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Squalene epoxidase drives cancer cell proliferation
and promotes gut dysbiosis to accelerate

colorectal carcinogenesis
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ABSTRACT

Objective Aberrant lipid metabolism is a hallmark of
colorectal cancer (CRC). Squalene epoxidase (SQLE),

a rate-limiting enzyme in cholesterol biosynthesis,

is upregulated in CRC. Here, we aim to determine
oncogenic function of SQLE and its interplay with gut
microbiota in promoting colorectal tumourigenesis.
Design Paired adjacent normal tissues and CRC from
two cohorts were analysed (n=202). Colon-specific Sqle
transgenic (Sqle tg) mice were generated by crossing
Rosa26-Isl-Sqle mice to Cdx2-Cre mice. Stools were
collected for metagenomic and metabolomic analyses.
Results SQLE messenger RNA and protein expression
was upregulated in CRC (p<0.01) and predict poor
survival of patients with CRC. SQLE promoted CRC

cell proliferation by inducing cell cycle progression and
suppressing apoptosis. In azoxymethane-induced CRC
model, Sqle tg mice showed increased tumourigenesis
compared with wild-type mice (p<0.01). Integrative
metagenomic and metabolomic analyses unveiled gut
dyshiosis in Sgle tg mice with enriched pathogenic
bacteria, which was correlated to increased secondary
bile acids. Consistent with detrimental effect of
secondary bile acids, gut barrier function was impaired
in Sgle tg mice, with reduced tight junction proteins
Jam-c and occludin. Transplantation of Sgle tg mice stool
to germ-free mice impaired gut barrier function and
stimulated cell proliferation compared with control mice
stool. Finally, we demonstrated that terbinafine, a SQLE
inhibitor, could be repurposed for CRC by synergising
with oxaliplatin and 5-fluorouracil to inhibit CRC growth.
Conclusion This study demonstrates that SQLE
mediates oncogenesis via cell intrinsic effects and
modulation of gut microbiota-metabolite axis. SQLE
represents a therapeutic target and prognostic marker in
CRC.

INTRODUCTION

Colorectal cancer (CRQC) is the third most common
cancer and ranks the second in terms of cancer
mortality worldwide. Both the incidence and
mortality of CRC are still increasing in young
people, especially in low-income and middle-
income countries. Patients with advanced CRC
with metastasis still suffer from poor prognosis and
drug resistance severely diminishes the therapeutic
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Significance of this study

What is already known on this subject?

= Aberrant lipid metabolism is a hallmark in
colorectal cancer (CRQ).

= Cholesterol metabolism is frequently
upregulated in CRC, but its function and
potential interaction with gut microbiome
remains unknown.

What are the new findings?

= Squalene epoxidase (SQLE) is overexpressed
in CRC and its high expression predicts poor
survival.

= Colon-specific Sqgle transgenic expression in
mice promotes colorectal tumourigenesis in
azoxymethane-induced CRC.

= Integrative metagenomic and metabolomic
analyses demonstrate that colon-specific
Sqle transgenic mice harbours a dysregulated
microbiome with enriched pathogenic bacteria,
which is correlated to increased secondary bile
acids production.

= Gut barrier function is disrupted in Sgle
transgenic mice with suppressed tight junction
proteins Jam-c and occludin.

= Faecal transplantation of Sqgle transgenic mice
stool into germ-free mice promotes colonic cell
proliferation and gut barrier disruption.

= SQLE inhibitor terbinafine synergises with
chemotherapy to inhibit CRC growth in vitro
and in vivo.

How might it impact on clinical practice in the

foreseeable future?

= Targeting of SQLE-gut microbiome axis is a
potential strategy for CRC prevention and
treatment.

efficacy of chemotherapy. Hence, it is important to
identify novel genes involved in the pathogenesis
of CRC in order to develop effective treatments,
either alone or in combination with chemotherapy.

Aberrant lipid metabolism is increasingly consid-
ered a hallmark characteristic of many cancers,
including CRC. Both obesity and serum lipids are
risk factors for CRC.'? Epidemiological studies also
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suggest a high dietary fat intake to increased risk of CRC.? Lipid
accumulation promotes CRC through increased reactive oxygen
species and MAPK signalling.* Fatty acids,’ ¢ cholesterol” ® and
bile acids’ have been implicated in CRC pathogenesis. Never-
theless, lipid metabolism-dependent molecular mechanisms
involved in CRC remains poorly understood.

Squalene epoxidase (SQLE) is a rate-limiting enzyme in choles-
terol biosynthesis. Recent work has shown that SQLE is overex-
pressed in CRC® ' '!; nevertheless, the potential role of SQLE
in CRC initiation and progression remains controversial. SQLE
was suggested to be oncogenic factor by promoting cell growth, '
whereas Jun et al® showed that reduction of SQLE could accel-
erate CRC metastasis. In this study, we demonstrated that SQLE
is upregulated in CRC compared with adjacent normal tissues in
multiple CRC cohorts and predicts poor patient survival.

To comprehensively decipher the role of SQLE in CRC, we
first established colon-specific SQLE transgenic (tg) mice and
SQLE knockout (KO) mice, we demonstrated the role of SQLE
as an oncogene in CRC in vivo. We revealed that colon-specific
SQLE overexpression promoted gut dysbiosis and metabolic
alterations, which contribute to impaired gut barrier and induced
colonic cell proliferation. Finally, we showed terbinafine, a Food
and Drug Administration (FDA)-approved inhibitor of SQLE,
synergised with S-fluorouracil (5-FU) or oxaliplatin to inhibit
the growth of CRC cells in vitro and in vivo. These findings
suggest SQLE as a targetable oncogenic factor in CRC.

MATERIALS AND METHODS

Human CRC samples

Patientsamples (Hong Kong cohort) with histologically confirmed
CRC were collected in Beijing University Cancer Hospital when
patients underwent surgery (n=144). Both tumour and adjacent
normal tissues were immediately snap-frozen in liquid nitrogen.
Patient characteristics are summarised in online supplemental
table S1. An additional tissue microarray (TMA) cohort consists
of 207 patients with CRC who underwent surgery in Prince
of Wales Hospital, Hong Kong. The patient characteristics are
summarised in online supplemental table S2. A publicly avail-
able cohort (GSE17538) was used for validation, containing
232 patients with CRC (online supplemental table S3). The
Cancer Genome Atlas (TCGA) cohort dataset was accessed from
UCSC Xena browser (https://xenabrowser.net/), with 50 paired
adjacent normal and tumour samples from RNA-sequencing.
GDS4382 consists of 17 paired adjacent normal and tumour
samples analysed by the Affymetrix Human Genome U133 Plus
2.0 Array (https://www.ncbi.nlm.nih.gov/sites/GDSbrowser?
acc=GDS4382).

