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Abstract
Background

Overexpression of STOML2 has been widely reported in a variety of cancer, yet few has detailed its
function and regulatory mechanism. This study aims to reveal the clinicopathologic signi�cance and
oncologic function of STOML2 in colorectal cancer, explore its speci�c mechanism by means of yeast
two-hybrid assay and bioinformatics.

Methods

Expression level of STOML2 in normal colon and CRC tissue from biobank in Nanfang Hospital was
detected by pathologic methods. The malignant proliferation of CRC induced by STOML2 was validated
via gain-of-function and loss-of-function experiments, with novel techniques applied, such as organoid
culture, orthotopic model and endoscopy monitoring. Yeast two-hybrid assay was conducted to screen
interacting proteins of STOML2, followed by bioinformatics to predict biological process and signaling
pathway of candidate proteins. Target protein with most functional similarity to STOML2 was validated
with co-immunoprecipitation, and immuno�uorescence were conducted to co-localize STOML2 and PHB.
Pathway regulated by STOML2 was detected with immunoblotting, and subsequent experimental therapy
was conducted with RAF inhibitor Sorafenib.

Results

STOML2 was signi�cantly overexpressed in colorectal cancer and its elevation was associated with
unfavorable prognosis. Knockdown of STOML2 suppressed proliferation of colorectal cancer, thus
attenuated subcutaneous and orthotopic tumor growth, while overexpressed STOML2 promoted
proliferation in cell lines and organoids. A list of 13 interacting proteins was screened out by yeast two-
hybrid assay. DTYMK and PHB were identi�ed to be most similar to STOML2 according to bioinformatics
in terms of biological process and signaling pathways; however, co-immunoprecipitation con�rmed
interaction between STOML2 and PHB, rather than DTYMK, despite its highest rank in previous analysis.
Co-localization between STOML2 and PHB was con�rmed in cell lines and tissue level. Furthermore,
knockdown of STOML2 downregulated phosphorylation of RAF1, MEK1/2, ERK1/2 and ELK1 on the
MAPK signaling pathway, indicating common pathway activated by STOML2 and PHB in colorectal
cancer proliferation.

Conclusions

This study demonstrated that in colorectal cancer, STOML2 expression is elevated and interacts with PHB
through activating MAPK signaling pathway, to promote proliferation both in vitro and in vivo. In addition,
combination of screening assay and bioinformatics marks great signi�cance in methodology to explore
regulatory mechanism of protein of interest.
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Background
Colorectal cancer (CRC) is the third most prevalent malignant disease (10.2% of 18.1 million for
incidence), and the second leading cause of cancer related death worldwide (9.2% of 9.6 million for
mortality) [1, 2]. The 5-year overall survival rate of patients with CRC is about 56.9-57.6% [3].Malignant
proliferation, invasion-metastasis and chemo-resistance are the main causes of relapse and poor
prognosis in CRC , and despite advancing diagnostic techniques and comprehensive therapy, our
understanding of underlying mechanism of its malignant phenotype is still limited [4, 5]. Therefore, it is
the primary task for researchers to �nd out accurate and effective biomarkers, explore how they function
in the oncobiologic process of CRC, and assess their prognostic and therapeutic value.

Stomatin-like 2 (aka STOML2, SLP2), which is encoded by gene located on chromosome 9p13, had been
initially cloned and identi�ed as a novel member of stomatin family in human erythrocytes, lacking NH2-
terminal hydrophobic domain [6]. Under physiological condition, STOML2 was identi�ed within inner
mitochondria membrane and faces the intermembrane space, interacted with certain component of the
inner mitochondria membrane, and served as a regulator of biogenesis and the activity of mitochondria
[7, 8]

Since Zhang et al discovered the elevation of STOML2 in human esophageal squamous cell carcinoma
in 2006 [9], researchers in the recent decade have successively discovered STOML2 as an overexpressed
biomarker implicated poor prognosis in pan-cancers, such as endometrial adenocarcinoma [10], glioma
cells [11], papillary thyroid cancer [12], cervical cancer [13], epithelial ovarian cancer [14, 15], colorectal
cancer [16, 17], liver cancer [18], head and neck squamous cell carcinoma [19], etc. Additionally, our
research team had previously discovered the elevated expression and association with poor prognosis of
STOML2 in gastric cancer [20], and furthermore revealed a positive feedback loop of STOML2 to promote
gastric cancer progression [21]. Albeit discovery of STOML2 overexpression in multiple cancers and a
handful of tracing to regulatory mechanism were reported, systemic assessment of STMOL2 is still
absent. Recent decades have witnessed the thriving technology of high-throughput sequencing, along
with a growing body of databases and bioinformatics techniques, presenting more and more effective
methods in the exploration of molecular function and regulatory mechanism [22-24].

Herein, the present study focused on the oncological function and regulatory mechanism of STOML2 in
CRC. On the basis of STOML2 overexpression in CRC, multiple research models (including cell lines,
organoids and animals) were utilized to demonstrate pivotal role of STOML2 in promoting CRC
proliferation. Additionally, through yeast two-hybrid assay, thirteen proteins were screened out to be
candidates interacting with STOML2. Following bioinformatics analysis of STOML2 and its interaction
candidates in two large CRC datasets, downstream signaling pathway of STOML2 was identi�ed, and
experimental therapy was conducted.

Methods
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Tissue specimens
The use of human samples was approved by the Ethics Committee of Nanfang Hospital, Southern
Medical University. Human tissue samples were collected from Department of Pathology, Nanfang
Hospital, Southern Medical University (Guangzhou, China). All patients given informed consents. None of
these patients received chemotherapy or radiotherapy before operation.

