanism of GBC will help identify
effective therapeutic targets to improve patient response to chemo-
therapy and determine their prognosis [27,28].

Olfactomedin 4 (OLFM4) is a multi-functional glycoprotein that
belongs to the OLFM family and was first identified in myeloid cells.
Substantial evidence supports the protein’s anti-apoptotic role [29,30].
In addition, OLFM4 is known to regulate the innate immunity or in-
flammatory process [31-33]. It is upregulated in several malignant
cancers, particularly those originating from the digestive system [32,34,
35]. OLFM4 is involved in early-stage tumorigenesis especially in the
gastrointestinal and biliary tracts [36,37]. Higher OLFM4 expression
was found in colonic epithelial organoid cultures derived from patients
with primary sclerosing cholangitis, and it may induce disease pro-
gression and indicate greater risk for cancer development [38]. More-
over, OLFM4 can regulate chemoresistance in non-small cell lung cancer
(NSCLC) under hypoxic conditions by regulating hypoxia-inducible
factor-la [39], and it was also contributed to chemoresistance in
pancreatic cancer [40]. Several studies showed OLFM4 overexpression
in GBC tissues [32,41], but the biological function of strong OLFM4
expression in GBC has not been elucidated.

In this study, we sought to identify key genes mediating the che-
moresistance of GBC and explore potential mechanisms. Using micro-
array analysis of GBC clinical specimens, we found that OLFM4 was
strongly expressed in GBC and investigated the possible pathway by
which OLFM4 might contributed to CDDP resistance. Our findings
provide new insight into the drug-resistant nature of GBC and provide a
potential GBC chemotherapy target.

Materials and methods
Patients and clinical samples

Five paired fresh-frozen GBC tissues and normal paracarcinoma tis-
sues from patients who underwent radical surgery without preoperative
chemotherapy or radiotherapy were collected for TMA analyses.
Paraffin-embedded tissues from 108 cases of chronic cholecystitis, 92
cases of dysplasia, and 72 cases of GBC were obtained and cut into 4-mm
sections for further analysis. Informed consent was obtained from all the
patients, and sample collection complied with the approved guidelines
of Ethics Committee of the Kunming Medical University. GBC TNM
(Tumor-Node-Metastasis) stages were evaluated according to the 8th
edition of the American Joint Committee on Cancer staging system
(AJCC/UICC TNM, 8th edition).

RNA extraction

Briefly, GBC tissues and normal paracarcinoma tissues were ground
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into powder in liquid nitrogen, then TRIzol (Invitrogen, Carlsbad, CA,
USA) was added and total RNA was extracted and purified using
NucleoSpin® RNA clean-up kit (Macherey-Nagel, Diiren, Germany).
RNA concentration and quality were determined by NanoDrop (Nano-
Drop Technologies, Wilmington, DE, USA) and formaldehyde gel
electrophoresis.

Microarray expression profiling

Long non-coding RNA (IncRNA) and mRNA TMA profiling of GBC
and paracarcinoma samples was performed on a SurePrint G3 Human
Gene Expression 8 x 60Kv2 Microarray (Agilent Technologies, Santa
Clara, CA, USA) conducted by Beijing Capitalbio Technology company.
Raw data were acquired and input into GeneSpring GX software (Agilent
Technologies), and normalization was processed using the percentile
shift method. Differentially expressed genes (DEGs) were screened out
under the criterion of absolute fold change (FC) > 2 and p < 0.05
(Student’s t-test).

Bioinformatic analysis of differential expression levels of mRNA and
IncRNA from microarrays

Gene set enrichment analysis (GSEA) was performed to identify po-
tential biological mechanisms associated with OLFM4 expression in GBC
sand normal paracarcinoma tissues. GSEA software and gene sets were
downloaded from https://www.gsea-msigdb.org/. The microarray
expression profiling data were submitted to the software, which output
the figures. The normalized enrichment score was used to assess the
results, and the p < 0.05 was considered statistically significant. Heat-
map was plotted on the Omicstudio online platform.

Immunohistochemistry (IHC) and grading

The GBC TMA was purchased from Shanghai Outdo Biotechnology
company (Shanghai, China). Paraffin-embedded sections from patients
and TMAs were deparaffinized in dimethylbenzene and hydration was
performed using the LEICAST5020 system (Letica, Wetzlar, Germany).
Antigen retrieval and peroxide blocking was performed in the PT Link
pretreatment system (DAKO, Glostrup, Demark). The anti-OLFM4 anti-
body (Cat. #14369D, Cell Signaling Technology, Danvers, MA, USA)
was applied to sections at 1:1000 dilution in Antibody Diluent (DAKO),
which were incubated overnight at 4 °C. An Autostainer Link 48 ma-
chine was used to apply the secondary antibody (Biotinylated Multi-
Link; DAKO) for 30 min. Then the horseradish peroxidase enzyme
complex was applied to complete the staining, and the slides were then
counterstained in hematoxylin for 3 min. Slides were dried and covered
with a coverslip. The histological score (H-score) system was used to
assess the results. The staining was digitized into scores according to the
intensity of the positive staining, (0 = negative, weak = 1, moderate = 2,
strong = 3), then the scores were multiplied by the staining area scores,
(0 = negative, 1 = 1-10%, 2 = 11-50%, 3 = 51-80%, 4 = 81-100%). H-
scores > 4 or staining area > 60% were considered as high expressing
and H-scores < 4 or staining area < 60% were considered as low
expressing. The results were evaluated and recorded by two pathologists
blinded to the case information.

