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Abstract

Colon adenocarcinoma (COAD) is one of the most prevalent malignancies, with poor
prognosis and lack of effective treatment targets. Squalene synthase (FDFT1) is an
upstream enzyme of squalene epoxidase (SQLE) in cholesterol biosynthesis. In a pre-
vious study, we revealed that SQLE promotes colon cancer cell proliferation in vitro
and in vivo. Here, we investigate the prognostic value of FDFT1 in stage I-Ill COAD
and explore the potential underlying mechanisms. Squalene synthase was significantly
upregulated in stage I-1ll COAD and positively correlated with poor differentiation
and advanced tumor stage. High expression of FDFT1 was an independent predictor
of overall and relapse-free survival, and the nomograms based on FDFT1 could effec-
tively identify patients at high risk of poor outcome. Squalene synthase accelerated
colon cancer cell proliferation and promoted tumor growth. Lack of FDFT1 resulted
in accumulating NAT8 and D-pantethine to lower reactive oxygen species levels and
inhibit colon cancer cell proliferation. Moreover, the combined inhibition of FDFT1
and SQLE induced a greater suppressive effect on cell proliferation and tumor growth
than single inhibition. Taken together, these results indicate that FDFT1 predicts poor
prognosis in stage I-1ll COAD and has the tumor-promoting effect on COAD through
regulating NAT8 and D-pantethine. Targeting both FDFT1 and SQLE is a more promis-
ing therapy than their single inhibition for stage I-IIl COAD.

Abbreviations: APC, adenomatous polyposis coli; CEA, carcinoembryonic antigen; Cl, confidence interval; COAD, colon adenocarcinoma; FDFT1, farnesyl-diphosphate
farnesyltransferase 1 (squalene synthase); HR, hazard ratio; IHC, immunohistochemical; KD, knockdown; NAT8, N-acetyltransferase 8; OS, overall survival; RFS, relapse-free survival;
ROS, reactive oxygen species; SQLE, squalene epoxidase; SREBP, sterol regulatory element-binding protein; TMA, tissue microarray.
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1 | INTRODUCTION

Colon adenocarcinoma is one of the most common cancers, with
high morbidity and mortality rates worldwide. '3 Surgery is the
mainstay of treatment for patients with stage I-1ll COAD; however,
25%-40% of the patients will develop recurrence or metastasis even
after curative resection.*® To date, TNM classification represents
the main prognostic tool for COAD patients undergoing radical sur-
gery; however, its predictive accuracy is unsatisfaﬁtory.6

Dysregulation of translation, notably its progressive upregulation,
is a key driver in the pathogenesis of COAD, and is closely associated
with cancer metabolism, malignant progression, and therapeutic in-
terventions.”® Although quite a few gene expression signatures have
been proposed for prognostic evaluation of COAD patients, such as
the consensus molecular subtypes, they are difficult to integrate with
the current staging system.9 Thus, enhancing efficiency of prognos-
tic prediction and exploring novel therapeutic targets are urgently
needed to improve the prognosis of localized COAD.

Targeting cholesterol biosynthesis has become a potential treat-
ment for COAD. It has been reported that truncated APC selective
inhibitor-1, TASIN-1, kills COAD cells with APC truncations rather
than normal cells or cancer cells with WT APC. TASIN-1 inhibits cho-
lesterol biosynthesis through targeting emopamil-binding protein
and inactivating SREBP2 feedback.’® Downregulation of SREBPs
also alleviates colonic dysplasia and impedes initiation of COAD and
tumor growth.*'? In addition, the cholesterol-lowering statins exert
antineoplastic effects and augment the chemosensitivity of COAD
through targeting 3-hydroxy-3-methylglutaryl-coenzyme A reduc-
tase (HMGCR).***

In the cholesterol biosynthesis pathway, FDFT1 (squalene syn-
thase) plays a key regulatory role in directing the metabolite farnesyl
pyrophosphate to produce sterol or nonsterol.'>*” Squalene syn-
thase is upregulated in many cancers, and could act as a potential
biomarker and a new therapeutic target of correlative cancers.’®
Squalene synthase increases cholesterol content of lipid rafts, and
attenuates proliferation and induces death of prostate cancer cells.'’
Moreover, in lung cancers, FDFT1 promotes metastasis through en-
hancing tumor necrosis factor-a receptor 1 at lipid rafts or stimulat-
ing the osteopontin/ERK pathway.?%%

In the present study, we systematically investigated the protein
expression and prognostic significance of FDFT1 in stage |-1Il COAD.
Then we investigated the function and mechanism of FDFT1 in pro-
moting colon cancer cell proliferation, as well as investigating the
possibility that dual inhibition of FDFT1 and SQLE has potential for
COAD treatment.

colon adenocarcinoma, prognostic marker, squalene epoxidase, squalene synthase, tumor

2 | MATERIALS AND METHODS

2.1 | Reagents

D-pantethine (abs816989) was purchased from absin. Lapaquistat
(HY-14925) and terbinafine (HY-17395A) were purchased from
MCE. N-acetyl-L-cysteine (50077) was purchased from Beyotime.