Cell culture
Human CRC cell lines (HCT116, HT29, SW480, SW620) and murine CRC cell lines (MC38, CT26) were
purchased from Cell Resource Center, Shanghai Institute of Biochemistry and Cell Biology at the Chinese
Academy of Sciences (Shanghai, China) and maintained at the Department of Pathology, Southern
Medical University (Guangzhou, China). Human cell lines were cultured in RPMI-1640 medium, and
murine cell lines were cultured in DMEM medium containing 10% fetal bovine serum (Gibco), at 37 °C, in
the atmosphere of 5% CO2.

Immunohistochemistry and immuno�uorescent staining
For immunohistochemistry (IHC) staining, tissue slides were depara�nized and hydrated, incubated with
antibody anti-STOML2 (1:1000, Proteintech, Wuhan, China) and anti-Ki-67 (1:200, BD, CA, US) overnight at
4 °C. For negative controls, the antibodies were replaced with normal non-immune serum. Tissue slides
were reviewed and scored by two independent observers, based on percentage of positive cells and the
degree of positive staining. Positive cells at each intensity of staining were recorded on a scale of 0-3 (0,
no staining; 1, weak staining = light yellow; 2, moderate staining = yellowish brown; 3, strong staining =
brown). A score of ≥2 with at least 50% of malignant cells with positive STOML2 staining was classi�ed
as tumors with high expression of STOML2, and <50% of malignant cells with nuclear staining or <2
intensity score was classi�ed as tumors with low expression of STOML2. For cell immuno�uorescent (IF)
staining, a multiplexed tyramide signal ampli�cation method (TSA; PerkinElmer, Inc., US) was performed
on 4-μm sections for detection of the co-localization of STOML2 and PHB proteins. Prior to each
immuno�uorescence labeling, antigens were retrieved with a single microwave step. Each labeling cycle
consists of application of a primary antibody, a secondary antibody conjugated to horse radish
peroxidase (HRP), and TSA conjugated to a �uorophore. Tissue slides were incubated with antibody
against STOML2 and PHB for 30 min respectively. TSA conjugated Fluorescein was used for STOML2
and CY5 for PHB. Images were captured using inverted confocal microscope (Olympus, Japan) and suite
software. Images were processed using Image J and Photoshop CS5 software (Adobe Systems Inc., San
Jose, CA).

Establishment of stably transfected cell lines
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SW620 cells were infected with STOML2-knockdown (shSTOML2) or scramble shRNA (Scr; GENECHEM,
Shanghai, China). SW480 cells were infected with STOML2-overexpressed (3×Flag-STOML2) or control
lentivirus (mock; GENECHEM, Shanghai, China). MC38 and CT26 cells were infected with STOML2-
knockdown (shSTOML2) or control lentivirus (Scr; GENECHEM, Shanghai, China). Cells were seeded in 6-
well plates at a density of 2×10^5 cells per well, 24 h before transfection. 2×10^6 TU of corresponding
lentivirus and 5 μg of polybrene (Merck, Darmstadt, Germany) were mixed to 1 mL serum-free medium to
transfect cells. After transfection for 48 h, 1 μg/mL of puromycin (Merck, Germany) was added to each
well to screen out the stably transfected cells, and the cells were then transferred to conventional
medium. Transfection e�ciency was con�rmed by quantitative reverse transcription polymerase chain
reaction (qRT-PCR) and immunoblot assay.

Total RNA extraction and real-time quantitative PCR
Total RNA was extracted with Trizol reagent (TaKaRa, Dalian China) following manufacturer’s protocol.
cDNA synthesis was performed with PrimeScript™ RT reagent Kit (TaKaRa, Dalian China). qRT-PCR was
carried out using SYBR Premix Ex Taq™ II (TaKaRa, Dalian China) on ABI-7500 instrument (Applied
BioSystems). Data were normalized to the mean Ct values of housekeeping gene GAPDH and calculated
using –ΔΔCt method to compare variation in gene expression.

Cell proliferation, colony formation assay and transwell
assay
For Cell Counting Kit-8 (CCK8) assay, cells were seeded in 96-well plates at a density of 800 or 5000 cells
per well, respectively for murine or human CRC cell lines, one day before proliferation assay. Where
indicated, SW480 cells were pre-treated with 10μM sorafenib or equal volume of DMSO before CCK8
assay. Cell medium of each well was discarded and replaced by CCK-8 reagent 2 h before testing.
Absorbance value was detected at 450nm wavelength by Microplate Reader (Perkin Elmer, MA, US),
continuously for 4 days. For colony formation assay, cells were su�ciently distributed in 6-well plates
with 3 ml complete medium. After 14-day incubation at 37°C in an atmosphere of 5% CO2, the colonies
formed by single cells were �xed in 75% ethanol and stained with Giemsa for quanti�cation. For transwell
assay, 2×10^5 cells were seeded with 500 μl serum-free medium into transwell chamber (Corning, NY, US),
which was insert to 24 well plate. Medium containing 30% FBS was added to the bottom chamber. After
24 h incubation, cells invaded into lower chamber were �xed in methanol, stained in crystal violet (Sigma,
MO, US) and counted under microscope. All experiments were replicated for three times.

Immunoblot and co-immunoprecipitation assay
Total protein of cultured cells were extracted using lysis buffer (KeyGEN, Jiangsu, China), with PMSF,
protease and phosphatase inhibitor reagents added according to the manufacturer’s instruction. Equal
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mass of protein extract was separated in sodium dodecyl sulfatepolyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred to PVDF membranes (Merck Millipore, MA, US). After BSA blocking for 1
hour, the protein-loading membranes were incubated with primary antibody overnight at 4℃. These
membranes were then incubated with HRP-conjugated goat anti-mouse or anti-rabbit secondary
antibodies (zsbio, Beijing, China) for 1 hour at room temperature. Blotting images were captured and
analyzed using Image Lab Software (Bio-Rad, CA, US). GAPDH was set as endogenous reference.