Cell culture

GBC-SD cells were purchased from the Cell Bank of Type Culture
Collection of Chinese Academy of Sciences and cultured in Dulbecco’s
Modified Eagle Medium (DMEM)/F12 (Gibco, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (FBS, BI, Biological In-
dustries, Beit Haemek, Israel), and 100 U/mL penicillin and 100 pg/mL
streptomycin (BI, Beit Haemek, Israel). Cell lines were authenticated by
Short Tandem Repeat profiling before use in the experiments. All cells
were cultured at 37 °C in a humidified incubator with 5% CO..
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Vector construction and transduction

To stably knockdown OLFM4, a lentiviral short hairpin RNA (shRNA)
targeting OLFM4 (puromycin-resistant) was purchased from Genechem
(Shanghai, China), and ARL6IP1 overexpression lentiviral vertor was
from the same company. The interference sequence targeting human
OLFM4 complementary DNA is shOLFM4-1: CCGGAGTGCA-
GAGCATTAACTATAACTCGAGTTATAGTTAATGCTCTGCACTTTTTTG;
shOLFM4-2: CCGGCCCTAATGCTGCCTATAATAACTCGAGTTATTA-
TAGGCAGCATTAGGGTTTTTG; and a scramble shRNA was included as
negative control (shNC): 5'-TTCTCCGAACGTGTCACGT-3'. An ARL6IP1
overexpression lentiviral vetor (G418 resistant) was built using NCBI
Reference Sequence: NM_015161.3, and ARL6IP1 overexpression was
performed on cells expressing shNC or shOLFM4 for add-back rescue
experiments. Lentivirus infection was performed according to the
manufacturer’s instructions. Afterwards, cells were co-cultured with 2
pg/mL puromycin or 100 pg/mL G418 for 7 days to screen out cells not
expressing vectors, western blot (WB) was performed to validate the
protein expression level.

Cell viability and colony formation assays

After 72 h of lentivirus transduction, cells were trypsinized, resus-
pended, and seeded in 96-well plates (1000/well). Cell proliferation was
quantified with Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan)
for 5 days at the indicated time points. Optical density (OD) at 450 nm
absorbance was detected using a multimode microplate reader (Vari-
oskan, Thermo Fisher Scientific, Waltham, MA, USA). For cell clono-
genic capacity assays, 1000 cells/well were seeded in 6-well plates in
triplicate conditions. After 14 days of culture cells were fixed in meth-
anol, stained with 1% crystal violet solution, air-dried, and the colonies
were counted and recorded.

Cell invasion assays

For cell invasion assays, 24-well plates with Transwell chambers (8
pm pore, Corning, Corning, NY, USA) were coated with 100 puL Matrigel
before use (Matrigel Basement Membrane Matrix High Concentration,
lactose dehydrogenase elevating virus-free, Corning), the final concen-
tration of Matrigel was 200 pg/mL. The cells were trypsinized and
washed twice with PBS, then the cells were resuspended in 100 pL of
serum free DMEM/F12 medium (Gibco) and seeded into the upper
chamber. In the lower chamber, 500 pL culture medium containing 10%
FBS was added. After 24 h of 37 °C, 5% COs incubation, the chambers
were washed gently in PBS, and cotton swabs were used to wipe out the
cells in upper chambers. Cells were fixed in methanol and stained with
1% crystal violet solution, and the chambers were photographed with a
microscope (Eclipse 50i POL, Nikon, Tokyo, Japan) equipped with a
camera. Then the cells were quantified using ImageJ software (National
Institutes of Health, Bethesda, MD, USA).

Cell cycle analysis by flow cytometry

Cell cycle percentages were analyzed using Cell Cycle and Apoptosis
Analysis Kits (Beyotime, Beijing, China). After 72 h of shRNA trans-
duction, cells were trypsinized and washed in ice-cold PBS, then fixed in
70% ethanol for 24 h. After fixation was complete, cells were centri-
fuged for 200 g at room temperature and fixative solution was discarded.
Cells were stained with propidium iodide solution for 20 min in a 37 °C
incubator and then analyzed on a flow cytometer (Beckman Coulter,
Brea, CA, USA), and data were analyzed and generated using Modfit
software (http://www.vsh.com/products/mflt/index.asp).

