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analysis revealed that PTPRO downregulation was significantly associated with
the fatty acid metabolism pathways. Blockage of fatty acid synthesis abrogated
the effects of PTPRO silencing on cell growth and liver metastasis. Further
experiments indicated that PTPRO silencing induced the activation of the
AKT serine/threonine kinase (AKT)/mammalian target of rapamycin (mTOR)
signaling axis, thus promoting de novo lipogenesis by enhancing the expression
of sterol regulatory element-binding protein 1 (SREBPI) and its target lipogenic
enzyme acetyl-CoA carboxylase alpha (ACCI1) by activating the AKT/mTOR
signaling pathway. Furthermore, PTPRO attenuation decreased the fatty acid
oxidation rate by repressing the expression of peroxisome proliferator-activated
receptor alpha (PPARa) and its downstream enzyme peroxisomal acyl-coenzyme
A oxidase 1 (ACOX1) via activating the p38/extracellular signal-regulated kinase
(ERK) mitogen-activated protein kinase (MAPK) signaling pathway.
Conclusions: PTPRO could suppress CRC development and metastasis via mod-
ulating the AKT/mTOR/SREBP1/ACC1 and MAPK/PPARa/ACOX1 pathways
and reprogramming lipid metabolism.
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1 | BACKGROUND

Colorectal cancer (CRC) is currently one of the most com-
monly diagnosed malignant diseases worldwide, with the
liver as the most common site for metastasis. The 1-, 3-,
and 5-year survival rates of patients with liver metastasis
are still far from satisfactory [1, 2]. Therefore, identify-
ing predictive biomarkers and uncovering underpinning
mechanisms are urgently warranted for predicting and
treating CRC liver metastasis.

Recently, ectopic alteration of energy metabolism has
been ubiquitously recognized as a hallmark of cancer dur-
ing its initiation, progression, therapeutic resistance, and
so on [3-5], of which dysregulation of lipid metabolism
has been demonstrated to be a critical metabolic feature of
cancer cells [6-9]. Researches have shown that numerous
enzymes involved in fatty acid (FA) uptake, FA synthe-
sis, and FA oxidation (FAO) were abnormally regulated in
several cancers, causing reprogramming of FA metabolism
and promoting the malignant phenotypes of cancer, indi-
cating the significance of dysregulation of lipid metabolism
in cancer [10-12]. Constant de novo lipogenesis supplies
cancer cells with ample lipid molecules for membrane
building and signaling transduction, promoting cancer ini-
tiation and progression [13, 14]. For example, in response
to the inadequate supply of lipids in the brain, breast
cancer cells would upregulate the expression of FA syn-

metastasis, mTOR, PTPRO, tumorigenesis

thetase (FASN) to facilitate its brain metastasis [15]. What’s
more, acyl-CoA oxidase 1 (ACOX1) is a critical rate-limiting
enzyme involved in FAO. Chen et al. [16] reported that
downregulation of deacetylase sirtuin 5 could promote suc-
cinylation and activity of ACOXI1, enhancing the response
of liver cancer cells to oxidative DNA damage. However,
the mechanisms underlying the continuous activation of
lipogenesis and dysregulation of FAO in CRC have not
been completely uncovered.

Abnormal expression of protein tyrosine phosphatases
(PTPs) has been shown to be involved in numerous can-
cers [17-20]. PTPs could exert tumor suppressive functions
via dephosphorylation of oncogenic proteins and promote
cancer development and progression by positively regu-
lating signaling pathways [19, 20]. Protein tyrosine phos-
phatase receptor type O (PTPRO) is a member of PTPs,
which phylogenetically belongs to a distinct branch of the
tyrosine phosphatases. Previous studies have revealed that
it could execute tumor suppressive functions in several
cancers [21-23]. For instance, PTPRO could interact with
erb-b2 receptor tyrosine kinase 2 (ERBB2) and regulate its
phosphorylation, inhibiting the signaling pathways down-
stream of ERBB2 and thus hindering the growth of cancer
cells [22]. However, few researches have probed the roles
of PTPRO in the development and progression of CRC.

In this study, in vitro and in vivo studies were carried out
to explore the biological functions of PTPRO in CRC and
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whether it can regulate FA metabolism to further execute
its functions in CRC.

2 | METHODS

2.1 | Public dataset and pathway analysis
GSE39582, the largest public microarray dataset of CRC,
was downloaded from the Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/geo/).
The procedure of data processing has been described in
our previous work [24]. Gene set enrichment analysis
(GSEA) was conducted to identify the PTPRO-associated
biological pathways.