For immunoprecipitation assay, total protein of cultured cells were lysed and incubated with 50 μl protein-
A Sepharose beads (Santa Cruz Biotechnology, TX, US), and anti-His, anti-PHB or anti-SLP2 antibody as
where indicated, at 4 °C overnight with gentle mixing and anti-IgG was set as a control. Then the samples
were washed and denaturized for western blotting.

Referred antibodies were purchased from commercial sources as follows: anti-STOML2 (1:1000,
Proteintech, Wuhan, China), anti-GAPDH (1:1000, Proteintech, Wuhan, China), anti-PHB (1:500, Genetex,
CA, US), anti-His (1:800, Proteintech, Wuhan, China), anti-IgG (Santa Cruz Biotechnology, TX, US), anti-
RAF1 (1:100, Cell Signaling Technology, MA, US), anti-p-RAF1 (1:100, Cell Signaling Technology, MA, US),
anti-MEK1/2 (1:200, Cell Signaling Technology, MA, US), anti-p-MEK1/2 (1:100, Cell Signaling Technology,
MA, US), anti-ERK1/2 (1:500, Cell Signaling Technology, MA, US), anti-p-ERK1/2 (1:200, Cell Signaling
Technology, MA, US).

Isolation, culture, transfection and immuno�uorescent
staining ofprimary murine colon tumors
Colon tumors of 16-week ApcMin/+ mice were isolated, collected and embedded onto Matrigel (BD
Biosciences) at 50 μl per well in 24-well plates, following previously published methods [25]. The culture
medium was DMEM/F12, supplemented with 1 unit/ml of penicillin, 1 μg/ml of streptomycin, 2.5 ng/ml
of amphotericin B, 10 mmol/L HEPES, 2mM Glutamax, 1× N2 supplement, 1× B27 supplement, and 50
ng/ml murine EGF. Culture medium was changed every 2 days and organoids were passaged by
mechanical disruption once a week. Organoid transfection was conducted as described protocol [26].
Brie�y, organoids were trypsinized for 10 min at 37 ℃, to obtain single cell suspension. 2×10^6 TU of
corresponding lentivirus and 5 μg of polybrene (Merck, Germany) were mixed to 1 mL serum-free medium
to transfect cells. After incubated for 48 h, 1 μg/mL of puromycin (Merck, Germany) was added to each
well to screen out the stably transfected cells, which were re-embedded to Matrigel afterwards. For IF
staining [27], organoids were grown in matrigel plated onto an 8-well chamber slide (Lab-Tek II, 154534).
After culture medium was discarded, organoids were �xed in 4% PFA-PME (50 mM PIPES, 2.5 mM MgCl2,
5 mM EDTA) for 20 minutes, then permeabilized in 0.5% Triton for 20 minutes and blocked in IF Buffer
(PBS, 0.2% Triton, 0.05% Tween, 1% BSA) for 1 h. Organoids immuno�uorescent (IF) staining was
conducted as previously described. Chamber slide were incubated with antibody against E-cadherin and
Ki67 for 30 min. Images were captured using inverted confocal microscope (Olympus, Japan) and suite
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software. Images were processed using Image J and Photoshop CS5 software (Adobe Systems Inc., San
Jose, CA).

Animals and tumor growth assay
All mice experiments were approved by Animal Research Ethics Committee of Southern Medical
University and proceeded in accordance with the guidelines on the care and use of animals for scienti�c
purposes. Stable-transfected murine CRC cells (2×106) of MC38-Scr, MC38-shSTOML2 or CT26-Scr, CT26-
shSTOML2 suspended in 200 µl PBS were injected subcutaneously into the left or right hind limb of 6-
week-old male wild type (WT) C57BL/6 or BALB/c mice (n = 7/group), accordingly. Tumor size was
measured every three days with a vernier caliper, and tumor volume was calculated as 0.52×L×W2 (cm3; L
stands for length and W for width of the tumor). Mice were anesthetized and sacri�ced at indicated time,
around 4 weeks after injection. Tumors were dissected, measured and photographed, then �xed with
formalin and embedded in para�n for further immnuohistological assessment.

Orthotopic model and murine endoscopy monitoring
Murine CRC cell lines MC38 and CT26 were suspended at density of 2×10^6 in 50μL PBS for each
injection. Mice were anesthetized by inhaling 1.5 to 2% iso�urane (RWD Life Science Co., Ltd, Shenzhen,
China). Optical colonoscopy was performed using a Karl Storz (Tuttlingen, Germany) Image 1 HD Camera
System, Image 1 HUB CCU, 175 Watt Xenon Light Source, and Richard Wolf 1.9mm/9.5 Fr Integrated
Telescope (part number 8626.431). Indicated cells were injected into mouse colonic lamina propria under
colonoscopy, at around 1cm from anal ori�ce, using a custom injection needle (Hamilton Inc., 33-gauge,
small Hub RN NDL, 6 inches long, point 4, 45 degree bevel, like part number 7803-05), syringe (Hamilton
Inc. part number 7656-01), and transfer needle (Hamilton Inc. part number 7770-02). Tumor growth was
assessed by serial endoscopy monitoring and recording carried out every 6 days after injection, and
tumor size was scored by the diameter of the colonic lumen occupied by tumor [28]. Mice were
anesthetized and sacri�ced at indicated time, around 30 days after injection. Total colons were dissected,
measured and photographed, then �xed in formalin and embedded in para�n for further
immnuohistological assessment.