2.2 | Patients and samples

From January 2014 to July 2018, 233 tumor samples were obtained
from 233 COAD patients who underwent radical surgery at Yangpu
Hospital affiliated to Tongji University School of Medicine; 217 of
the tumor samples were paired with adjacent normal tissues. One
hundred twenty-four (53.2%) patients were men and 109 (46.8%)
were women, with a mean age of 71 + 10.6 years. Relevant clinico-
pathologic variables were abstracted from patients’ medical records,
including date of diagnosis, operative method, tumor location, dif-
ferentiation grade, tumor stage, and preoperative serum CEA level.
According to the TNM classification, 41 cases (17.6%) were stage
I, 94 (40.3%) stage I, and 98 (42.1%) stage IIl. The follow-up infor-
mation was obtained by clinic visit or telephone interview between
May and July 2021. The study protocol was approved by the ethics
committee of our institution (LL-2021-SCI-004) and informed con-

sent was obtained from all patients.

2.3 | Tissue microarray and IHC analyses

A total of 450 samples were fixed by formalin, embedded in par-
affin, and used for TMA construction. Tissue slides with paraf-
fin sections were deparaffinized by xylene and ethanol and used
for IHC analyses. Endogenous peroxidase activity was blocked
with 3% H,0, for 15 minutes at room temperature. For antigen
retrieval, slides were heated in citrate buffer for 20 minutes.
Nonspecific binding was blocked with 10% FBS in PBS for 15 min-
utes at 37°C. The slides were incubated with FDFT1 (1:200 dilu-
tion; Cat# 13128-1-AP; Proteintech), Ki-67 (1:5000 dilution; Cat#
ab15580; Abcam) at 4°C overnight. The slides were incubated
with biotin-conjugated secondary Ab using a general SP kit (Cat#
SP-9000; ZSGB-BIO) and stained with the DAB substrate (Cat#
SP-9000; ZSGB-BIO). The immunoreactivity of tested samples
was scored for multiplying staining intensity (0-3) and positive cell

proportion (1-4).
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2.4 | Plasmids and stable cell line construction

Squalene synthase was cloned into pCDH-PURO vec-
tor (Cat# 46970; Addgene). The FDFT1 and SQLE shR-
constructed into pLKO.1-PURO vector (Cat#
8453; Addgene) with the following shRNA target se-
quences: FDFT1, 5-ACTTGCTACAAGTATCTCAAT-3'; SQLE,
5'-GGTGTTGTGTTACAGTTAT-3'; and Scramble, 5'-CCTAAGGTT
AAGTCGCCCTCG-3".

HEK293T cells were cotransfected with viral vectors (pCDH
and PLKO.1) and packaging plasmids (psPAX2/pMD2.G; Cat#
12259/12260; Addgene) by using Lipofectamine 3000 (Cat#
L3000015; Invitrogen). Forty-eight hours after transfection, cell
medium was filtered through a 0.45-pmol L filter (Cat# PN4614;
PALL). Cells were infected with virus for 48 hours, then selected
with puromycin (Cat# A1113803; Gibco) to construct stable cell

lines.

NAs were

2.5 | RNA interference

Human FDFT1 siRNAs were obtained from Generay. The siRNA oli-
gonucleotides were transfected by Lipofectamine RNAIMAX (Cat#
13778150; Invitrogen) following the manufacturer’s instructions.
The siRNA target sequences used in this research are siFDFT1-
1, 5- GGCGGUUCAUGGAGAGCAAUU -3' and siFDFT1-2, 5-
CAGGUAUGUUAAGAAGUUAUU -3'.

2.6 | Cellculture

The human embryonic kidney cell line 293T and CRC cell lines DLD1,
HCT116, LS174T, RKO, SW480, and SW620 were cultured in DMEM
(Cat#t 11995065; Invitrogen) supplemented with 10% FBS (Cat#
10091148; Gibco) and 1% penicillin/streptomycin (Cat# 15140122;
Gibco). HT29, HCT15, LoVo, and Caco? cells were cultured in RPMI-
1640 medium (Cat# 11875093; Gibco) supplemented with 10%
FBS and 1% penicillin/streptomycin. NCM460 cells were cultured in
RPMI-1640 medium supplemented with 10% FBS, 20 ng/mL human
epidermal growth factor (Cat# E4269; Sigma), and 1% penicillin/strep-
tomycin. These cells were all incubated at 37°C with 5% CO,,. All cells
were obtained from Shanghai Life Academy of Sciences cell library.