CCK-8 assay

CDDP was purchased from Solarbio (Beijing, China), and was
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dissolved in 0.9% normal saline (NS) and sonicated. The ICsy value of
GBC-SD cells to CDDP was determined using CCK-8 assays. Cells were
seeded in 96-well plates (5000/well); after they adhered, different
concentrations of CDDP (0, 0.1953125, 0.390525, 0.78125, 1.5625,
3.125, 6.25, 12.5, 25, 50, 100, 200 uM) were added to each well. After
24 h, CCK-8 solution was added into each well and incubated for 2 h at
37 °C, then the OD 450 nm was detected with a Varioskan microplate
reader.

Cell apoptosis assessment

Intracellular caspase-3 activity as a marker of cell apoptosis after
CDDP treatment (50 pM) was evaluated by colorimetric Dojindo
Caspase-3 Assay Kits. According to the manufacturer’s instruction, cells
were seeded in 10 cm? Petri dishes and treated with 50 uM CDDP or NS
for 24 h. Next, cells were lysed and incubated with assay substrate in
37 °C for 4 h, then the p-nitroaniline absorbance (OD 405 nm) was
determined on a Varioskan microplate reader. Cell apoptosis-related
proteins (caspases-3 and —9, cleaved caspase-3, Bax, and Bad) were
analyzed by WB after 50 pM CDDP treatment.

RNA sequencing of the OLFM4 knockdown GBC-SD cell line

To identify genes that are regulated by OLFM4, three replicates (1 x
10° cells each) of GBC-SD cells stably expressing shNC or siOLFM4 were
collected. Cells were suspended in TRIzol (Invitrogen) and stored at
—80 °C for further analysis. RNA-sequencing was carried out on Illumina
platform (Illumina, San Diego, CA, USA), and corresponding analyses
were performed by Annoroad Gene Technology Company (Beijing,
China). Significantly up- and downregulated genes were screened out
under the criterion of absolute FC > 2, p < 0.05.

WB

Cells were lysed in radioimmunoprecipitation assay lysis buffer
(Beyotime) supplemented with protease inhibitor (cOmplete Tablets,
Mini, EDTA-free, Roche, Basel Switzerland). Proteins were separated by
SDS-PAGE and transferred to polyvinylidene fluoride membranes. Pri-
mary antibodies were used for immunoblotting: anti-OLFM4 antibody
(Cat No. 14369D, Cell Signaling Technology, Danvers, Massachusetts,
USA), caspase-3/p17/p19 (Cat No. 66,470-2-1Ig, Proteintech, Rosemont,
IL, USA), cleaved caspase-3 (Cat No. 9664, Cell Signaling Technology),
caspase-9/p35/pl0 (Cat No. 66,169-1-Ig, Proteintech), Bax (Cat No.
60,267-1-1g, Proteintech), Bad (Cat No. 10,435-1-AP, Proteintech), and
ARL6IP1 (Cat No. ab24228, Abcam, Cambridge, UK). p-actin (Cat No.
66,009-1-Ig, Proteintech) was used as a loading control. The mem-
branes were blocked with 5% skim milk diluted in TBST and incubated
with primary and then secondary antibodies. Finally, the blots were
incubated in enhanced chemiluminescent reagent (Affinity Biosciences,
Cincinnati, OH, USA) and visualized with the ChemiDoc Imaging System
(Bio-Rad, Hercules, CA, USA).

Tumor xenografts in nude mice

Four-week-old male BALB/c nude mice were purchased from the Hu
Nan Animal Center. Each mouse received 1 x 10° GBC-SD cells trans-
fected with luciferase gene suspended in 100 pl of 7 mg/mL Matrigel
(Matrigel Basement Membrane Matrix High Concentration, LDEV-free,
Corning) injected subcutaneously into the right side of the neck.
Tumor growth was monitored by measuring the length and width every
2 days, and tumor volume was calculated as: V = /6 x L x W2 At day
30, mice were euthanatized and the tumors were dissected for further
analysis.
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Fig. 1. OLFM4 was identified as a cholangiocarcinoma-related gene. (A) Heatmap showing the 379 upregulated (red) and 252 downregulated (green) genes in GBC
and normal paracarcinoma tissues. (B) The upper panel shows the GSEA plot of the DEGs related to cholangiocarcinoma, and the lower panel shows top 10 enriched
cholangiocarcinoma-related genes in GSEA (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