Yeast two-hybrid screening assay
Human CRC cell line SW620 was selected to construct CRC cDNA library. Following total RNA extraction,
cDNA single/double strand synthesis and puri�cation, SW620 cDNA library was co-transformed with
pGADT7-Rec (Clontech) into Saccharomyces cerevisiae strain Y187. Transformation e�ciency and titer
of CRC cDNA library was veri�ed. The full-length of STOML2 coding sequence was cloned to inframe
with the Gal4 DNA binding domain of the bait plasmid pGBKT7 (Clontech) by PCR. pGBKT7-STOML2
plasmid was transformed into Saccharomyces cerevisiae strain Y2H to establish bait strain, and double
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strand library cDNA synthesized from SW620 was co-transfected with pGADT7-Rec plasmid into Y187 to
establish library host strain. Bait strain was �rst tested to be non-toxic to Y2H, and pGBKT7-STOML2
could not activate reporter gene by itself. Bait and library host strain were then co-cultured at 30C with 30-
50 rpm swirling, and after mating for 20 hours, zygotes in typical three-lobed shape were present in the
mating culture. Mating mixture was spread on three 100mm media (SD/-Trp, SD/-Leu, SD/-Leu/-Trp) at
dilution of 1:10, 1:100, 1:10^3,1:10^4. After 3 to 5 days, the number of colonies screened and mating
e�ciency were calculated, and remaining mixture was spread on forty-four 150mm QDO/A media (SD/-
Ade/-His/-Leu/-Trp/Aba) for 3-to-5-days culture. On QDO/A media, clones over 2 mm at diameter were
selected and transferred to QDO/X/A media, to underwent higher selective pressure. Blue-stained colonies
on QDO/X/A media were randomly selected to verify multiple prey genes by ampli�cation with
polymerase chain reaction. These plasmids with prey genes (pGADT7-Prey) were extracted from each
blue-stained monoclone, and respectively co-transfected with pGBKT7-STOML2 and pGBKT7 into
competent yeast strain pGBKT7-S+pGADT7-Prey and pGBKT7+pGADT7-Prey. To retest the interaction
and exclude false positive in yeast, these two Y2H strain were spread on DDO/X and QDO/X/A
conditioned media, with pGBKT7-53+pGADT7-T set as positive control and pGBKT7-lam+pGADT7-T as
negative control.

Statistical analysis
Data were all presented as mean ± standard error of mean (SEM) unless otherwise annotated. Statistical
analysis was performed by two-tail unpaired Student’s t test for experiments where two means were
compared. Two-way analysis of variance (ANOVA) was used to compare means of three or more
experimental groups. Factorial design ANOVA was used to analyze experiments with two independent
variables. Gene set enrichment analyses (GSEA) were conducted using GSEA 4.0.3 (Broad Institute, MA,
US) [29, 30]. Statistical analyses were performed using GraphPad Prism software 5.0 (GraphPad
Software, CA, US) and SPSS software (Version 22.0, IL, US).

Results

STOML2 is highly expressed and predicts poor prognosis in
CRC patients.
Following discovery of overexpression of STOML2 in gastric cancer and investigation into speci�c
molecular mechanism of this gene afterwards, we were intrigued whether STOML2 presented analogous
high-expressed pro�le and biological effect in CRC. Therefore, 215 CRC patients were randomly selected
from bio-bank in General Surgery, Nanfang Hospital, as internal validation of STOML2 expression in
tissue level. With clinical samples collected and examined, immunochemistry of patients’ resected tissue
showed relatively high STOML2 expression in tumor and metastatic lymph nodes, in comparison with
normal tissue (Fig. 1A). In tumor-adjacent region, distinction of STOML2 expression between tumor and
normal tissue was more visible, a legible margin could be drawn (Fig. 1B). Immuno-blotting assay in
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twelve samples and paired tissues also con�rmed higher STOML2 protein expression in tumor (Fig. 1D).
Based on STOML2 expression level in tissue, these patients were then divided into high expression group
and low expression group. Statistical analyses showed signi�cant difference in tumor clinicopathological
characteristics, such as T stage, lymph node metastasis, distant metastasis, AJCC classi�cation, between
two groups (Table 1). Notably, 10-year follow-up witnessed unfavorable prognosis in survival analysis for
those who detected high STOML2 expression in resected tissue between two groups (Fig. 1C; log-rank p < 
0.001). Analyses of �ve public datasets from Gene Expression Omnibus (GEO) in various cancer types
demonstrated common elevated expression pro�le of STOML2, especially in CRC and related metastatic
lesions in liver and lung (Fig. 1E-I). Data in BioGPS [31] also supported signi�cant difference in STOML2
expression between normal colon and CRC (Supplementary Fig. 1). 
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Table 1
Correlations between SLP2 expression and clinicopathological parameters of CRC patients.

    SLP2 expression p valuea

Variables All cases

(n = 215)

Low(%)

(n = 86)

High (%)

(n = 129)

Sex       0.569

Male 132 55 (33.8) 77 (66.2)  

Female 83 31 (34.9) 52 (65.1)  

Age       0.405

< 61 103 38 (35.6) 65 (64.4)  

≥ 61 112 48 (32.8) 64 (67.2)  

Differentiation       0.085

Well 81 40 (37.0) 41 (63.0)  

Moderate 105 37 (36.2) 68 (63.8)  

Poor and undifferentiated 29 9 (28.1) 20 (71.9)  

T stage       0.026

T1 + T2 30 18 (55.0) 12 (45.0)  

T3 + T4 185 68 (29.9) 117 (70.1)  

Lymph node metastasis       0.000

Absent (N0) 114 62 (52.0) 52 (48.0)  

Present (N1-2) 101 24 (20.9) 77 (79.1)  

Distant metastasis       0.008

Absent (M0) 168 60(38.2) 108 (61.8)  

Present (M1) 23 2 (6.7) 21 (93.3)  

AJCC classi�cation       0.000

I 24 15 9  

II 88 47 41  

III 80 22 58  

a p value of Sex Age Differentiation T stage Lymph node metastasis Distant metastasis AJCC
classi�cation, calculated by χ2 test.
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    SLP2 expression p valuea

Variables All cases

(n = 215)

Low(%)

(n = 86)

High (%)

(n = 129)

IV 23 2 21  

a p value of Sex Age Differentiation T stage Lymph node metastasis Distant metastasis AJCC
classi�cation, calculated by χ2 test.