2.7 | RNA extraction and quantitative PCR analysis
Total RNA was extracted by using TRIzol reagent (Cat# 15596026;
Invitrogen). Reverse transcription was carried out using RT
master mix (Cat# RRO36B; Takara) and real-time PCR was car-
ried out by SYBR Green (Cat# RR091A; Takara) according to

AACt method was used

the manufacturer’s instructions. The 2~
for data analysis. The primers for real-time PCR are as fol-

lows: FDFT1, 5-TGTGACCTCTGAACAGGAGTGG-3' and 5-G

CCCATAGAGTTGGCACGTTCT-3";  and
GGCAATGAGCGGTTC-3'
GT-3'.

p-actin, 5-CACCATT
and 5-AGGTCTTTGCGGATGTCCAC

2.8 | Western blot analysis

Cells were washed with PBS and RIPA buffer (Cat# P0O013B;
Beyotime), PMSF (ST506; Beyotime), and phosphatase inhibitor
cocktail (Cat#P1050; Beyotime) were added. Total proteins were
separated by SDS-PAGE and then transferred onto PVDF mem-
branes (Cat# IPVH00010; Millipore). Membranes were incubated
with primary Abs against FDFT1 (1:1000 dilution; Cat# 13128-1-AP;
Proteintech), NAT8 (1:500 dilution; Cat# A7759; Abclonal), SQLE
(1:1000 dilution; Cat# 12544-1-AP; Proteintech), Tubulin (1:5000
dilution; Cat# E7; DSHB), and p-actin (1:5000 dilution; Cat# AC026;
Abclonal) after being blocked at 4°C. Proteins were visualized using an
ECL system following incubation with the secondary Abs against Goat
anti-Rabbit 1gG (H + L) Cross-Adsorbed Secondary Antibody, HRP
(Cat# G21234; Invitrogen), and Goat anti-Mouse IgG (H + L) Cross-
Adsorbed Secondary Antibody, HRP (Cat# G21040; Invitrogen).

2.9 | Cell proliferation assay

Cells (1 x 10°-5 x 10° cells/well) were seeded into 96-well plates,
and cell proliferation was measured by counting cell numbers or
using an Enhanced CCK-8 (Cat# C0043; Beyotime) for 3 days. Three
independent experiments were carried out.

2.10 | EdU staining

Cells were seeded in 96-well plates for 48 or 72 hours, and cell
proliferation was detected by a BeyoClick EdU-555 kit (CO075;
Beyotime). Images of cells were captured by fluorescence

microscopy.

2.11 | Cellcycle detection

Cells (5 x 10° cells) were washed with PBS and fixed with 70% cold
ethanol overnight at 4°C. Then cells were stained with propidium
iodide (Cat# C1052; Beyotime) and examined by flow cytometry
(BD Accuri Cé; Biosciences) at 488 nm. The data were analyzed by
FlowJo software (BD Biosciences).

2.12 | Cell apoptosis assay

Cells (5 x 10° cells) were washed with PBS and stained with annexin
V-FITC/propidium iodide (Cat# C1062L; Beyotime). Data were ana-
lyzed by BD Accuri Cé software (BD Biosciences).
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2.13 | Colony formation assay
Cells (200 cells/well) were seeded in 6-well plates in triplicate and
cultured for 10 days. Cell colonies were fixed with 4% paraformal-
dehyde for 10-15 minutes followed by staining with Crystal Violet
Staining Solution (Cat# C0121; Beyotime).

2.14 | Detection of ROS level

Cells were washed with serum-free DMEM and stained with
DCFH-DA (Cat# S0033; Beyotime) at 37°C for 30 minutes. The
fluorescence was examined by Cytoflex flow cytometry (Beckman
Coulter) or BD Accuri C6 at 488 nm. Data were analyzed by

CytExpert software (Beckman Coulter) or FlowJo software.

2.15 | Cholesterol measurement

Cholesterol was extracted from cells by methanol and chloroform
(vol/vol, 1:2) and measured by an Amplex Red cholesterol assay
kit (Cat# A12216; Invitrogen) according to the manufacturer’s
instructions.

216 | Xenograft tumor formation

Six-week-old male nude mice (BALB/cA-nu/nu) were obtained from
Shanghai Experimental Animal Center. These mice were maintained
in a pathogen-free environment. Stable cell lines (1 x 10%-5 x 10°
cells in 0.1 mL PBS) were subcutaneously injected into the left flank
of nude mice. Tumor size was measured by digital caliper every
3-5 days after 1 week. Tumor volume (V) was calculated accord-
ing to the formula: V (mm®) = 0.5 x length x width?. The mice were
killed by cervical dislocation before the volume of tumors reached
1000 mm?®. The tumors were then harvested and weighed. All ani-
mals were used in accordance with the guidelines of the Institutional
Animal Care and Use Committee of the Institute of Biochemistry

and Cell Biology.