Colon-specific Sqle transgenic mice model

Sqle tg mice (Rosa26-pCAG-loxp-stop-loxp-SQLE) were previ-
ously established by us.'? To drive the colon-specific expression
of SQLE, Sqle tg mice were crossed to Cdx2-Cre®™? mice. To
activate SQLE overexpression, tamoxifen (100 mg/kg, intraper-
itoneally) was first injected to Sqle tg mice aged 6 weeks for 4
times daily to activate Cre®®"% To induce colorectal carcinogen-
esis in Sqle tg mice, we employed the chemically induced CRC
model. Briefly, azoxymethane (AOM, 10 mg/kg, intraperitone-
ally) was administered into mice 6 times, once per week. Mice
were then sacrificed at week 24 after the first AOM injection.
The number and size of tumours were recorded. All tissues were
immediately stored in 109 formalin or —80°C freezer. Histology
was scored after H&E staining by a pathologist blinded to the
nature of samples.

Sqle knockout mice model

Whole body Sqle KO mice were generated by CRISPR/Cas9
technology. Heterozygous Sqle KO mice (Sqle™™ mice) were
employed for the AOM-Dextran sulfate sodium (DSS) model, as
homozygous KO mice were not viable. To induce CRC, Sqle*'~
and wild-type mice were injected once with AOM (10 mg/kg,
intraperitoneally) at 6 weeks of age. One week after AOM injec-
tion, three cycles of DSS treatment (2% in drinking water for
5 days) were given, with 2 weeks of break between each cycle.
Mice were sacrificed 80 days after the first AOM injection. The
number and size of tumours were measured. All tissues were
immediately stored in 10% formalin or —80°C freezer.

Xenograft models

SW1116 and LOVO cells expressing empty vector or SQLE
plasmid (1x107 cells in 0.1 mL phosphate-buffered saline (PBS))
were injected subcutaneously into the left dorsal flank of Balb/c
nude mice aged 4 weeks. Subcutaneous tumour size was measured
with a digital calliper. After 4 weeks, mice were sacrificed and
examined. For drug treatment study, HT29 cells (1x10” cells
in 0.1mL PBS) were injected subcutaneously to dorsal flank of
nude mice. The mice were randomised and received: (1) vehicle;
(2) terbinafine (80mg/kg, orally, daily); (3) 5-FU (30 mg/kg,
intraperitoneally, 2 times per week); (4) oxaliplatin (10 mg/kg,
intraperitoneally, once per week); (5) terbinafine+5-FU and (6)
terbinafine+oxaliplatin. Tumour size was monitored and mice
were sacrificed after 4 weeks.

In vivo intestinal permeability assay

To determine in vivo intestinal permeability, mice were starved
overnight and fluorescein isothiocyanate (FITC)-dextran (Sigma)
was administered by oral gavage (44mg/100g body weight).
After 4hours, mice were anaesthetised, blood was collected by
cardiac puncture and mice were sacrificed. The serum was sepa-
rated from whole blood, diluted and FITC fluorescence was then
determined by spectrophotofluorometry (BioTek), with an exci-
tation and emission of 485 nm and 528 nm, respectively. Serially
diluted FITC-dextran was used as standard.

Shot-gun metagenome sequencing

Stool was collected from Sqle tg mice and wild-type littermates,
and extracted using PowerFecal DNA isolation kit. Nextera XT
adapter was used to generate amplified library, and sequencing
was performed to obtain DNA (125bp) paired end reads to a
depth of 10G base pairs per sample using HiSeq Illuminex 2500.
The same annotation pipeline was used for all faecal metagenomes
in this study. For data analysis, host DNA removal and reads
quality filtering were performed by BWA and SAM tools.” '*
After that, high-quality reads were used to obtain species-level
taxonomic profiling by Kraken2 and Bracken.” '® The differ-
ential abundance of species-level bacteria was performed by R
package DESeq2."” Bacteria species with adjusted p<0.05and
log2(fold change) >1 were considered statistically significant.
Principal coordinate analysis was conducted using R packages
phyloseq and vegan.'®

Statistical analysis

All statistical tests were performed using SPSS (Version 19.0)
or GraphPad Software. Data are presented as mean=SD. Cell
viability assay and tumour growth rate evaluation was analysed
with repeated-measures analysis of variance. The effect of clin-
ical characteristics on SQLE messenger RNA (mRNA) expression
and comparison between two groups was analysed with paired
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two-tailed Student’s t-test. The effect of clinical characteristics
on SQLE protein expression was analysed with Pearson’s % test
or Fisher’s exact test. To evaluate the correlation between SQLE
and prognosis, overall survival (OS) was defined as the dura-
tion from the date of surgery to the date of death. Using the
Kaplan-Meier analysis, OS curve was formulated. Multivariate
analysis for OS was performed with Cox proportional hazard
regression analysis. To determine the significance SQLE on OS,
log-rank test was used. P values <0.05 were considered statisti-
cally significant.

Additional methods are provided in online supplemental
information.

RESULTS

SQLE is overexpressed in patients with CRC

We analysed mRNA expression of SQLE in three indepen-
dent CRC cohorts (in-house Hong Kong cohort, TCGA and
GDS4382). The clinical characteristics of Hong Kong cohort
are shown in online supplemental table S1. SQLE mRNA was
highly upregulated in primary CRC as compared with adjacent
normal tissues (n=141, p<0.0001), as determined by quantita-
tive PCR (qPCR) (figure 1A). SQLE mRNA expression demon-
strated significant correlation with advanced tumour, node,
metastases stage (p<0.05) and distant metastasis (p<0.05)
(online supplemental table S1). Its overexpression was vali-
dated in TCGA (n=50; p<0.0001) and GDS4382 cohorts
(n=17; p<0.001) (figure 1A). At protein level, immunohisto-
chemistry (IHC) validated overexpression of SQLE protein in
CRC tumours compared with adjacent normal tissues (p<0.01)
(figure 1B). Hence, SQLE overexpression is a frequent event in
CRC.

SQLE overexpression is associated with poor prognosis in
patients with CRC

Given its frequent overexpression in CRC, we then assessed the
clinical significance of SQLE in human CRC. In Hong Kong
cohort, Kaplan-Meier curve showed that high SQLE mRNA
levels were associated with poor survival in patients with CRC
(p<0.05) (figure 1C). Consistently, multivariate Cox propor-
tional hazards regression analysis revealed that high SQLE
mRNA expression was an independent prognostic factor asso-
ciated with poor disease-specific survival in patients with CRC
(p<0.05; HR 1.832; 95%CI 1.113 to 3.113) (figure 1C).
We validated the prognostic significance of SQLE mRNA in
GSE17538 cohort (n=232) (online supplemental table S3) using
Kaplan-Meier curve (p<0.05) and univariate Cox proportional
hazards regression analysis (p<0.03) (figure 1D).