CDDP treatment in nude mice

To evaluate the effect of CDDP in nude mice, GBC-SD cells stably
expressing shNC or shOLFM4 were subcutaneously inoculated into the
right side of the neck of each nude mouse. After 15 days of tumor
growth, the mice were randomly assigned into the treatment or NS
group. Mice in the treatment group were given intraperitoneal CDDP
according to body weight (5 mg/kg), and mice in the control group were
given same amount of 0.9% NS; in total, mice were given two doses of
CDDP or NS with a 3-days interval. At day 30, mice were euthanatized
and the tumors were dissected for further analysis. All animal experi-
ments were followed the guidance of National Institutes of Health guide for
the care and use of Laboratory animals (NIH Publications No. 8023,
revised 1978). Animal care and all procedures were approved and under
the supervision of Yunnan Provincial Laboratory Animal Welfare Com-
mittee. The Aniview bioluminescent imaging system (Antpedia, Guang

Zhou, China) was also used to detect tumor growth. Aniview software
(Antpedia, Guang Zhou, China) was used to quantify bioluminescent and
analyze data.

HE and TUNEL

Tissue sections were deparaffinized in xylene; dehydrated in gradient
ethanol of 95%, 90%, 80%, and 70% ethanol for 5 min each; and placed
in a distilled water bath. Then the sections were counterstained with
hematoxylin and eosin (HE), excessive dye was washed by distilled
water. The sections were then air-dried and mounted in neutral gum.

For terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL), after section dehydration, antigen retrieval was performed
using proteinase K incubation at 37 °C for 25 min. Sections were washed
three times with PBS (pH 7.4) in a rocker device for 5 min each. After
permeabilization with 0.1% Triton-X diluted in PBS, TUNEL working
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Fig. 2. OLFM4 expression progressively increased from precancerous lesions to carcinoma. (A-D) HE staining of the gallbladder normal epithelium, chronic
cholecystitis, dysplasia, and GBC, respectively. (E,I) IHC staining of OLFM4 in normal epithelium. (F,J) IHC staining of OLFM4 in chronic cholecystitis tissue (n =
108). (G,K) IHC staining of OLFM4 in dysplasia tissue (n = 92). (H,L) IHC staining of OLFM4 in gall bladder cancer tissue (n = 72). (M) Violin plot of OLFM4 H-scores

in three groups; the solid and dotted lines show the quartile and median value, respectively. H-scores of the three groups were compared with one-way ANOVA, ****

p < 0.0001. Scale bars, 100 pm.

solution was added to sections with DAPI counterstaining in a dark
place. Sections were then coverslipped with anti-fade mounting medium
and observed under a fluorescence microscope (Eclipse 50i POL, Nikon,
Tokyo, Japan) for image collection (DAPI ultraviolet excitation wave-
length 330-380 nm, emission wavelength 420 nm, blue light emission;
CY3 excitation wavelength 510-561 nm, emission wavelength 590 nm,
red light emission).

Statistical analysis

Data were acquired from experiments conducted in triplicate.

Statistical analyses were performed using SPSS version 23.0 (IBM Corp.,
Armonk, NY, USA) or Graph Pad Prism version 8.0 (GraphPad Inc., San
Diego, CA USA). Clinicopathological associations with OLFM4 H-scores
were analyzed using chi-square tests. Survival curves were generated
using log-rank tests. Two-groups comparisons were made with Student’s
t-tests, and comparison for variables in more than two groups was using
one- or two-way analysis of variance (ANOVA). The data are presented
as mean =+ standard deviation (SD). Significance was symbolized as * p
< 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001, n.s., non-
significant.
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Fig. 3. OLFM4 depletion suppressed GBC progression. Cell biological function experiments were performed 72 h after lentivirus transfection. (A) WB was used to
verify OLFM4 expression, which was only significantly reduced in shOLFM4-expressing cells. (B) CCK-8 assays were performed to measure cell proliferation, (Data
shown as mean =+ SD, two-way ANOVA comparing shNC, shOLFM4-1, shOLFM4-2 cell growth over time, **** p < 0.0001). (C) Clone formation assay. And bar graph
shows the clones counted in three groups. (n = 3, one-way ANOVA comparing shNC, shOLFM4-1, and shOLFM4-2, **** p < 0.0001). (D) Representative images of
cell cycle analyses. Flow cytometry was performed to indicate cell cycle. The cell cycle distributions of each phase of shNC and shOLFM4 cells are summarized in the
table. In shOLFM4 cells, the percentages of G1 and S phase cells were increased and decreased, respectively (n = 3, t-test comparing shNC and shOLFM4). The results
are shown as mean + SD, * p < 0.05, *** p < 0.001. (E) Knocking down OLFM4 in GBC-SD cells decreased cellular invasion in Matrigel chamber assays. After 24 h
incubation, invaded cells were fixed with methyl alcohol and dyed with 0.1% crystal violet, and counted. Original magnification, 200 x . Scale bars, 100 pm. Data of
invaded cells shown as mean with SD (n = 3, one-way ANOVA comparing shNC, shOLFM4-1, and sh-OLFM4-2, ** p < 0.01). (F) OLFM4 depletion in GBC-SD cells
inhibited tumor growth in vivo. Spider plot showing individual tumor growth curves of the shOLFM4-1, shOLFM4-2, and shNC groups (all n = 5), one-way ANOVA
comparing shNC, shOLFM4-1, and sh-OLFM4-2, ** p < 0.01. (G) Each tumor was weighed and recorded. Data are shown as individual values and were compared
xivith one-way ANOVA, ** p < 0.01. (H) Tumors were excised from euthanized mice at day 30. Tumors were smaller in the sShOLFM4 group than the shNC group.