2.17 | Statistical analysis

Statistical analyses of experiments and clinical samples were un-
dertaken using GraphPad Prism (GraphPad), SPSS version 22.0

(IMB-SPSS), and EmpowerStats software (X&Y Solutions). Data
are expressed as mean + SEM or mean + SD. Paired or unpaired
Student’s t tests were applied for comparison of two groups.
Multiple group comparisons were analyzed by multiple t tests, one
per row. Categorical variables were described as frequencies and
percentages and compared using Xz tests.

The clinical end-points of this study included OS and RFS, which
were defined as the interval from diagnosis to death and recurrence,
respectively. The Kaplan-Meier survival curves and log-rank test
were used for the univariate analysis. Hazard ratios and their 95%
Cls were calculated by Cox proportional hazard model with step-
wise selection to determine the independent prognostic factors.
The nomograms for OS and RFS were then constructed based on
the multivariate analysis, and the predictive accuracy was quanti-
fied with the AUC. Bootstraps with 1000 resamples were applied
to these activities. A P value of less than .05 was considered statis-
tically significant.

3 | RESULTS

3.1 | Squalene synthase upregulated in stage I-1ll
COAD tissues and colon cancer cell lines

To investigate the expression of FDFT1 in COAD, we collected
clinical samples, including 233 COAD tissues and 217 adjacent
normal tissues, for TMA analysis. The IHC analysis showed that
the expression of FDFT1 was significantly upregulated in COAD
tissues compared to paired adjacent normal tissues (Figure 1A).
Two hundred and thirty-three COAD patients were divided into
high expression (24, 125 cases) and low expression groups (<4,
108 cases) based on the IHC score of FDFT1. As shown in Table 1
and Figure 1B-D, FDFT1"&" cases were more likely to be poorly
differentiated or mucinous (P = .030), and progressively increased
with advancing tumor stage (10.4%, 42.4%, and 47.2% in stage |, Il,
and lll, respectively; P = .007 for trend) and rising levels of serum
CEA (40.8%, 28.8%, and 30.4% across CEA <5, 5-15, and 215 ng/
mL, respectively; P < .001 for trend). Notably, high expression of
FDFT1 was closely associated with depth of invasion (P = .007),
but not with lymph node metastasis (P = .110). In addition, no sig-
nificant correlation was detected for age, gender, tumor location,
or operative method (all P > .05).

Immunohistochemical staining of adjacent normal tissues
and COAD tissues (FDFT1°"/FDFT1"&") is shown in Figure 1E.

Consistent with these observations, we also found the expression of

FIGURE 1 Squalene synthase (FDFT1) was upregulated in stage I-Ill colon adenocarcinoma (COAD) tissues and colon cancer cell lines. A,
Comparison of FDFT1 expression between 217 COAD and paired adjacent normal (AN) tissues from tissue microarray (TMA). B, Comparison
of FDFT1 expression in different TNM stages (I-1ll) from TMA. C, Comparison of FDFT1 expression in different T stages (1-3, 4) from TMA.
D, Comparison of FDFT1 expression in different differentiation grades (well/moderate, poor/mucinous) from TMA. Mean + SD. E, FDFT1
expression in two paired AN and COAD tissues were detected by immunohistochemical analysis. FDFT1'°" and FDFT1"&" in COAD tissues
are shown below. Scale bars, 50 pm. F, FDFT1 mRNA level in normal colon mucosal epithelial cells (NCM460) and colon cancer cell lines.
NCM460 was used as control, housekeeping gene ACTB was used loading control. *P < .05, ***P < .001
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FDFT1°"
Variable Group (N =108)
Age (y); mean (range) 69 (47-94)
Gender Male 61 (56.5)
Female 47 (43.5)
Tumor location Right-sided 47 (43.5)
Left-sided 61 (56.5)
Differentiation grade Well/moderate 90 (83.3)
Poor/mucinous 18 (16.7)
TNM stage | 28(25.9)
Il 41 (38.0)
1 39(36.1)
T stage 1-3 50 (46.3)
4 58(53.7)
N stage 0 69 (63.9)
1-2 39 (36.1)
CEA (ng/mL) <5 75 (69.4)
5-15 25(23.2)
215 8(7.4)
Operative method Laparoscopic 41 (38.0)
Open 67 (62.0)

TABLE 1 Comparison of

::'\?:T;:; P value clinicopathologic features ?f patients with
stage I-Ill colon adenocarcinoma between

70 (46-91) 267 low and high expression of squalene

63 (50.4) synthase (FDFT1)

62 (49.6) .361

68 (54.4)

57 (45.6) 115

89 (71.2)

36(28.8) .030

13(10.4)

53 (42.4)

59 (47.2) .007

36(28.8)

89 (71.2) .007

66(52.8)

59 (47.2) 110

51 (40.8)

36(28.8)

38(30.4) <.001

55 (44.0)

70 (56.0) 423

Note: Data are shown as n (%) unless otherwise indicated.
Abbreviation: CEA, carcinoembryonic antigen.