These results suggested that, STOML2 was overexpressed in CRC, correlated with unfavorable
clinicopathological characteristics and poor prognosis, which hinted us that it contributed to malignant
phenotypes of CRC and was worth further study.

STOML2 promotes CRC cell proliferation and colony
formation in vitro.
To discover the association between STOML2 expression and malignant phenotype of CRC, STOML2
protein level was detected in seven human-derived CRC cell lines, among which SW620 had the highest
STOML2 expression and SW480 the lowest (Fig. 2A). Therefore, we established STOML2-knockdown
SW620 cell line with lentivirus transfection (shSTOML2), and STOML2-overexpressed SW480 cell line
with 3xFlag-tagged STOML2 lentivirus, of which transfection e�ciency was con�rmed by immuno-
blotting assay (Fig. 2B & I). Inhibited cell growth rate (Fig. 2C), less colony formation (Fig. 2E-F), with
inhibited migration and invasion abilities (Fig. 2G-H) was observed in STOML2-knockdown groups,
compared with negative control. In STOML2-overexpressed SW480, cell proliferation rate was
signi�cantly enhanced (Fig. 2J), more colonies were formed (Fig. 2K-L), migration and invasion abilities
were signi�cantly enhanced (Fig. 2M-N). These results showed that overexpressed STOML2 signi�cantly
enhanced the proliferative ability of human CRC. 

STOML2 promotes CRC growth and progression in vivo
Colon tumors were dissected from 16-week old ApcMin/+ mice and tumor cells were isolated for 3D
culture. Tumor organoids were transfected with STOML2 overexpressing lenti-virus, which yielded
substantially larger organoids compared to negative control (Fig. 3A-B). Immuno�uorescent staining for
epithelial marker E-cadherin and Ki-67 using transfected organoids indicated signi�cantly higher
expression of Ki-67 in STOML2-overexpressed epithelial tumor cell (Fig. 3C). These results demonstrated
that STOML2 could accelerate proliferation of CRC. 

To investigate the biological function of STOML2 in vivo, STOML2-knockdown murine CRC cell strains,
MC38-Scr/shSTOML2 and CT26-Scr/shSTOML2, were selected referred to CCK8 results, and injected
subcutaneously to mice strains C57-B6 and Balb/c, respectively (n = 7 for each group). Tumor size were
measured and growth curves were drawn, which showed that tumor in MC38- shSTOML2 and CT26-



Page 13/31

shSTOML2 groups grew more slowly and smaller in size than those in corresponding negative control
(Fig. 3D-F, Supplementary Fig. 2A-C). IHC con�rmed less staining of proliferation marker Ki67, suggesting
knockdown of STOML2 markedly attenuated CRC cell proliferation in vivo (Fig. 3G&H, Supplementary
Fig. 2D-F).

Orthotopic model simulating human colorectal cancer formation was established by implantation of
above mentioned MC38/CT26-scr and -shSTOML2 cells into colon mucosa of corresponding mice, via
injection under inspection of endoscopy (Fig. 3I). Similar results of slower and smaller tumor growth in
shSTOML2 groups compared with negative control (Fig. 3J). Moreover, mice implanted with shSTOML2
cells had signi�cant longer survival than those with control group cells (Fig. 3K; log-rank p = 0.016).Thus,
results above had proven that STOML2 knockdown attenuated proliferation of CRC cells in vivo, both in
subcutaneous and orthotopic tumor model.