To determine whether SQLE predicts patient prognosis at
protein level, we performed TMA analysis of 207 CRC cases
by IHC (figure 1E). Evaluation of clinical characteristics with
respect to SQLE protein levels revealed significant associations
with The American Joint Committee on Cancer stage (p<0.01),
lymph node metastasis (p<0.01) and distant metastasis
(p<0.001) (online supplemental table S2), implying that SQLE
may be involved in tumour progression. Indeed, high SQLE
protein expression was associated with poor survival in patients
with CRC by Kaplan-Meier curve (p<0.001) analysis (figure 1E)
and by multivariate Cox proportional hazards regression anal-
ysis (p<0.05; HR 1.951; 95%CI 1.225 to 2.391) (figure 1E).
Our data collectively indicate that SQLE mRNA and protein
expression are independent prognostic factors for predicting
poor survival of patients with CRC.

SQLE promotes CRC cell growth

To determine the oncogenic effect of SQLE in human CRC,
we overexpressed SQLE in CRC cells LOVO and SW1116
(figure 2A) with low endogenous SQLE levels (online supple-
mental figure S1). SQLE expression promoted cell growth, as
evidenced by both cell growth curve (p<0.01) (figure 2A) and
colony formation assay (p<0.01) (figure 2B). Conversely, we
performed SQLE knockdown in CRC cells HT29 and DLD1
(online supplemental figure S1), with high endogenous SQLE
expression (figure 2C). SQLE short hairpin (sh) RNA suppressed
cell viability (p<0.01) (figure 2C) and colony formation
(p<0.01) (figure 2D) compared with shControl cells. Next,
tumourigenic effect of SQLE were investigated in nude mice
model. LOVO and SW1116 cells stably expressing empty vector
or SQLE were injected subcutaneously into left and right dorsal
flanks of nude mice, respectively. As shown in figure 2E, SQLE
overexpression markedly increased tumour volume of LOVO
(p<0.01) and SW1116 (p<0.01) xenografts. SQLE depletion
also suppressed proliferation of primary CRC-derived organoids
(figure 2F). Together, SQLE promotes CRC cell growth in vitro
and in vivo.

SQLE suppresses apoptosis and promotes cell cycle
progression in CRC cell lines

We next determined the cytokinetic effect of SQLE in CRC
cell lines. Overexpression of SQLE in LOVO and SW1116
cells suppressed apoptosis, as determined by annexin V/7-
aminoactinomycin D assay (figure 3A). Inhibition of apoptosis
by SQLE was further evidenced by reduced protein expres-
sion of cleaved (active) forms of caspase-3, caspase-7 and poly
ADP-ribose polymerase (PARP) in SQLE-expressing SW1116
and LOVO cells (figure 3B). Conversely, SQLE knockdown
promoted the induction of apoptosis in HT29 and DLD1 cells
(figure 3C), together with increased cleaved caspase-3, caspase-7
and PARP (figure 3D). We analysed cell cycle distribution by flow
cytometry, and showed that SQLE overexpression LOVO and
SW1116 cells increased S phase population, with a concomitant
decrease in cells in G1 phase (figure 3E). Consistent with this
observation, SQLE overexpression increased the protein expres-
sion of proliferating cell nuclear antigen (PCNA), cyclin D1 and
CDK4, but suppressed expression of cell cycle inhibitors p21<P!,
p27 X! and p53 (figure 3F). In contrast, SQLE knockdown in
HT29 and DLD1 cells induced G1 cell cycle arrest (figure 3G),
implying that SQLE accelerated G1-S progression. SQLE knock-
down suppressed PCNA, cyclin D1 and CDK4, while promoting
the expression of cell cycle inhibitors (figure 3H). Collectively,
SQLE promotes CRC growth by inhibiting apoptosis and acti-
vating cell cycle progression.

Colon-specific transgenic SQLE expression in mice accelerates
colorectal tumourigenesis

To determine the relevance of SQLE in colorectal tumourigenesis
in vivo, we constructed colon-specific Sqle tg mice by crossing
Rosa26-Sqle tg mice to Cdx2-Cre™ ™ mice (figure 4A). Colon-
specific overexpression of Sqle was activated with tamoxifen
injection, which allows the activation of Cre the in colon epithe-
lium (figure 4B). To initiate colorectal tumourigenesis, we injected
wild-type and Sqle tg mice with 10 mg/kg AOM once a week for
a total of 6 weeks (figure 4B). At 180 days after the first AOM
injection, mice were sacrificed and the colon was analysed. As
shown in figure 4C, Sqle tg mice demonstrated increased tumour
incidence (10/10 vs 6/10), tumour number (p<0.01) and tumour
burden (p<0.01) as compared with wild-type mice, implying an
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Figure 1

Squalene epoxidase (SQLE) is upregulated in colorectal cancer (CRC) and its expression predicts poor survival. (A) SQLE messenger

RNA (mRNA) expression was determined in paired tumour and adjacent normal tissues from Hong Kong (HK) cohort (Beijing, n=144), The Cancer
Genome Atlas (TCGA) cohort (n=50) and the GDS4382 cohort (n=17). Paired two-tailed Student's t-test was used to calculate p value. (B) SQLE
protein expression was determined in paired tumour and adjacent normal tissues (n=10) by immunohistochemistry (IHC). Paired two-tailed Student’s
t-test was used to calculate p value. Scale bars, 50 ym. (C) Kaplan-Meier curve analysis revealed that patients with CRC with high SQLE mRNA has
significantly lower 5-year survival as compared with patients with low SQLE mRNA in HK cohort (left). Cox regression analysis (right). (D) SQLE mRNA
expression is associated with poor survival by Kaplan-Meier curve (left) and Cox regression analysis (right) in GSE17538 cohort. (E) Tissue microarray
(TMA) analysis demonstrated that patients with CRC with high SQLE protein expression have significantly lower 5-year survival, as evidenced

by Kaplan-Meier curve (left) and Cox regression analysis (right). Nuclear staining of 10% was used as the cut-off value. *P<0.05; **p<0.01;
***p<0.001. AJCC, The American Joint Committee on Cancer; TNM, tumour, node, metastases.
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Figure 2 Squalene epoxidase (SQLE) promotes colorectal cancer (CRC) cell proliferation. (A) SQLE overexpression in LOVO and SW1116 cells
promoted cell viability and (B) colony formation. (C) Knockdown of SQLE in HT29 and DLD1 cells significantly suppressed cell viability and (D) colony
formation. (E) SQLE promotes tumour growth in vivo. SW1116 and LOVO cells (5x10° cells/tumour) transfected with SQLE or control vector were
injected to nude mice aged 4 weeks. Tumour growth was significantly faster in SQLE overexpressing cells as compared with controls. (F) SQLE is
overexpressed in two primary CRC organoids, and knockout of SQLE suppressed their growth. The significance of the difference between growth
curves was determined by repeated-measures analysis of variance. Difference in colony formation was determined by two-tailed Student’s t-test.
*P<0.05; **p<0.01; ***p<0.001; ****p<0.0001. All experiments were conducted 3 times in triplicate.