FDFT1 was upregulated in colon cancer cell lines, including Caco2,
HCT116, HCT15, HT29, LoVo, RKO, SW480 and SW620, and higher
than that in human colon mucosal epithelial cell line (NCM460;
Figure 1F). These results suggest that FDFT1 is upregulated in
COAD tissues and cell lines.

3.2 | Upregulation of FDFT1 was associated with
poor prognosis in stage I-11l COAD

Within the follow-up period, there were 73 (31.3%) deaths and 77
(33.0%) tumor relapses. As shown in Table 2, by Kaplan-Meier analy-
sis, seven of the nine variables were found to be associated with
patient prognosis (all P < .05). Further multivariate analysis with
backward elimination identified that age, differentiation grade, T
stage, N stage, CEA level, and FDFT1 were independent prognos-
tic factors for both OS and RFS (all P < .05). Patients with FDFT1
high expression showed increased risk of death (HR = 3.82; 95%
Cl, 1.74-8.39; P < .001) and relapse (HR = 4.44; 95% Cl, 2.06-9.59;
P < .001). Moreover, these patients had significantly lower OS and
RFS rates than those with FDFT1 low expression (both log-rank
P < .001; Figure 2A,F). In the subgroup analysis by tumor location,
the effects existed in the right-sided (Figure 2B,C) and left-sided
(Figure 2G,H) COAD. To further evaluate the prognostic value of
FDFT1, two prognostic nomograms were constructed based on the
six independent predictors. The total scores were calculated by tak-
ing the sum of the points from all predictors (Figure 2D,l). Receiver

operating characteristic analysis indicated that the nomograms per-
formed well at predicting 5-year OS and RFS, with AUC values of
0.871 and 0.863, respectively (Figure 2E,J). These results indicate
that FDFT1 is a prognostic marker in stage I-11l COAD.

3.3 | Squalene synthase deficiency attenuated
proliferation of HCT116 and HT29 cells

To explore the function of FDFT1 in COAD, we generated HCT116
and HT29 stable cell lines with FDFT1 KD through shRNA interfer-
ence. The results showed that the endogenous FDFT1 was effec-
tively knocked down (Figure 3A,B). The experiment results from
counting cell numbers and EdU staining suggested that FDFT1 KD
in HCT116 and HT29 cells significantly inhibited cell proliferation
(Figure 3C-F). In addition, FDFT1 KD remarkably suppressed colony
formation of HCT116 and HT29 cells (Figure 3G,H). To further in-
vestigate the effect of FDFT1 on colon cancer cell proliferation, we
also generated FDFT1 overexpressing HT29 and HCT116 stable cell
lines using lentivirus. As shown in Figure 31,J, we separately overex-
pressed FDFT1 in HCT116 and HT29 cells, and detected the expres-
sion level of FDFT1 by western blot analysis. The results showed
that FDFT1 was overexpressed in both HCT116 and HT29 cells.
Overexpression of FDFT1 promoted colony formation of HCT116
and HT29 cells (Figure 3K,L).

Moreover, we generated another two siRNAs of FDFT1, which
clearly reduced expression of FDFT1 in HT29, LoVo, and HCT116
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TABLE 2 Univariate and multivariate analyses for overall survival (OS) and relapse-free survival (RFS) in patients with stage I-Ill colon

adenocarcinoma

OS, univariate  0S, multivariate

RFS, univariate RFS, multivariate

Log-rank

Variable P value HR (95% CI)
Age (y)

<70 vs. >70 <.001 6.80 (3.15-14.69)
Gender

Male vs. female .323 =
Tumor location

Right-sided vs. left-sided .001 -
Differentiation grade

Well/moderate vs. poor/ <.001 2.35(1.03-5.43)

mucinous

T stage

1-3vs. 4 .005 2.39 (1.07-5.35)
N stage

Ovs. 1-2 .006 1.50(1.08-3.15)
CEA (ng/mL)

<5 — 1.00 (reference)

5-15 <.001 3.98(1.70-9.33)

215 <.001 6.62(2.56-17.10)
Operative method

Open vs. laparoscopic 433 —
FDFT1

Low vs. high expression <.001 3.82(1.74-8.39)

Log-rank Log-rank Log-rank
P value P value HR (95% Cl) P value
<.001 <.001 5.16 (2.47-10.79) <.001
= .185 = —
- .003 — —
.045 <.001 2.20(1.06-5.00) .047
.033 .002 2.85(1.29-6.31) .010
.042 .008 1.29 (1.06-2.66) .044
— — 1.00 (reference) —
.002 <.001 3.64 (1.59-8.30) .002
<.001 <.001 6.28 (2.47-15.96) <.001
— 521 — —
<.001 <.001 4.44(2.06-9.59) <.001