Yeast two-hybrid assay explored potential targets of
STOML2
To further explore proteins that potentially interacts with STOML2, we next conducted yeast two-hybrid
assay. Bait strain pGBKT7-STOML2 was �rst tested to be non-toxic and could not activate reporter gene
by itself (Fig. 4A). Bait and library host strain were then mated for 20 hours, zygotes in typical three-lobed
shape were present in the mating culture (Fig. 4B). Mating mixture was spread on three media (SD/-Trp,
SD/-Leu, SD/-Leu/-Trp) of a 1:10, 1:100, 1:10^3,1:10^4 dilution and after 3 to 5 days, the number of
colonies screened was 8.15 × 106 cfu and mating e�ciency was 3.26%. Remaining mixture was then
spread on 150 mm QDO/A media (SD/-Ade/-His/-Leu/-Trp/Aba) for 3 to 5 days culture (Fig. 4C), and
clones over 2 mm at diameter were selected and transferred to QDO/X/A media to underwent higher
selective pressure. As a result, all colonies of pGBKT7-STOML2 + pGADT7-T yeasts and positive control
grew well on conditioned media and were stained blue (Fig. 4D), which indicated that proteins expressed
by pGADT7-T screened from library strain might have possible interaction with STOML2 expressed by
bait pGBKT7-STOML2. These plasmids with prey genes (pGADT7-Prey) were extracted from each blue-
stained monoclone, and respectively co-transfected with pGBKT7-STOML2 and pGBKT7 into yeast
(pGBKT7-S + pGADT7-Prey and pGBKT7 + pGADT7-Prey). To retest the interaction and exclude false
positive in yeast, these two yeast strains were spread on DDO/X and QDO/X/A conditioned media. The
result showed that positive control group grew normally and stained blue on DDO/X and QDO/X/A plates,
while the negative control group did not, which guaranteed the reliability of this screening system.
pGBKT7-STOML2 + pGADT7-prey group grew well on DDO/X and QDO/X/A plates, while pGBKT7 + 
pGADT7-Prey group did not grow on QDO/X/A plate and were not stained blue on DDO/X plate, which
indicated that the activation of the four reporter genes (-his, -ade, aba and X-a-Gal) was activated by the
interaction between STOML2 and prey protein, rather than self-activated by prey. Last but not least,
pGBKT7-STOML2 + pGADT7-Prey was stained blue on both DDO/X and QDO/X/A plate, con�rmed that
these screened prey proteins interacted with STOML2 protein (Fig. 4E). Eventually, sequence of these
screened plasmid were determined and a list of 13 prey proteins was identi�ed, among which proteins
like “PHB”, “PHB2”, “FLI1”, “DTYMK”, “GLP1R” were the most referred (Fig. 4F). 
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GSEA analyses revealed DTYMK and PHB were functionally
similar with STOML2
To further validate protein that most possibly interacts with STOML2, we performed GSEA of STOML2
and 13 candidates, using CRC sample expression pro�ling datasets GSE14333 (n = 290) [32] and
GSE17538 (n = 238) [33–36] on GEO database (Fig. 5 and Supplementary Fig. 3–5). We picked top 20
pathway terms with highest normalized enrichment score (NES) of each gene; as is shown, overexpressed
STOML2 was correlated with upregulation in KEGG pathways like “RNA polymerase”, “pyrimidine
metabolism”, “cell cycle”, “DNA replication”, indicating its functional connection with proliferation in CRC
(Fig. 5A). In these top 20 terms, ranking of prey genes that overlapped with STOML2 was: DTYMK (16 out
of 20), PHB (14), PRSS2 (9), PHB2 (8), ATP5B (6), CD8a (2), TCF7L2 (2), GLP1 (1), GLP1R (1). Terms such
as “cell cycle”, “pyrimidine metabolism”, “RNA polymerase”, “DNA replication”, “mismatch repair”,
“homologous recombination”, were shared between DTYMK/PHB and STOML2 in Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways (Fig. 5 and Supplementary Fig. 3), whereas terms like “ribosome
biogenesis”, “rRNA metabolic process”, “ribonucleoprotein complex subunit organization”,
“ribonucleoprotein complex biogenesis”, “translational elongation” were shared in Gene Ontology (GO)
biological process (Supplementary Fig. 4A-C & 5A-C), which hinted that DTYMK and PHB were the most
functionally similar proteins with STOML2 (Fig. 5A-C). 

STOML2 interacts with PHB to modulate RAF/MEK/ERK
MAPK pathway
However, binding between STOML2 and DTYMK could not be veri�ed by co-IP (Supplementary Fig. 3F).
Since DTYMK was excluded, we turned our focus to PHB. Co-IP con�rmed binding interaction of STOML2
and PHB in vitro (Fig. 6A). IF staining in SW620 cell line indicated co-localization of STOML2 and PHB in
cytoplasm (Fig. 6B). In comparison of tissue sections from our biobank, IF staining demonstrated low
STOML2 and PHB expression in normal colon, and evident co-location between STOML2 and PHB in CRC
lesions, besides clear margin at the invasive front in tumor-adjacent tissue (Fig. 6C). STRING database
[37] also suggested PHB as functional partner of STOML2 with high score (0.916; Fig. 6D), which indeed
had been identi�ed to play indispensable role in the activation of the RAF-MEK-ERK pathway by RAS [38].
In STOML2-knockdown cells, PHB protein expression decreased simultaneously, accompanied by
decreased phosphorylation of MAPK pathway proteins, such as RAF, MEK and ERK (Fig. 6E).
Experimental therapy targeting MAPK pathway was conducted in STOML2-overexpressed SW480, where
cells were treated with RAF1 inhibitor Sorafenib and showed signi�cant attenuation in proliferation assay
(Fig. 6F). Results above pointed out that STOML2 interacted with PHB, and potentially promoted CRC
proliferation through regulating MAPK pathway and disruption STOML2-PHB interaction or inhibition of
MAPK signaling pathway might be therapeutic strategies for STOML2 highly expressed CRC. 

Discussion
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Cancer cell is characterized by its ability of in�nite proliferation, under in�uence of persistent activation or
inhibition of signaling pathways, triggered by alteration of expression level of certain gene(s) effecting
these pathways [39, 40]. In the present study, STOML2 is the key oncogene screened out from medical
center biobank by our research team, which is highly expressed, and related to tumorigenesis, progression
and prognosis of gastroenteric cancers.

From precedent researches, we have revealed the elevation of STOML2 in gastric cancer on tissue and
molecular level, and its correlation with various clinical indicators, which also veri�ed elevation of
STOML2 as an independent prognostic factor for gastric cancer, provided �rst and valid evidence to
explore the speci�c molecular mechanism of it in malignant proliferation of gastric cancer [21]. In this
study, an increase in STOML2 expression in CRC was discovered and its signi�cant association with
adverse clinical factors of CRC patients was con�rmed, which indicated that STOML2-upregulated CRC
exhibits malignant proliferating phenotype such as proliferation, cell cycle, invasion and metastasis.