oncogenic role of SQLE in CRC tumourigenesis. Histological
examination by H&E staining confirmed CRC formation in the
colon of Sqle tg mice, together with the increased proportion of
mice with colon dysplasia and high-grade dysplasia (figure 4D).
In concordance with these findings, the oncogenic function of
SQLE in CRC was evidenced by increased cell proliferation
evidenced by Ki-67 score (figure 4E) but decreased cell apoptosis
by terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) score (figure 4F) in Sqle tg mice as compared with
wild-type mice. To identify differentially expressed genes in Sqle
tg mice, we performed Cancer Pathway PCR analysis of colon
tissues from Sqle tg mice and their wild-type littermates. Cell
cycle progression markers including Mki67, Cend2 and E2f4
are top upregulated genes, whereas pro-apoptotic genes Casp9
and Casp2 were downregulated, confirming the role of Sqle in
promoting cell proliferation and suppressing apoptosis in CRC
tumourigenesis (figure 4G).

SQLE knockout in mice suppressed colorectal tumourigenesis
Next, the effect of SQLE on CRC development was determined
in CRISPR/Cas9-based whole body Sqle KO mice. We gener-
ated heterozygous Sqle mice (figure 4H), and performed the

AOM-DSS chemical carcinogenesis model (figure 4I). As shown
in figure 41, Sqle KO mice showed decreased tumour number
(p<0.05) in the colon as compared with wild-type littermates.
Collectively, our findings in Sqle tg mice and Sqle KO mice both
confirmed the oncogenic function of Sqle in colorectal tumouri-
genesis in vivo.

SQLE promotes de novo cholesterol biosynthesis

SQLE is the second rate-limiting enzyme for cholesterol
biosynthesis. We hence evaluated its effect on cholesterol
biosynthesis pathway. In LOVO and SW1116 cells, SQLE
overexpression increased the mRNA expression of choles-
terol biosynthesis genes (HMGCS1, HMGCR, MVK,
PMVK, MVD, IDI1, FDPS and FDFT1) (online supplemental
figure S2), whereas SQLE knockdown exerted an opposite
effect (online supplemental figure S3). Western blot anal-
ysis demonstrated that SQLE overexpressing cells or Sqle
tg mice have elevated HMGCR, FDFT1 and FDPS protein
levels, while SQLE knockdown or Sqle™ mice have down-
regulated protein levels of these genes (online supplemental
figures S2 and S3). These data suggest that SQLE promotes

Li C, et al. Gut 2022;71:2253-2265. doi:10.1136/gutjnl-2021-325851

2257


https://dx.doi.org/10.1136/gutjnl-2021-325851
https://dx.doi.org/10.1136/gutjnl-2021-325851
https://dx.doi.org/10.1136/gutjnl-2021-325851
https://dx.doi.org/10.1136/gutjnl-2021-325851
https://dx.doi.org/10.1136/gutjnl-2021-325851

Colon

Lovo

B SW116 LOVO

i Vector SQLE Vector SQLE
C-PARP "= — —
PARP  w - - —

LOVO >

Q4 Q4

ONANO® ®O

@2
0
100 89.6 6.17| 100 91.4 3.93 “g_
100101 102 10° 10¢ 105 10910" 102 10° 10° 105 § Vegt\(;\rl1?1Q|6_E C-caspase3 s = -
Vector SQLE T 15
10° 7o | 9 Caspase3 [ S————
104 1314 542 S~ 10
© ] *%k
- 108 . C-caspase’ M v
= 102 5
% a o ::; P o Caspase? s W s S
10 0 101 2 )3 )4 ri 2 )3 )5
T-»“’Aé‘ae;i%v“’ 107107 107101 107 107 10 10 Vector SQLE GAPDH s— i S —
HT29 »+
c shControl shSQLE 30 D HT29 DLD1
w2l TN 2 20 ShCtl shSQLE shCtl shSQLE
& , e . ” C-PARP e e —
£ # |- @ g0
:&j’; 104 Qa .»u @ 2 0 PARP ws —— - pra——
843 2.7 69 38 o
1020010' 102 103 104 10% 100‘10010‘ 102 103 104 10° % ShCOntrOI ShSQLE C 3
S -caspase ; J—
shControl ShSQLE  § p5- DLD1_ P _— —
- ::5 oz So| 170 8 20 Caspases we wa—"——
o * 104 15
a " i 10 C-caspase7 " wm— i m—
o .
: : X e —
10 10° !
1592 S 0 Caspase7
109101 102 10° 10 10 10010 102 10° 104 10° shControl shSQLE GAPDH e s s <
Annexin V
Vector SQLE o 801
¥ 2T~ SWITE o vectr F SW116 _ LOVO
G1:70% G1: 61% S o0 = sale Vector SQLE Vector SQLE
S: 7% 6 S:17% ©
G2/M: 23% G2/M: 22% §_ 10 PCNA s s —
[ a
§ 20 ol I.Il Cyclin D1 s o R—
2
N L\ ol L '—'.. : CDKY s S ans saii
50K 100K 150K 200K 250K 50K 100K 150K 200K 250K 80 G1 S G2/M
Vector SQLE o LOVO o vecor P21 Cip1 "l wum o
[ G1:60% o | G1:52% S * = saLE P27 Ki
o S: 14% S:25% T L bt b
£20! - 9R/9, 20 - 930, o «
S g0 | camaen GoM: 23% & P53 .
= a0l 10 T 20 rl
, © ., ['l GAPDH e @B &= &
50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K G1 S G2/M
G shControl ShSQLE oy *  DLD1 H HT29 DLD1
° 03 Vect shCtl shSQLE shCtl shSQLE
G1:46% | G1:57% S ol M - shesc;[E Q Q
S: 25% S: 14% 2 PCNA = SRS
G2/M: 29% | G2/M: 29% E_
3 H Cyclin D1 ™=
°
O . e
5ok 100K T80k 200K 250K ° 50K 100K 150K 200K 250K s G1 s GoM CDK4 W —
shControl shSQLE = »  HT20 Qe paq Cip B — el S
© | G1:53% = | G1:60% | §°1 _ °
2y S:32% S: 22% s w© P27 Kip P — — —
£8° | c2m: 15% = | G2M:18% 2] .
T g, H P53 — s
1 10 =
[0}
A , o, . Hl GAPDH
50K 100K 150K 200K ZSDKn RETOORTS0R—200K—250K Gl'l S‘ GZI/M - - - -