Results for five pairs of GBC and normal paracarcinoma tissues using Agilent
Sure Print G3 Human Gene Expression 8 x 60 K v2 Microarray. In total,
OLFM4 is a cholangiocarcinoma-related gene there were 252 significantly upregulated and 379 downregulated genes

identified through microarray (p < 0.05, FC > 2), cluster analysis shows
In order to identify DEGs in GBC, we performed mRNA microarray the DEGs, (Fig. 1A). GSEA was then performed to screen out genes that
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Fig. 4. OLFM4 knockdown enhanced cell sensitivity to CDDP by regulating caspase-3. (A) The ICs, values of GBC-SD cells exposed to CDDP were evaluated with
CCK-8 assays. The maximum concentration of CDDP was 200 pM, and NS was used as blank control. (B) The cell viabilities of three groups are shown in the bar
graph, one-way ANOVA comparing shNC, shOLFM4-1, and sh-OLFM4-2, * p < 0.05, *** p < 0.001, **** p < 0.0001. (C) Caspase-3 activity in shNC and shOLFM4
cells was measured after 24 h 50 uM CDDP treatment. Caspase-3 activity was significantly increased in shOLFM4 cells, ** p < 0.01. (D) OLFM4, and apoptosis-related
proteins were detected by WB in OLFM4 knockdown cells and control cells treated with NS or 50 pM CDDP. The levels of apoptotic proteins (Bax, Bad, Caspase-3,
Cleaved-caspase-3) were elevated in shOLFM4 cells treated with CDDP compared with shNC cells, while Bcl-2 and Caspase-9 were not changed after NS of CDDP
treatment in both groups.
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Fig. 5. ARL6IP1 is a downstream effector of OLFM4. (A) Left panel: the heatmap shows the significantly up- and downregulated genes after OLFM4 knockdown
detected by RNAseq; criteria: FC > 2, p < 0.05. Right panel: the table shows the five most significantly downregulated genes. (B) WB showed that OLFM4 knockdown
could downregulate ARL6IP1. (C) Add-back rescue experiments showed that ARL6IP1 overexpression in shOLFM4 cells increased viability when cells were treated
with 50 pM CDDP. (Data shown as mean + SD, * Student’s t-test comparing the shNC and shOLFM4 groups, * p < 0.05). (D) Add-back rescue experiments showed
ARL6IP1 overexpression in shOLFM4 cells attenuated caspase-3 activation and reduced cleaved-caspase-3 levels after CDDP treatment.

play key roles in GBC. Among the upregulated DEGs, OLFM4 was OLFM4 expression progressively increased from precancerous lesions to
enriched in GBC tissues in related to cholangiocarcinoma with highest carcinoma
rank metric score of 1.401 (Fig. 1B, p < 0.0001).