The biological role of STOML2 is to regulate mitochondrial membrane stability and function; under
mitochondrial stress, it interacts with prohibitins, molecular chaperones in respiratory chain complexes
[7]. Hu et al. reported that STOML2 activated MEK/ERK signaling and suppressed mitochondrial
apoptosis pathway in HeLa cervical cancer cells, through altering the ability of mitochondria to buffer
Ca2+ and shape cytosolic Ca2+ signal [41]. Recent related studies also implied that, STOML2 modulated
tumor malignancy via IL6-Stat3 pathway in head and neck squamous cell carcinoma [19]. In study
conducted by Zhu et al., silence of STOML2 represses migration and invasion ability of liver cancer via
inhibiting the NF-κB Pathway [42]. Zhou et al. detected the variations of canonical Wnt/β-catenin
signaling pathway after SLP-2 inhibition in CRC cells to enhance cell growth [43]. Based on the results of
current study and evidence from other researchers, we suppose that similar effect occurred in STOML2-
elevated CRC cells, through which promotes cancer cell proliferation, and is worth further evaluation.
These accumulating evidence indicates that STOML2 broadly participated in various signaling network,
and served as an important pro-tumorigenic gene in CRC.

In this study, novel techniques were utilized in the process of exploring STOML2’s malignant phenotype,
which provided more convincing evidence. Organoid culture along with subsequent IHC staining provides
near-physiologic cellular composition and behavior, which permits study of morphology during tumor
formation. Orthotopic model combined with routine endoscopic monitoring provides several advantages
over traditional subcutaneous xenograft. Orthotopic injection furnishes better simulation of micro-
environment for CRC carcinogenesis, while mouse endoscopy is conducive to continuously monitoring
tumor burden in vivo without causing damage, and reduces the need for multiple cohorts of experimental
mice, in terms of animal welfare.

The pivotal role of STOML2 in CRC progression was validated through current research. For protein
overexpressed and linked with malignancy in various cancers, multiple perspectives could be targeted in
terms of therapeutic strategy, eg. antibody or recombinant protein treatment for membrane proteins [44,
45], and small molecule drugs targeting downstream pathway of intracellular proteins. In this study,
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based on subcellular localization of STOML2 in cytoplasm, yeast two-hybrid assay combining
bioinformatics analysis was implemented to screen out putative interacting proteins of STOML2, which
share similar biological function and signaling pathways. Among 13 putative candidates, we started from
DTYMK and PHB with the highest rank, co-IP con�rmed interaction between STOML2 and PHB, with
signi�cant co-localization in cell line and tissue, but not DTYMK. Other candidates from Y2H assay also
showed promising research value. For instance, since the major pool of STOML2 is associated with
mitochondria, ATP synthases like ATP5B and ATP5H also share resemblance with STOML2 in function
and subcellular localization; it was reported that STOML2 is an important player in T cell activation by
ensuring sustained TCR signaling, which could be connected with CD8A [46–48]. After downstream
pathway was identi�ed by further analysis, in vitro treatment was conducted with sorafenib to inhibit
STOML2-regulated MAPK pathway, which presented signi�cant attenuation of tumor growth.
Furthermore, we shall proceed to in-depth investigation on binding site and interacting domain between
STOML2 and PHB, in order to be more pertinent in treatment study.

Conclusions
In conclusion, this study presents that STOML2 is signi�cantly upregulated in CRC and promotes cancer
cell proliferation and tumor growth through MAPK signaling pathway by interaction with PHB, which
suggests STOML2 as novel, potent biomarker and therapeutic target in CRC, urging for further
investigation.
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Figure 1

STOML2 is highly expressed and predicts poor prognosis in CRC patients. a Representative images of
STOML2 staining in CRC, paired normal, cancer and metastatic lymph nodes tissues of internal cohort. b
Representative images of STOML2 staining in CRC tumor adjacent tissues of internal cohort; right: 40×
magni�ed image of box on the left; dotted line outlines invasive front. c Kaplan-Meier curves of CRC
patients overall survival with high or low STOML2 expression level of internal cohort. p  0.001, log-rank
test. d Immunoblot of STOML2 and GAPDH in normal and tumor tissue of twelve CRC cases from
internal cohort; N, normal colon; T, tumor. e-i External validation of STOML2 expression in different
cancers from GEO database. (e) GSE24514 dataset, CRC, normal tissue vs. cancer (n = 15 vs. 34). (f)
GSE20916 dataset, CRC, normal tissue vs. adenoma vs. cancer (n = 34 vs. 54 vs. 66). (g) GSE13911
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dataset, GC, normal tissue vs. cancer (n = 31 vs. 38). (h) GSE29272 dataset, GC, normal tissue vs. cancer
(n = 134 vs. 134). (i) GSE41258 dataset, CRC, normal colon polyp vs. cancer (n = 54 vs. 49 vs. 186),
normal liver vs. liver metastasis (n = 13 vs. 47), normal lung vs. lung metastasis (n = 7 vs. 20). Data was
presented as means ± SEM from �ve independent experiments. p values were determined using t test. ***
p < 0.001.