Figure 3  Squalene epoxidase (SQLE) suppresses cell apoptosis and promotes cell cycle progression in colorectal cancer (CRC) cells. (A) SQLE
overexpression suppressed apoptosis in LOVO and SW1116 cells, as determined by annexin V/7-aminoactinomycin D (7-AAD) staining and flow
cytometry analysis. (B) Western blot analysis indicated that SQLE overexpression suppressed the expression of cleaved PARP, caspase-3 and caspase-7.
(C) Knockdown of SQLE in HT29 and DLD1 cells induced apoptosis by the annexin V/7-AAD assay. (D) SQLE knockdown increased cleaved PARP,
caspase-3 and caspase-7 expression. (E) SQLE overexpression in LOVO and SW1116 cells led to a decrease of G /G, phase cell population concomitant
with an increase of S phase cell population, as assessed by propidium iodide (PI) staining and flow cytometry. (F) SQLE overexpression enhanced the
expression of PCNA, cyclin D1 and CDK4 that promotes G1 phase progression, while suppressing the expression of G1 gatekeepers p21*", p27<%!
and p53. (G) SQLE knockdown in HT29 and DLD1 cells led to accumulation of cells in G /G, phase with decreased S phase cell population. (H) SQLE
silencing inhibited PCNA, cyclin D1 and CDK4, while inducing p21P", p27%"" and p53 expression. The difference between two groups was determined
by two-tailed Student's t-test. *P<0.05; **p<0.01. All experiments were conducted 3 times in triplicate.
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Figure 4 Colon-specific squalene epoxidase (Sqle) transgenic (tg) expression promotes colorectal tumourigenesis in mice. (A) The construction of
colon-specific, conditional Sqle tg mice. Sqle transgene was introduced into the Rosa26 locus with Loxp sites flanking a STOP codon at 5'-end. These
mice were then crossed to Cdx2-Cre®" mice to obtain colon-specific Sqle tg mice. At 6 weeks of age, tamoxifen injection was given (100 mg/kg,
intraperitoneally) for 4 times (one dose/day). Western blot analysis confirmed SQLE overexpression in colon tissues. (B) SQLE promotes chemically
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sacrificed at week 24. (C) Colon-specific Sqle overexpression significantly increased the tumour number and burden in the colon (n=10 in each group).
(D) Histological examination performed by a pathologist blinded to the nature of the samples confirmed that SQLE promoted tumour development,

as the ratio of high grade of dysplasia in Sgle tg mice was 70%, while the corresponding ratio in WT mice was 20%. (E) Ki-67 staining showed that
colon tissues of Sqle tg mice had higher cell proliferation as compared with WT mice. (F) TUNEL staining revealed that Sqle tg mice colon had reduced
apoptosis as compared with WT mice. (G) Cancer Pathway PCR array analysis of colon tissues from Sqle tg and WT mice, which were first injected with
tamoxifen (100 mg/kg, intraperitoneally, 4 times) and then sacrificed after 3 months. (H) The construction of CRISPR/Cas9-induced whole body Sqle
knockout (KO) mice. Downregulation of SQLE in heterozygous Sqle KO mice colon was confirmed by western blot analysis. (I) Sqle KO mice and WT
littermates were subjected to AOM-DSS regimen to induce CRC. Sgle KO mice developed significantly less colon tumours as compared with WT mice
(n=5 in each group). The difference between two groups was determined by two-tailed Student's t-test.
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Colon

de novo cholesterol biosynthesis pathway, which contributes
to increased cell proliferation in CRC cells.

Sqle transgenic mice displayed gut dysbiosis

Besides CRC cell intrinsic effects of SQLE, we asked if SQLE
have an impact on the colonic microenvironment. Gut micro-
biota dysbiosis is an emerging aetiological factor in colorectal
tumourigenesis.'” We therefore asked if gut dysbiosis, at least
in part, mediates the oncogenic effect of Sqle in vivo. Shotgun
metagenome analysis was performed on stools collected from
Sqle tg and wild-type mice at 3 months of age. Beta-diversity anal-
ysis did not show separate clusters for Sqle tg mice versus wild-
type mice (figure 5A), while the alpha diversity index revealed a
decreased trend in Sqle tg (p=0.093) (figure SA). We determined
alterations in the bacterial composition of Sqle tg and wild-type
mice at the species level, and unravelled outlier bacterial species
with significant differential abundance among the two groups
(fold change >2; p<0.05) (figure 5B). Interestingly, we observed
significant enrichment of pathogenic bacterial species such as
Desulfovibrio fairfieldensis, Rhodococcus erythropolis, Brucella
abortus and Chlamydia muridarum were enriched in Sqle tg
mice, while protective bacteria were depleted, including Strep-
tomyces violaceusniger and Pseudomonas sp Leaf58 (figure 5C).
The changes in these key bacterial species were confirmed by
qPCR (figure 5D). These results suggest that Sqle overexpression
in vivo promotes gut dysbiosis.

Sqle transgenic mice showed altered gut metabolomics

Since some of the enriched pathogenic bacterial species are
known to possess various metabolic activities, we next performed
non-targeted metabolomic profiling on the same stool samples.
Principal component analysis showed that the metabolome of the
Sqle tg can be separated from that of wild-type mice (figure SE).
Focusing on differentially abundant metabolites (figure SE,G),
we found that secondary bile acids, such as lithocholic acid,
chenodeoxycholic acid, taurodeoxycholic acid and deoxycholic
acid were enriched in the stools from Sqle tg mice as compared
with wild-type mice (figure 5G). Increased levels of secondary
bile acids including lithocholic acid, isolithocholic acid, isoallo-
lithocholic acid and deoxycholic acid in the Sqle tg mice were
validated by targeted metabolomic analysis (figure SH).

As secondary bile acids are bio-transformed from primary
bile acids via the action of gut microbiome,? we investigated
the correlation between gut bacterial species and metabolites
showing differential abundances in Sqle tg mice (figure 6A). We
observed the significant correlations between secondary bile
acids and C. muridarum, implying its potential involvement in
contributing to increased secondary bile acids. Moreover, all
four pathogenic bacteria showed positive association with key
altered metabolites (figure 6A). Sqle transgene expression thus
modulates the gut microbiome and metabolites in CRC devel-
opment in mice.