Previous studies have found that OLFM4 is responsible for initiation
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of gastric cancer and tumorigenesis in extrahepatic bile duct carcinomas
[36,37]. Other studies described the malignant transformation from
chronic cholecystitis to dysplasia and eventually GBC [42,43]. Consid-
ering this evidence, we investigated the role that OLFM4 might play in
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tumorigenesis of GBC in tissue from 108 cases of chronic cholecystitis,
92 cases of precancerous lesion (dysplasia), and 72 cases of GBC. His-
tological features of chronic cholecystitis, dysplasia, and GBC were
confirmed by HE staining (Fig. 2A-D). In normal epithelium (not
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Fig. 6. OLFM4 depletion increased the CDDP tumor-suppressing effect in vivo. (A) Experiment timeline of CDDP treatment in nude mice. At 15 days after tumor cell
inoculation, mice bearing shNC (n = 12) or shOLFM4 (n = 10) tumors were randomly assigned into the NS or CDDP group. The first dose of CDDP (5 mg/kg) was
given intraperitoneally at day 15, and the second dose was given intraperitoneally at day 19. Bioluminescence was measured before and after the two-dose CDDP
treatment. (B) Bioluminescence images of tumor shNC and shOLFM4 after CDDP treatment. (C) On day 29 (7 days after the two-dose CDDP treatment) shOLFM4 +
CDDP bioluminescence was significantly reduced compared to the shOLFM4 + NS group, (** p < 0.01, two-way ANOVA), while shNC + CDDP bioluminescence
remained the same level with shNC + NS group, (n.s., non-significant). Bioluminescence was lower in the shOLFM4 + NS group compared to the shNC + NS group, (*
p < 0.05, two-way ANOVA). (D) Tumor size was significantly reduced in the shOLFM4 + CDDP group compared to the shOLFM4 + NS group, but there was no
significant change in the shNC group after CDDP treatment. (E) The left upper and lower panels show the tumor growth curve and final tumor weight of shNC
xenografts; the middle upper and lower panels show the tumor growth curve and final tumor weight of shOLFM4 xenografts; the left upper and lower panels show the
tumor growth curve and final tumor weight of shNC and shOLFM4 xenografts. Tumor growth and weight were not reduced in the shNC + CDDP group compared to
the shNC + NS group, while CDDP significantly reduced tumor weight and growth in the shOLFM4 group. Data are shown as mean + SEM, * p < 0.05, ** p < 0.01, n.
s., non-significant. (F) HE-stained tumor tissues. In the upper two figures, shNC + NS and shNC + CDDP xenograft histology show densely arranged tumor cells, there
was no marked tissue loss in sShNC + CDDP group. The lower two figures show the shOLFM4 + CDDP xenografts with obvious reduction of tumor cells and the tissues
became loose, while shOLFM4 + NS tissues had compact cancer cell arrangement. Original magnification 400 x . Scale bars, 50 pm. (G) TUNEL (red fluorescence)
showed scarce cell apoptosis in the shNC 4+ CDDP group, and there was a remarkable increase in apoptotic cells in the shOLFM4 group after CDDP treatment. Original
r‘nagniﬁcation 400 x . Scale bars, 50 pm (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

affected by inflammation) of chronic cholecystitis cases, the simple respectively, which indicate that knock-down of OLFM4 increased cell
columnar epithelium cells and sub-mucosa were intact (Fig. 2A). In chemosensitivity to CDDP (Fig. 4A). Cell viability was significantly
chronic cholecystitis tissues, inflammatory infiltrating mononuclear reduced in shOLFM4 groups under 25, 50, 100, and 200 pM treatment
cells were observed (Fig. 2B). Dysplasia tissues showed atypical surface compared to the shNC group (Fig. 4B). Since previous studies have
epithelium with obvious cytologic atypia (Fig. 2C). Finally, GBC tissues suggested that OLFM4 is an anti-apoptotic factor [30,35], we hypothe-
had pleomorphic, irregularly distributed nuclei (Fig. 2D). sized that OLFM4 depletion might promote apoptosis as measured by

We then evaluated OLFM4 expression with tissue IHC H-scores were caspase-3 activity. The results showed that caspase-3 activity was higher

calculated to represent different OLFM4 expression levels in the above in OLFM4-depleted cells after CDDP treatment compared to shNC group
three groups. They ranged from O to 8 in the chronic cholecystitis and (Fig. 4C). We further measured other apoptosis-related proteins by WB

dysplasia groups and from 0 to 12 in the GBC group. OLFM4 expression and found increased level of caspase-3 and cleaved caspase-3. Expres-
was markedly increased in GBC tissues compared to cholecystitis and sion of other apoptotic molecules including Bax and Bad were also
dysplasia tissues, with a gradual increase during the tumourigenesis significantly enhanced in the shOLFM4 group after CDDP treatment, but
process from precancerous lesions to GBC (Fig. 2E-L, M, p < 0.0001). To their levels were unchanged in NS treatment with the exception of Bcl-2
further examine the correlations between clinicopathological charac- and caspase-9, which had similar levels in both two groups with or
teristics with OLFM4 expression in GBC patients, clinical data were without CDDP treatment (Fig. 4D). These results showed CDDP treat-
collected and analyzed with OLFM4 expression using chi-square tests. ment notably activated cell apoptosis in OLFM4-deficient cells.

The results showed that there were no correlations of OLFM4 expression
with patients’ age, sex, or TNM stage; the clinical features are summa-
rized in supplementary Table S1. These results suggest that OLFM4 is an
important carcinogenic factor in GBC.

ARL6IP1 (ARMER) is downregulated after OLFM4 knockdown

To identify the apoptosis-promoting mechanisms regulated by
OLFM4, we performed RNA-sequencing in OLFM4 knocked-down GBC-
OLFM4 depletion suppressed GBC progression SD cells. Fig. 5A shows the up- and downregulated genes in OLFM4-