Abbreviations: —, not included in analysis; CEA, carcinoembryonic antigen; Cl, confidence interval; FDFT1, squalene synthase; HR, hazard ratio.

cells. Due to the unknown compensation, these two siRNAs did not
work well in HCT15 cells. The results showed that FDFT1 KD sig-
nificantly inhibited cell proliferation and destroyed the cell cycle of
HT29, LoVo, and HCT116 cells (Figure S1). The changes in S phase
of HT29 and HCT116 cells were different from EdU staining of
FDFT1 KD stable cell line (Figure 3E,F), which might account for
the transient transfection of siRNAs. However, reducing expres-
sion of FDFT1 did not induce apoptosis in these colon cancer cells
(Figure S2). The apoptosis rates were less than 10% or around 10%.
Taken together, these results suggest that FDFT1 promotes prolifer-
ation of colon cancer cells.

3.4 | Downregulation of FDFT1 induced
accumulation of NAT8 and D-pantethine to reduce
ROS levels and restrain proliferation of HT29 cells

To investigate the molecular mechanism by which FDFT1 promotes
colon cancer cell proliferation, we used RNA sequencing and un-
targeted metabolomics for shControl and FDFT1 KD HT29 cells,
respectively (Figure 4A,B). The upregulated genes and metabolites
were ranked according to the fold change, P value less than .05
(Tables S1 and S2). By analyzing these relative data, we found NAT8

and D-pantethine were obviously upregulated by KD of FDFT1
(Figure 4C,D) with log,(fold change) of 4.899 and 5.849, respec-
tively. Kyoto Encyclopedia of Genes and Genomes pathway analysis
revealed that NAT8 and D-pantethine were involved in glutathione
metabolism. N-acetyltransferase 8 produces mercapturic acids from
acetyl-CoA and cysteine S-conjugates through acetylation.?? D-
pantethine acts as an intermediate in the production of CoA, which
then produces acetyl-CoA (Figure 4E).

The glutathione metabolism pathway is controlled by oxidative
stress.?® High levels of ROS stimulate tumorigenesis through pro-
moting cancer cell proliferation.?* To verify the glutathione metab-
olism modified by FDFT1, we examined the level of ROS. The data
showed that KD of FDFT1 reduced the ROS level of HT29 cells,
and ROS scavenger N-acetyl-L-cysteine eliminated this difference
(Figures 4F and S3A). In addition, supplementation of D-pantethine
and overexpression of NAT8 did not further lower the ROS level in
FDFT1 KD HT29 cells (Figure S3B-D).

In order to assess the roles of NAT8 and D-pantethine in pro-
moting colon cancer cell proliferation by FDFT1, we overexpressed
NAT8 or added D-pantethine in shControl and FDFT1 KD HT29
cells. The expression of endogenous NAT8 is very low and western
blot results showed that the exogenous NAT8 was indeed over-
expressed in shControl and FDFT1 KD HT29 cells. Moreover, we
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FIGURE 2 Upregulation of squalene synthase (FDFT1) was associated with poor prognosis in stage I-1ll colon adenocarcinoma (COAD).
A, Kaplan-Meier curve for overall survival (OS) according to FDFT1 expression in 233 cases of stage |-1ll COAD. FDFT1 high expression
indicated a lower OS rate (log-rank P < .001). B, C, Kaplan-Meier curves for OS according to FDFT1 expression in 115 and 118 cases of right-
and left-sided COAD, respectively. FDFT1 high expression indicated a lower OS rate (both log-rank P < .001). D, Nomogram for predicting
5-year OS of stage I-1ll COAD. CEA, carcinoembryonic antigen. E, Receiver operating characteristic (ROC) analysis of the nomogram for
predicting 5-year OS (area under the ROC curve [AUC] = 0.871). F, Kaplan-Meier curve for relapse-free survival (RFS) according to FDFT1
expression in 233 cases of stage I-11l COAD. FDFT1 high expression indicated a lower RFS rate (log-rank P < .001). G, H, Kaplan-Meier
curves for RFS according to FDFT1 expression in 115 and 118 cases of right- and left-sided COAD, respectively. FDFT1 high expression
indicated a lower RFS rate (log-rank P < .001 and P =.001, respectively). |, Nomogram for predicting 5-year RFS of stage I-1ll COAD. J, ROC

analysis of the nomogram for predicting 5-year RFS (AUC = 0.863)

found that the increased NATS itself was degraded much more in
FDFT1 KD HT29 cells than in shControl HT29 cells (Figure 4G). The
stabilization of NAT8 could be beneficial for the function of NATS,
which remains to be further explored. The following experiments
showed that overexpression of NAT8 inhibited cell proliferation and
colony formation of shControl HT29 cells compared to FDFTI KD
HT29 cells (Figure 4H-J). Under the supplementation condition of
D-pantethine, similar results were observed (Figure 4K,L). These
findings indicate that FDFT1 stimulates the increase in ROS level
and promotes cell proliferation through reduction of NAT8 and D-
pantethine in HT29 cells.