SQLE transgenic overexpression impairs the intestinal barrier
function and promotes inflammation

Secondary bile acids are known lipotoxins, whose increased
levels is an important risk factor for CRC.*' They are toxic to
colonic epithelial cells and are known to disrupt the gut barrier
function.”? Gut microbial dysbiosis is also closely associated with
the disruption of the gut barrier.”> We therefore compared the
barrier function of Sqle tg mice and wild-type littermates by FITC-
dextran transepithelial permeability assay. After oral gavage of
FITC-dextran, higher serum FITC-dextran was detected in Sqle

tg mice as compared with wild-type mice (figure 6B). Electron
microscopy (EM) confirmed the disruption of tight junctions
in Sqle tg mice (figure 6C). Epithelial tight junctions are main-
tained by intercellular junctional protein complexes. We deter-
mined expression of key tight junction proteins by western blot
analysis, and revealed that Jam-c and occludin were downregu-
lated in the Sqle tg mice colon as compared with that of wild-
type mice (figure 6D). Moreover, Muc2, a key component of
inner mucus, was downregulated at mRNA level in Sqle tg mice
(figure 6E). A major consequence of a ‘leaky’ gut is the induction
of a pro-inflammatory response. In line with this notion, inflam-
matory pathway PCR array analysis of Sqle tg colon tissues
showed the significant upregulation of pro-inflammatory factors
such as Cxcl3, Crp and Cxcr2 (online supplemental figure S4).
These findings indicate the gut dysbiosis-metabolite axis might
contribute to gut barrier dysfunction in Sqle tg mice.

SQLE overexpression-induced gut microbiota dysbiosis
promotes gut barrier dysfunction and colonic epithelium
proliferation in germ-free mice

To address whether Sqle tg expression-induced gut dysbiosis has
a direct effect on colon cell proliferation, stools collected from
Sqle tg mice and wild-type mice from the AOM model was trans-
planted to germ-free (GF) mice. One month later, mice were
sacrificed. The oral gavage of different stools had no impact on
body weight. Prior to sacrifice, we performed FITC-dextran
transepithelial permeability assay, showing that FITC-dextran in
the serum of GF mice gavaged with stool of Sqle tg mice was
significantly higher than those gavaged with stool of wild-type
mice (figure 6F) and disruption of gut barrier was confirmed
by EM (figure 6G). Consistently, junction adhesion protein
Jam-c and occludin were downregulated in GF mice gavaged
with Sqle tg stool compared with wild-type stool (figure 6H).
Moreover, Ki-67 staining demonstrated that Sqle tg mice stool
significantly promoted proliferation of colonic epithelial cells of
GF mice compared with wild-type mice stool (figure 61). These
data underscore a functional role of SQLE-induced gut micro-
biota dysbiosis in impairing gut barrier function and promoting
colonic cell growth.

Pharmacological inhibition of Sqle improves therapeutic
efficacy of chemotherapy in CRC treatment

Given that SQLE possesses oncogenic function in CRC, we
next investigated if SQLE can be therapeutically targeted in
CRC cells. To test whether SQLE represents a viable therapeutic
target for CRC, we treated HT29 and DLD1 cells with terbi-
nafine, an FDA-approved fungal SQLE inhibitor. As shown in
figure 7A, terbinafine dose-dependently suppressed the growth
of HT29 and DLD1 cells in vitro. Apart from CRC cell lines,
terbinafine significantly impaired the growth of primary CRC
organoids (figure 7A). We next assessed the effect of terbinafine
in combination with oxaliplatin or 5-FU, the common chemo-
therapeutic drugs used for the treatment of patients with CRC.
We performed cell viability assay in the presence or absence of
terbinafine, which showed that terbinafine sensitised HT29 and
DLD1 cells to the growth inhibitory effects of both oxaliplatin
and 5-FU (figure 7B). Quantitative assessment using combina-
tion index (CI) demonstrated that combination of terbinafine
with oxaliplatin (CI: 0.39-0.63) or 5-FU (CI: 0.332-0.472) was
synergistic (<1) (figure 7C). In addition, apoptosis assay showed
that the combination of terbinafine with oxaliplatin and 5-FU
synergistically induced apoptosis in vitro (figure 7D). Terbinafine
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Figure 5 Colon-specific squalene epoxidase (Sqle) transgenic (tg) expression in mice dysregulate gut microbiota and metabolites. (A) Metagenomic
sequencing was performed on stool obtained from Sqle tg mice and wild-type (WT) littermates at 3 months after tamoxifen injection. Principal
component analysis (PCA) of bacteria composition between Sqle tg (n=8) and WT (n=9) mice (left). Alpha-diversity showed a decreasing trend in Sqle
tg mice (right). (B and C) Volcano plot and heat map analysis revealed 29 enriched bacteria, including pathogenic bacteria, Desulfovibrio fairfieldensis,
Rhodococcus erythropolis, Brucella abortus and Chlamydia muridarum, and 34 depleted bacteria such as Streptomyces violaceoruber, Pseudomonas
sp Leaf58 in Sqgle tg mice. (D) Quantitative PCR (qPCR) validation of key bacterial species altered in Sqle tg mice. (E) Global metabolomics profiling
was performed on stool samples from Sqle tg mice and WT littermates at 3 months of age. PCA analysis of metabolite profiles (n=9 for each

group). (F and G) Volcano plot and heat map analysis revealed nine enriched metabolites such as deoxycholic acid (DCA), lithocholic acid (LCA),
taurodeoxycholic acid (TDCA) and chenodeoxycholic acid (CDCA); plus 64 depleted metabolites in Sgle tg mice as compared with WT littermates. (H)
Targeted metabolomic analysis of secondary bile acids by liquid chromatography-mass spectrometry. *P<0.05; **p<0.01.