depleted cells under the criteria of FC > 2, p < 0.05. Four genes were

Given that OLFM4 played a role in gallbladder tumorigenesis significantly downregulated: ARL6IP1 (ARMER), PHLDA3, CREG2, and
[36-38], we explored the protein’s biological functions in GBC with TENMS3. Previous research suggested that ARL6IP1 is an apoptosis
loss-of-function assays. After validating the knockdown effect of sShRNA regulator and could prevent CDDP-induced apoptosis [44-47]. Based on
by WB (Fig. 3A), cell proliferation was evaluated with CCK-8 assays. this, we hypothesized that ARL6IP1 might be an important gene regu-
Proliferation was remarkably hindered after OLFM4 knockdown lated by OLFM4 and that apoptosis might be increased when the levels of
(Fig. 3B). Further experiments showed impaired clone formation ability these two anti-apoptosis factors (OLFM4, ARL6IP1) are low. WB for
in OLFM4 knockdown cells (Fig. 3C). The cell cycle analysis showed ARL6IP1 showed its downregulated expression in OLFM4-deficient cells

that the G1 phase percentage was increased in shOLFM4-expressing cells (Fig. 5B). We then performed add-back rescue experiments to verify
with a significant reduction in S phase, suggesting G1 arrest (Fig. 3D). functional changes regulated by OLFM4/ARL6IP1/Capase-3 axis, and
To assess cell invasion ability, Matrigel chamber assays were performed the results showed that ARL6IP1 overexpression in OLFM4-depleted

after OLFM4 knockdown. Low OLFM4 expression cells showed obvi- cells could reverse CDDP-induced apoptosis (Fig. 5C,D), but it did not
ously reduced invasion tendency (Fig. 3E). We then validated the affect cell proliferation (Fig. S1). Collectively, these findings demon-
proliferation-inhibiting effect with a tumor xenograft model in nude strate that apoptosis can be regulated by downregulating ARL6IP1 in
mice. Tumor growth was significantly inhibited in the shOLFM4 group OLFM4 knockdown cells.

compared with the shNC group (Fig. 3F), and the final tumor size was
significantly smaller (Fig. 3G,H). These results indicate that OLFM4 is
crucial for cancer development by affecting proliferation and invasion
abilities.

OLFM4 depletion enhanced CDDP chemotherapeutic effects in vivo

We further evaluated the tumor-suppressive effect of CDDP in
OLFM4-depleted tumors. Remarkably, OLFM4 knockdown increased
OLFM4 depletion increased CDDP chemosensitivity in vitro CDDP’s tumor-suppressing effect in nude mice. The animals were

inoculated with shOLFM4- or shNC-expressing cells, followed by two

Given that elevated OLFM4 contributed to chemoresistance in doses of CDDP (5 mg/kg, experimental timeline displayed in Fig. 6A).
pancreatic cancer and NSCLC [39,40], the potential of knocking down CDDP significantly reduced shOLFM4 tumor load as measured by
OLFM4 in CDDP treatment was assessed. We first measured ICsg value of bioluminescence (Figs. 6B, C and S2), tumor growth (Fig. 6E, upper
cells to CDDP in shNC and shOLFM4 cells, the ICsy value of shNC, panels), and final tumor weight (Fig. 6E, lower panels). Tumor growth
shOLFM4-1 cells, and shOLFM4-2 was 50.52, 26.01, and 34.67 pM, in the shOLFM4 + CDDP group was significantly inhibited and tumors

10
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Fig. 7. Low OLFM4 expression is associated with longer survival in patients with GBC. (A) IHC staining of OLFM4 in GBC (n = 100) and normal paracarcinoma
tissues (N = 20) in TMAs. Scale bars on right bottom, 100 pm. (B) H-scores were used to evaluate positive staining and staining areas. Violin plot of OLFM4 H-scores
in GBC and paracarcinoma tissues; the solid and dotted lines show the quartile and median value, respectively (Student’s t-test, * p < 0.05). (C) Kaplan-Meier curves
of overall survival of GBC patients (n = 40) with high (n = 30) and low (n = 10) OLFM4 expression. * Log-rank p = 0.034.

drastically shrunk in response to CDDP treatment (Fig. 6D,E). In the
shNC group, after the treatment completion there was no difference
between the CDDP and NS groups (Fig. 6C-E). HE staining of tumor
tissue from the shNC + CDDP group showed no significant changes in
histological features compared to the shNC + NS group (Fig. 6F), and no
cell apoptosis was detected by TUNEL (Fig. 6G). Conversely, there was a
obvious tissue reduction in the shOLFM4 + CDDP group compared to
shOLFM4 + NS group which had compact tumor cell arrangement; and
the tumor tissue became loose in response to CDDP treatment (Fig. 6F).
Significant cell apoptosis was detected in shOLFM4 -+ CDDP group while
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no significant apoptosis was detected in shOLFM4 + NS group (Fig. 6G).
These results suggest that OLFM4 depletion enhanced the CDDP treat-
ment response in vivo.