Figure 2
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STOML2 promotes CRC cell proliferation and colony formation in vitro. a Immunoblot of STOML2 and
GAPDH in seven CRC cell lines. b Immunoblot of STOML2 and GAPDH in SW620 transfected with
STOML2-knockdown lentivirus. c 5000 indicated cells were seeded in 96 wells culture-plates and OD
values were measured in CCK8 assay. Data are presented as means ± SEM from �ve independent
experiments. ***p < 0.001, two-way ANOVA. d-e Colony formation of STOML2-knockdown SW620. (d)
5000 indicated cells were seeded in 6 wells culture-plates. Giemsa staining after 14 days of culture. (e)
number of colonies formed on each plate. Data presented as means ± SEM from three independent
experiments. ***p < 0.001, **p 0.01, one-way ANOVA. f-g Transwell assay of STOML2-knockdown
SW620. (f) Representative �gures of �xed cells in lower chamber. 5000 indicated cells were suspended in
upper chamber. (g) Number of cells counted on each plate. Data presented as means ± SEM from �ve
independent experiments. ***p < 0.001, **p 0.01, one-way ANOVA. h Immunoblot assay of indicated
protein in SW480 transfected with mock and STOML2-overexpressed lentivirus. i 5000 indicated cells
were seeded in 96 wells culture-plates and OD values were measured in CCK8 assay. Data was presented
as means ± SEM from �ve independent experiments. ***p < 0.001, two-way ANOVA. j-k Colony formation
of STOML2-overexpressed SW480. 5000 indicated cells were seeded in 6 wells culture-plates. Number of
colonies formed on each plate. Data presented as means ± SEM from �ve independent experiments. *p <
0.05, t test. m-n Transwell assay of STOML2-overexpressed SW480. (g) representative �gures of �xed
cells in lower chamber. 5000 indicated cells were suspended in upper chamber. (h) number of cells
counted on each plate. Data was presented as means ± SEM from �ve independent experiments. **p
0.01, t test.
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Figure 3

STOML2 promotes CRC growth and progression in vivo. a-c Organoid culture and subsequent IHC. (a)
Representative images of �rst and tenth day of STOML2-overexpressed organoid culture derived from
intestinal tumor of APCmin/+ mice. (b) Calculated surface area (μm2×103) of indicated groups of
organoid. (c) Immuno�uorescent staining to detect Ki67, E-cadherin, DAPI, and merged graphic of
indicated organoids (400×). d-h Subcutaneous xenograft of indicated cells in C57B6/J mice. (d) 2×106
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cells were injected into hind limbs of each group, tumors retrieved at 27th day after injection. (e) Tumor
volume (cm3) measured at indicated time point. **p 0.01, two-way ANOVA. (f) Tumor weight (g)
measured at indicated time point. **p 0.01, t test. (g) representative image of HE staining of
subcutaneous xenograft in each group (400×). (h) representative image of IHC staining to detect Ki67 in
subcutaneous xenograft in each group. i-k CRC orthotopic model, murine endoscopy monitoring and
survival curve. (i) 1×106 cells were injected into each C57B6/J colon sub-mucosa under endoscopy.
White arrow indicates needle. (j) Endoscopy monitoring of orthotopic tumor growth in MC38-Scr and –
shSTOML2 groups. (k) Kaplan-Meier survival curve of mice in each group. p value was determined using
log-rank test.
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Figure 4

Yeast two-hybrid assay explored potential targets of STOML2. a Bait protein pGBKT7-STOML2 was
tested to be non-toxic to host and could not activate reporter gene by itself. Positive control, yeasts co-
transfected with plasmids pGBKT7-53 and pGADT7-T; negative control, yeasts co-transfected with
pGBKT7-lam and pGADT7-T. Both spread on SD/-Trp/-Leu/X-α-Gal/AbA (DDO/X/A) plate. SDO, single
dropout supplements (SD/-Trp). SDO/X (SD/-Trp/X-α-galactosidase). SDO/X/A (SD/-Trp/X-α-gal/Aba). b
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Three-lobe shaped zygotes appeared after mating library strain and bait strain for 20 hours, at 30-50 rpm
under 30℃. c Mating mixture containing pGBKT7-STOML2+pGADT7-T strain was spread on QDO/A
(SD/-Ade/-His/-Leu/-Trp/Aba) plate for 3-5 days under 30℃. Positive and negative control were the same
as above. d Clones ≥2mm at diameter were transferred to QDO/X/A plates and cultured at 30℃ for days
to underwent higher selective pressure. Blue-stained clones indicated possible interaction between
STOML2 and target protein. e Prey plasmids in blue-stained clones in d were extracted and sequenced.
Plasmids pGBKT7-STOML2+pGADT7-Prey and pGBKT7 +pGADT7-Prey were respectively transfected into
yeasts and spread on DDO/X and QDO/A, to validated their interaction. Positive and negative control
were the same as above. f Prey plasmids in positive clones were extracted and sequenced. Sequence was
looked up in PUBMED-BLAST in search of prey protein. “+” sign indicates higher possibility to interact
with STOML2.
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Figure 5

GSEA analyses revealed DTYMK and PHB were functionally similar with STOML2. a-n KEGG pathway of
indicated genes in dataset GSE14333. Number on Y axis stands for KEGG pathway terms, red: pathway
terms overlapped with STOML2; o statistical diagram of overlapped pathway counts between STOML2
and other genes.
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Figure 6

STOML2 interacts with PHB to modulate RAF/MEK/ERK MAPK pathway. a In vitro binding of STOML2
and PHB as shown by Co-IP. b Immunostaining analysis of STOML2 (green), PHB (red) and DAPI for DNA
(blue) in SW620. c FFPE sections from CRC tumor adjacent tissue were subjected to immunostaining
analysis of STOML2 (green), PHB (red) and DAPI for DNA (blue). d Association of STOML2, PHB, RAF1
and MAPK signaling pathway from STRING database. Interaction score: STOML2 and PHB (0.916); PHB
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and RAF1 (0.965); RAF1 and ERK (0.964); RAF1 and MEK (0.516); MEK and ERK (0.645) e Immunoblots
of STOML2, PHB and MAPK signaling pathway from Scr, shSTOML2-1 and shSTOML2-2 transfected
SW620 cell. f CCK8 proliferation assay of STOML2-overexpressed SW480 treated with sorafenib or
DMSO. Data are presented as means ± SEM; ***p < 0.001, two-way ANOVA test.
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