Li C, et al. Gut 2022;71:2253-2265. doi:10.1136/gutjnl-2021-325851

2261



thocholic acid
ic acid

etinyl paimitate
2 doisoyi-smglycero-3-phosphadyichoine
3-Incole ic acid

Bacteria_Group
B SQLE_Enriched

W SQLE_Depleted
| spe1arman's rho
05
iydroxyz 0
e -05
1:‘5;5’_%’?_; Metabolite_Group
D At SQLE_Enriched
Syl .SQLE:D:;::etEd
(S)-Citramalic acid
Oxazepam N 5
- s
(. -
E i = xymethyl]methyl-2-aminoethanesulfonic acid
] g
= =
£ -
-
= =
™ = L
f’-
-
I o 1 . 3o
XYIvYSTYYTTRTYTeYS B2 S AT, '
%%%ég%g@%%%@zﬁ%%g
A .g%‘,qg{,;% %-@{"g 7 ShPa i i(,@“b(}?}}&’%’(f SN O
M e O (R TR
SRR
N WT  Sqletg c Muc2
3 P<0.05 D E .9,  p<0.05
SE ™ . e - — g
£E3 SQLE e e 2
é ‘6 600. a
8% . Jam-c ———
o E X 5 3 2% <
E D w Occludin Z
=1 g Xy
WT Sgle tg GAPDH # B WT sqletg
F Germ-free mice
—oemdreemice G\ EmT H WT-FMT Sgle tg-FMT
P<0.05 b S

I
3

Jam-C s - -

Occludin
-4

—

FITC-Dextran
(nug/ml serum)
H

WT- Sqle tg-
FMT FMT
| Germ-free mice P<0.05

Ki67+ cells/crypt

WT- Sqle tg-
FMT FMT

Figure 6 Gut microbiota-metabolite axis contributes to gut barrier dysfunction in squalene epoxidase (Sqle) transgenic (tg) mice and in germ-free
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correlated with altered metabolites, including secondary bile acids. (B) Fluorescein isothiocyanate (FITC)-dextran intestinal permeability test was
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tg mice. (C) Electron microscopy confirmed impaired intestinal tight junction in Sqle tg mice. (D) Western blot analysis showed that tight junction
proteins Jam-c and occludin were downregulated in Sqle tg mice. (E) Muc2 messenger RNA (mRNA) was downregulated in Sqle tg mice. (F) Stool
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mice transplanted with Sqgle tg mice stool showed increased Ki-67 staining in the colon epithelium as compared with those gavaged with WT mice
stool. Two-tailed Student’s t-test was used for the difference determination between two groups.

2262 Li C et al. Gut 2022;71:2253-2265. doi:10.1136/gutjnl-2021-325851



Colon

Terbinafine
A 150 HT29 150 DLD1 Vehicle (60uM) 10 R
ofp ¥ E T g{ *
= N 3 & .
s E100 100 0 & % E 67
c© o 134 =
> 2 50 o e
= 50 e 01— =
QR @ ekoke
o< © £ 4y
0 0o+ 3! 8 3
-0.4 1.6 05 05 15 25 ¢ g 21 -
Log Terbinafine (M) a R =
9 H (@] i ol _'_?_
B A\(}Q’ ’5\\(‘
- HT29 @  DLD1 . SEOC
€T * Oxa = Oxa+Ter c <
% Gwo- 4 Oxa+Ter 1001 o
5 N Drug HT29 DLD1
2 % g TR (ICsp, M) (IC5o, pM)
o< : Oxaliplatin 8.98 6.34
-1 0 1 2 3 -1 0 1 2 3 « .
Log Oxaliplatin (uM) Log Oxaliplatin (uM) Terbinafine 11.55 13.23
vs5ru Oxa + Ter (0.51C5)  3.18 1.65
ST :g-:au+Ter "Oxa+Ter . .
% Gl - 100 Combination Index ~ 0.630 0.390
5¢ ___\_\ Y 5-Fu 1023 10.05
3= 5-Fu + Ter (0.5IC5) 2.54 1.91
R A S BN SRR Combination index ~ 0.472 0.332
Log 5-Fu (uM) Log 5-Fu (uM) ) )
D HT29
Terbinafine 5-Fu Oxaliplatin - 5-Fu (1xICg;) Oxa (1xICsp) ax
Control (1xICsp) (1xICsp) (1xICgy)  +Ter (1XICg,) +Ter (1xICg) 50 =
107 Q2 Q2 Q2 Q2 40+
. 2.49 6.46 8.79 15.4 30
108 - 20_
o) X 104
i, 10t Q3 Q3 Q3 Q3 °
" 0ig8.2 2.48(176.1 3.1 16.6|372.9 12.4358 12.3 27| ® 0-
t’ 0 10+ 10° 105 107 © 10% 105 105 107 0 10% 10° 10° 107 0 10% 10° 10° 107 0 10% 10° 10° 107 O 10% 10° 10° 107 & ax
Annexin V B . A
DLD1 2 40- "
Terbinafine 5-Fu Oxaliplatin  5-Fu (1xICs) Oxa (1xICsy) &
Control (1XICs) (1XICs) (1XICsp)  +Ter (1XICqp) +Ter (1XIC5,) < 307
Q1 Q2 20
594 | 6.51
; 104
o 3
: . ORI
4.99 101 17 0.5 {662 12,9 & 63,‘;\\\1" >
L 0 104 105 10° 107 O 10¢ 105 10° 107 O 10° 105 106 107 © 10+ 105 105 107 O 104 10° 10° 107 O 10° 105 10 107 &Q}o O‘\'(,Jf( o
Annexin V
E HT29 250
— .
Control “ ‘ - é 2001 -o- Control
£ - L
Terbinafine 2 1501 Terbinafine
5 =+ 5-Fu
5-Fu g 1001 =¥ Oxaliplatin
Oxaliplatin | E 50 w & 5-Fu+Ter
5-Fu+Ter 2 01 —- Oxa + Ter
0 1 2 3 4
Oxa + Ter Weeks

Figure 7 Squalene epoxidase (SQLE) is a therapeutic target in colorectal cancer (CRC). (A) Terbinafine, a Food and Drug Administration-approved
drug targeting SQLE, dose-dependently suppressed cell viability of HT29 and DLD1 cells, and primary CRC organoids. (B) Terbinafine co-treatment
sensitised HT29 and DLD1 cells to the growth inhibitory effect of 5-fluorouracil (5-FU) or oxaliplatin. (C) Combination index (Cl) indicated that
terbinafine+5-FU or oxaliplatin exerted synergistic effects for the treatment of CRC cells, with CI <1. (D) Apoptosis assay showed that terbinafine+5-
FU or oxaliplatin (48 hours) synergistically induced apoptosis in CRC cells. (E) Nude mice were injected subcutaneously with HT29 cells, randomised
and then treated with (1) vehicle, (2) terbinafine (80 mg/kg, oral daily), (3) 5-FU (30 mg/mg, intraperitoneally, once per week), (4) oxaliplatin (10 mg/
kg, intraperitoneally, twice per week), (5) terbinafine+5-FU and (6) terbinafine+oxaliplatin. Terbinafine treatment alone suppressed tumour growth
significantly by ~50%. On the other hand, terbinafine combined with 5-FU or oxaliplatin showed synergistic effects in suppressing tumour size in
nude mice as compared with 5-FU or oxaliplatin single treatments. The significance of the difference between tumour growth rate was determined by
repeated-measures analysis of variance. **p<0.01; ***p<0.001; ****p<0.0001. All in vitro experiments were conducted 3 times in triplicate.
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also potentiated 5-FU-induced cell cycle arrest (online supple-
mental figure S5).