3.5 | Squalene synthase synergized SQLE to
accelerate proliferation of colon cancer cells
in vitro and in vivo

In our previous study, we found that SQLE promoted colon cancer
cell proliferation in vitro and in vivo.?> Squalene synthase functions
upstream of SQLE in the steroid synthesis pathway. Accordingly, we
generated the FDFT1/SQLE double-KD HT29 cell line to explore the
possibility of the combined functions of FDFT1 and SQLE on colon
cancer cell proliferation. The expressions of FDFT1 and SQLE were
lower in FDFT1/SQLE KD HT29 cells than in shControl HT29 cells
(Figure 5A). The result showed that double KD of FDFT1 and SQLE
inhibited colony formation of HT29 cells much more substantially than
single KD of FDFT1 or SQLE (Figure 5B,C). However, compared with
shControl HT29 cells, the level of cholesterol in FDFT1/SQLE KD HT29
cells was as low as in FDFT1 KD or SQLE KD HT29 cells (Figure 5D).
To further investigate the synergistic function of FDFT1 and
SQLE on colon cancer cell proliferation, the FDFT1 inhibitor lapa-
quistat and the SQLE inhibitor terbinafine were applied. Lapaquistat
is a drug for the treatment of hypercholesterolemia, which lowers
low-density lipoprotein cholesterol.?® Terbinafine is used to treat
superficial mycosis, and is now being considered as a cancer treat-
ment. Terbinafine induces cell cycle arrest and apoptosis and inhib-
its angiogenesis in tumor cells.?”?? Both EdU and colony formation
assays showed that combined use of lapaquistat and terbinafine in-
duced a significantly greater suppressive effect than either single
drug (Figure 5E-G). Interestingly, the inhibitory effect of terbinafine
on proliferation of HT29 cells was dependent on FDFT1 (Figure S4).
Eventually, we applied the in vivo model for clarifying the syner-
gistic functions of FDFT1 and SQLE on tumor growth. The shControl,

FDFT1 KD, SQLE KD, and FDFT1/SQLE KD HT29 cells were injected
into the left flank of nude mice to monitor tumor formation. Double
KD of FDFT1 and SQLE reduced the size and weight of xenograft
tumors much more than single KD of FDFT1 or SQLE (Figure 5H-J).
Consistent with these observations, the number of Ki-67-positive
cells in tumors derived from FDFT1/SQLE double KD HT29 cells
was obviously lower than in tumors derived from FDFT1 single KD
or SQLE single KD HT29 cells, in the contrast to the control group
(Figure 5K,L). We also detected the expression of NAT8 in xenograft
tumors. Compared with the shControl group, NAT8 was upreg-
ulated in tumors derived from FDFT1 KD HT29 cells (Figure 5M).
Collectively, these findings suggest that targeting both FDFT1 and
SQLE is more effective for suppressing colon cancer proliferation
and tumor progression than sole inhibition of FDFT1 or SQLE.

4 | DISCUSSION

Impairing cancer cell proliferation plays an important role in cancer
therapy. In this study, we discovered that FDFT1 served as a prog-
nosis marker in stage I-1ll COAD and promoted colon cancer cell
proliferation. Lack of FDFT1 reduced ROS levels and suppressed
colon cancer cell proliferation through upregulation of NAT8 and
D-pantethine. Moreover, dual inhibition of FDFT1 and SQLE ex-
erted more antitumor effect than sole inhibition of FDFT1 or SQLE
(Figure 6).

Squalene synthase is one of the key regulatory components
of the cholesterol biosynthesis pathway. Of particular interest,
FDFT1 has been implicated in certain types of cancers, acting as
a potential oncogene.lg'30 In the present study, by IHC analysis,
FDFT1 was found highly expressed in stage I-1ll COAD tissues,
and its high expression was closely related to the features of ag-
gressive tumors, such as poor differentiation, increased tumor
stage, and high CEA level, suggesting an oncogenic role. This
study also indicated that FDFT1 high expression was significantly
associated with increased risk of tumor recurrence and reduced
survival, as shown by multivariate Cox analysis. We noted that a
recent study reported that FDFT1 expression was downregulated
in colorectal cancer, and the high expression of FDFT1 was asso-
ciated with favorable prognosis compared with low expression in
colorectal cancer.®* We thought this difference was mainly due to
the different composition of the study population. The subjects
included in that study were patients with colorectal cancers from
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control group. C, D, After KD of FDFT1, the proliferation of HCT116 or HT29 cells was measured by counting cell numbers. E, After KD of
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or HT29 cells was examined by crystal violet staining after KD of FDFT1. H, Statistical results of (G). I, J, After separate overexpression (OE)
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FIGURE 4 Knockdown (KD) of squalene synthase (FDFT1) induced accumulation of N-acetyltransferase 8 (NAT8) and D-pantethine to
reduce reactive oxygen species level and inhibit proliferation of HT29 cells. A, Volcano plots of RNA sequencing analysis between shControl
and FDFT1 KD HT29 cells; 1940 genes were upregulated, and 1828 genes were downregulated. Arrow indicates NAT8. B, Volcano plots of
untargeted metabolomics analysis between shControl and FDFT1 KD HT29 cells. Arrow indicates D-pantethine. C, Fragments per kilobase
of transcript per million mapped reads (FPKM) value of NAT8 in shControl and FDFT1 KD HT29 cells from (A). D, Value of D-pantethine