Low OLFM4 expression is associated with longer survival in patients with
GBC

The prognostic value of OLFM4 in GBC has not been described, so we
performed IHC labeling of OLFM4 in GBC TMAs to determine its prog-
nostic value. There were 100 cases of GBC and 20 cases of normal
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Fig. 8. Diagram representing the whole content of the study. The left upper panel show the expression of OLFM4 gradually increased from cholecystitis to dysplasia
and gallbladder cancer. The left lower panel show the biological role of OLFM4 in gallbladder cancer is to participate in proliferation, invasion, and chemoresistance.
And the right panel show the mechanism of the enhanced chemosensitivity induced by OLFM4 depletion in gallbladder cancer.

paracarcinoma tissues included in the TMA, and 40 GBC cases had
survival data. OLFM4 expression was detected in cancer and normal
paracarcinoma tissues (Fig. 7A) and given H-scores. OLFM4 was over-
expressed in GBC tissues compared to paracarcinoma tissues (Fig. 7B).
Among 40 cases with survival data, 30 were high expressing and 10 were
low expressing. The longest and shortest survival periods in the high/
low OLFM4 groups were 55/79 and 1/2 months, respectively. Log-rank
testing showed that the survival difference was significantly (log-rank p
=0.034, Fig. 7C). These results demonstrate that low OLFM4 expression
is associated with improved survival of GBC patients.

Discussion

The mechanisms of GBC onset and progression remain unclear, and
patients are often diagnosed too late to undergo surgery, which is the
only curative method. Unfortunately, due to GBC chemoresistance, the
chemotherapy can not be applied earlier, and the palliative chemo-
therapy is not efficient. Understanding GBC pathogenesis, discovering
new targets to sensitize GBC to chemotherapy, and excavating prog-
nostic biomarkers are therefore important to prolong patient survival.

Aberrant OLFM4 expression has been detected in different types of
cancers, including colon cancer, prostate cancer, and GBC [34,48,49].
OLFM4 is also involved in multiple biological processes in various
cancers, including proliferation, metastasis, apoptosis regulation, and
cell differentiation, especially in early stages of gastric cancer and
cholangiocarcinoma [36-38]. Here, in our study, the findings of OLFM4
in GBC may provide a multiple-role playing maker that can be a thera-
peutic target and prognostic indicator. Unlike other biomarkers in
cancer, the gradually expression pattern from precancerous lesions to
cancer of OLFM4 endowed it the capability of predicting both the
tumorigenesis and survival.

There is a mainstream hypothesis is that chronic inflammation
contributes to tumorigenesis in GBC [50]. Notably, OLFM4 is regulated
by a variety of factors correlated with inflammation and tumorigenesis
[35], which indicates that a similar process can happen in GBC. Pre-
sumably, long-term chronic inflammation may stimulate excessive
OLFM4 expression, leading to the initiation of cancer regulated by
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OLFM4, followed by progression due to autogenic regulating actions in
cancer promotion. In our study, through microarray and bioinformatic
analyses, we found that OLFM4 is highly correlated with chol-
angiocarcinoma. More importantly, OLFM4 expression gradually
increased from chronic cholecystitis tissues to dysplasia (i.e., precan-
cerous lesions) and GBC, which is consistent with previous studies [32,
41]. These findings suggest that OLFM4 is vital in the development of
GBC, especially cancer that originated from chronically inflamed tissues
[33], and then we found that knocking down OLFM4 inhibited cell
proliferation and invasion, supporting the hypothesis that OLFM4 is
involved in tumor proliferation and metastasis. To predict patient
outcome, the IHC of OLFM4 in TMA supported that low OLFM4
expression predicted longer patient survival. However, more work is
needed to verify a direct connection of chronic inflammation and the
effects OLFM4, and larger clinical sample sizes are needed to be more
representative of the entire GBC patient population.

As it is known that OLFM4 is an anti-apoptotic factor, we evaluated
the value of OLFM4 as a chemotherapeutic target. According to its
strong anti-apoptotic regulating function reported in preliminary
research, which can hinder the chemotherapy effects [29,30,35], our
study validated that OLFM4 depletion could sensitize GBC cells to CDDP
treatment by regulating ARL6IP1/caspase-3, indicating that OLFM4 or
ARLG6IP1 can be potentially used as a chemotherapeutic targets if
OLFM4 or ARL6IP1 inhibitors are available. However, it requires more
proof from further research to verify if the low expression of OLFM4
indicate a better response to chemotherapy, and to support whether the
anti-apoptotic effect of OLFM4 is responsible for GBC chemoresistance.
Future studies are needed to elucidate how OLFM4 might regulate
chemoresistance of GBC to identify more targets for precise treatment.

In summary, our study suggests that OLFM4 is being critical in GBC
tumorigenesis and chemoresistance. Thus, OLFM4 can be a useful
prognostic biomarker in tumorigenesis and progression. Most impor-
tantly, our study offers a novel potential treatment target in GBC and a
chemosensitivity marker. A summarizing diagram for the whole content
of this study is shown in Fig. 8 (generated using https://BioRender.com,
agreement number: SN22SZSL8P).
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