To confirm the synergistic effect of terbinafine plus 5-FU or
oxaliplatin in suppressing CRC growth, we performed subcuta-
neous xenograft model in nude mice. HT29 cells (1x10°) were
implanted into the dorsal flanks of nude mice, and divided into
six groups: (1) vehicle; (2) terbinafine; (3) 5-FU; (4) oxaliplatin;
(5) terbinafine+5-FU and (6) terbinafine +oxaliplatin. As shown
in figure 7E, single drug treatments inhibited tumour growth by
approximately 50% (p<0.01). Importantly, either the combina-
tion of terbinafine+5-FU or terbinafine+oxaliplatin triggered
complete growth arrest (p<0.001) as compared with vehicle
and was significantly more effective than single drug treatments
(p<0.01). Our data indicate that SQLE is an actionable target in
CRC and that SQLE inhibition could improve the therapeutic
efficacy of chemotherapy in CRC.

DISCUSSION

In this study, we established SQLE as an oncogenic factor in CRC
using cell lines, colon-specific Sqgle tg mice and Sqle KO mice
models. We revealed that SQLE mediates tumourigenesis via
both cell intrinsic effects and the modulation of gut microbiota-
metabolite axis, which respectively drives tumour cell prolifera-
tion and intestinal barrier dysfunction. We further demonstrated
that SQLE inhibitor, terbinafine, could be re-purposed for the
treatment of CRC by exerting synergistic effects in combina-
tion with chemotherapy. Corroborating our preclinical findings,
SQLE is overexpressed in CRC and its expression predicts poor
patient survival, implying SQLE as a therapeutic target and prog-
nosification factor in CRC.

Our work clearly demonstrated that SQLE functions as a
tumour cell-intrinsic oncogenic factor in CRC. Ectopic expres-
sion of SQLE in CRC cells promoted cell proliferation by accel-
erating cell cycle progression and suppressed cell apoptosis,
whereas KO of SQLE exerted opposite effects. To validate the
effect of SQLE in vivo, we established colon-specific Sqle tg
mice and Sqle*’~ mice to comprehensively evaluate the effect of
Sqle gain-of-function and loss-of-function in colorectal carcino-
genesis. Consistent with our notion that SQLE is an oncogene,
colon-specific Sqle overexpression exacerbated AOM-induced
CRC, both in terms of tumour incidence and disease severity,
and tumours from Sqle tg mice exhibited significantly higher cell
proliferation indices. In contrast, Sqle KO impaired AOM-DSS-
induced CRC. The pro-tumourigenic effect of SQLE could be
partly attributed to induction of cholesterol biosynthesis, which
is critical for supporting increased cell proliferation. All these
findings collectively show that SQLE functions as an oncogene
in CRC tumourigenesis.

Accumulating evidence suggests that colorectal tumouri-
genesis involved a complex interaction of tumour cells and
its microenvironment.”* In particular, the gut microbiota is
increasingly recognised as causative agents for CRC. Previously,
we have shown that GF mice orally gavaged with stools from
patients with CRC had significantly induced colonic cell prolif-
eration and tumourigenesis.’” However, it is unclear if the inter-
play between genetic alterations and gut dysbiosis plays a role
in colorectal tumourigenesis. Here, we demonstrated that Sqle
transgene expression in mice induces gut dysbiosis, character-
ised by the enrichment of several pathogenic bacteria including
D. fairfieldensis, R. erythropolis, B. abortus and C. muridarum,
that are associated with various pathologies”’; while poten-
tial protective bacteria with anti-inflammatory and antitumour
properties, S. violaceusniger and Pseudomonas sp Leaf358, were

depleted.®° Transplantation of Sqle tg stool to GF mice signifi-
cantly promoted the proliferation of the colonic epithelial cells
as compared with wild-type mice, implying that Sqle-induced
gut dysbiosis plays a casual role in CRC. These data imply that
Sqle impacts the gut microbiome beyond its direct effect on
tumour cell proliferation and survival.

Studies have shown that metabolites and microbiota can affect
each other reciprocally in gut.*! Metabolomic profiling marked
the induction of secondary bile acids in the stool of Sqle tg mice.
Since secondary bile acids are products of microbial metabolism,
we integratively analysed metagenome and metabolome data-
sets. Indeed, we identified that secondary bile acids positively
correlated with C. muridarum, an outlier pathogenic bacteria in
Sqle tg mice. Secondary bile acids are important lipotoxins that
are known to induce DNA damage in colonic epithelium®* and
promote colon cancer formation in mice.>* Consistent with this,
we found that gut barrier function was impaired in Sqle tg mice,
as shown by increased intestinal permeability, EM analysis and
downregulation of tight junction proteins. Accompanying the
compromised gut barrier integrity is an inflammatory response
in Sqle tg mice, which further exacerbated colorectal tumouri-
genesis. These results indicate the gut dysbiosis-metabolite-gut
barrier axis might contribute, at least in part, to the tumour
promoting effect of SQLE in vivo.

Given the important role of SQLE in CRC development,
we next evaluated its potential as a therapeutic target. We thus
tested terbinafine, an FDA-approved drug for antifungal infec-
tion, as a novel treatment for CRC. In line with the oncogenic
function of SQLE, its blockade by terbinafine exerted growth
inhibitory effects on CRC cells. In particular, terbinafine in
combination with 5-FU or oxaliplatin, chemotherapy commonly
used in CRC, synergistically suppressed CRC growth in vitro
and in vivo. Our results suggest that the re-purposing of terbina-
fine might be a strategy for the treatment of CRC in combination
with chemotherapy.

Corroborating our experimental results, analysis of indepen-
dent human CRC cohorts revealed that SQLE is overexpressed
in CRC and its expression predicts poor survival in patients with
CRC. In agreement with our data, Kim et al and He et al both
reported that SQLE protein expression predicts poor survival
of patients with CRC.'® "' On the contrary, Jun et al demon-
strated that high SQLE predicts favourable outcomes specifi-
cally in patients with stage IV CRC, and that depletion of SQLE
promotes metastasis phenotypes in CRC cells. SQLE may thus
have disparate effects on CRC growth and metastasis. Studies on
the role of SQLE in CRC metastasis using Sqle transgenic or KO
mice are warranted in the future.

In conclusion, our work establishes an oncogenic role of SQLE
in CRC. SQLE promotes CRC cell proliferation and survival,
and exerts an influence on the tumour microenvironment by
causing gut microbiota and gut barrier dysfunction. Targeting
of SQLE by terbinafine significantly improved the efficacy of
conventional chemotherapy, indicating its potential clinical
application in CRC treatment in the future.
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