in shControl and FDFT1 KD HT29 cells from (B). E, Schematic diagram of FDFT1 regulating NAT8 and D-pantethine. Red boxes represent
genes; blue boxes represent metabolites. Downregulation of FDFT1 (green) leads to upregulation of NAT8 and D-pantethine (red). F,
shControl and FDFT1 KD HT29 cells were pretreated with 1 mmol L' N-acetyl-I-cysteine NAC for 1 h, then analyzed by flow cytometry
through DCFH-DA staining. G, NAT8 was overexpressed in shControl and FDFT1 KD HT29 cells. Protein levels of FDFT1 and NAT8 (red
star) were detected by western blot analysis; B-actin as a loading control. Green star indicates degradation of NAT8. H-J, Cell proliferation
and colony formation of these cells were measured by counting cell numbers and crystal violet staining. K, L, shControl and FDFT1 KD
HT29 cells were treated with D-pantethine at concentrations of 0, 5, 10 pmol LY, respectively, then stained by crystal violet. Mean + SEM.

*P <.05; **P < .01; ***P < .001; ns, no significance

stage | to IV; in our study, only patients with stage I-1ll COAD were
enrolled. The FDFT1 expression was upregulated in COAD tumor
tissues compared with normal tissues from the Gene Expression
Profiling Interactive Analysis database, which indicates that
FDFT1 promotes colon cancer progression. We further estab-
lished two nomograms based on FDFT1 for patients with stage
I-11l COAD, which showed excellent predictive performance with
an AUC of 0.871 for OS and 0.863 for RFS. Our nomograms might
provide a more individualized and effective tool for clinicians in
therapeutic decision-making and patient counseling.32

A previous study reported that FDFT1 was downregulated
in colon cancer cell lines.’! We also detected FDFT1 mRNA ex-
pression in colon cancer cell lines by RT-PCR analysis. Using f-
actin rather than GAPDH as a housekeeping gene, the expression
of FDFT1 was upregulated in colon cancer cell lines compared to
NCM460 cells (Figure 1F). We think GAPDH might not be a good
reference gene because FDFT1 regulates the metabolism path-
way. In HT29 cells, KD of FDFT1 indeed inhibited cell prolifera-
tion and further enhanced the antitumor effect of SQLE inhibition.
The function of FDFT1 in COAD remains to be further verified
by establishing an orthotopic tumor model or generating FDFT1
transgenic mice.

In addition, FDFT1 deficiency not only reduced the level of
cholesterol as well as SQLE, but also upregulated NAT8 and D-
pantethine. Both NAT8 and D-pantethine lead to the formation of
mercapturic acids, which biotransform xenobiotic and endobiotic
electrophilic compounds and their metabolites.®® Knockdown of
FDFT1 might activate this detoxication reaction to suppress colon
cancer cell proliferation. Additionally, NAT8 and D-pantethine

are involved in glutathione metabolism, which influences the

level of ROS. The decreasing ROS level in FDFT1 KD HT29 cells
could contribute to inhibiting the oncogenic signaling pathway.
However, the link between FDFT1 and ROS remains to be further
researched.

Combined use of the FDFT1 inhibitor lapaquistat and the
SQLE inhibitor terbinafine effectively inhibited colon cancer cell
proliferation in vitro, which should be further confirmed by in
vivo experiments. The targeted inhibitors of FDFT1 or SQLE also
should be optimized with the substitution of other more novel
compounds.*°

5 | CONCLUSIONS

Overall, our study provides the insight that FDFT1 acts as a valu-
able prognostic marker in stage I-1ll COAD and synergizes SQLE to
promote colon cancer cell proliferation. The dual inhibition of FDFT1
and SQLE is a new therapy for stage I-11l COAD.
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FIGURE 6 Schematic diagram showing synergistic function of squalene synthase (FDFT1) and squalene epoxidase (SQLE) in promoting
colon adenocarcinoma (COAD). FDFT1 induces accumulation of reactive oxygen species (ROS) level and promotes colon cancer cell
proliferation through upregulation of D-pantethine and N-acetyltransferase 8 (NAT8). FDFT1 also synergizes SQLE to facilitate COAD
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