2.2 | Human CRC samples

CRC tissue samples were collected from patients diag-
nosed at Fudan University Shanghai Cancer Center
(FUSCC) (Shanghai, China) between January 2008 and
June 2014. The patients with (1) pathologically confirmed
colorectal adenocarcinoma, (2) complete clinicopatholog-
ical information, (3) no concurrent other malignancies,
and (4) no neoadjuvant chemoradiation therapy were
included, while those with multiple primary CRC or
hereditary CRC were excluded. These tissues were used
for evaluating mRNA and protein expression levels of
related genes and tissue microarray preparation. Accord-
ing to the stipulations of the Institutional Review Board of
FUSCC, informed consent was obtained from all patients
for sample and data use in research.

2.3 | Transcriptome profiling

Primary CRC and liver metastasis tissues were collected at
FUSCC, which were subjected to RNA isolation by TRIzol
reagent (15596026, Invitrogen, Carlsbad, CA, USA) accord-
ing to the protocol provided. After qualification testing,
RNA sequencing libraries were established, which were
used to analyze the massive ends of cDNA. In brief, biotiny-
lated poly (dT) primers (5'd PO4 [(T)12-18] 3") were applied
to purify the poly-adenylated RNA from the total RNA iso-
lated by the TRIzol reagent. Afterwards, it was reversely
transcribed to cDNA, which then was fragmented with
a size ranging from 150 to 600 bp. Streptavidin magnetic
beads were adopted to capture the biotinylated ends, which
were subsequently added to the modified adapters. Poly-
merase chain reaction (annealing: 55°C-65°C, 5 min, 4°C,
2 min; polymerization: 10°C-50°C, 10-90 min; deactiva-
tion: 85°C, 10 min) was conducted to amplify the afore-

mentioned sequencing libraries, purification was done
using SPRI beads, and then sequencing was performed
(HiSeq2000, Illumina, San Deigo, CA, USA). After normal-
ization, those with false discovery rate (FDR) < 0.05 and
llog2fcl > 1.5 would be deemed as differentially expressed
genes.

2.4 | CRCcell lines

The human CRC cell lines DLD1, HCT116, SW480, SW620,
LoVo, RKO and human normal colon epithelial cell
line NCM460 were purchased from the National Can-
cer Institute (Bethesda, MD, USA). Human 293T cells
were obtained from the American Type Culture Collection
(Rockville, MD, USA). CRC cell lines and 293T cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM)
(SH30243.01, HyClone, Logan, UT, USA) coupled with 10%
fetal bovine serum (FBS; 10099141, Thermo Fisher Sci-
entific, Waltham, MA, USA), while NCM460 cells were
cultured in RPMI-1640 (11875093, Gibco, Waltham, MA,
USA) with 10% FBS. All cell lines used in this study were
verified by short tandem repeat genotyping.

2.5 | Establishment of stable cell lines
and transfection

PTPRO shRNAs were purchased from WZ Biosciences
(SH899102, Jinan, Shandong, China). pCDH-CMV-PTPRO
was mixed with the packaging plasmids psPAX2 and
PMD2.G. With Lipofectamine 3000 reagent (L3000008,
Thermo Fisher Scientific) and the protocol provided by
the manufacturer, the mixture was then added to 293T
cells. After culture for 48 h, viral particles were har-
vested from the medium, then added into SW480 and
LoVo cells to establish stable cells with negative control
and PTPRO knockdown (SW480-PTPRO-NC/KD, LoVo-
PTPRO-NC/KD). Puromycin (P8230, Solarbio, Shanghai,
China) was used to screen cells with successful PTPRO
knockdown. Likewise, stable cells with empty vector and
PTPRO overexpression (HCT116-Vector/PTPRO, SW620-
Vector/PTPRO) were established through the same proce-
dure. What’s more, Lipofectamine RNAi Max (13778075,
Thermo Fisher Scientific) was utilized for RNAI transfec-
tion according to the guidelines provided.

2.6 | Application of inhibitors

For the application of the FA synthetase inhibitor orli-
stat (04139-25MG, Merck, Darmstadt, Germany) in
vitro, it was prepared by referencing the procedure of
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Browne et al. [25], and 50 umol/L orlistat was adopted
to treat CRC cells for 48 h when necessary. As for in
vivo experiments, it was prepared as described by Kridel
et al. [26], and it was intraperitoneally injected into
nude mice with a concentration of 240 mg/kg. The
phospholnositide-3 kinase (PI3K) inhibitor LY294002
(20 pmol/L) (HY-10108, MedChemExpress, Monmouth
Junction, NJ, USA) was used to treat CRC cells for 24
h as per a report from Chen et al. [27]. Based on a pre-
vious study [28], 40 umol/L mitogen-activated protein
kinase (MAPK) inhibitor (E)-osmundacetone (HY-N1966,
MedChemExpres) was applied for 24 h for in vitro
experiments.

2.7 | Cell viability and migration assays
Cell Counting Kit-8 (CK04, DOJINDO, Kumamoto, Japan)
was used to evaluate cell viability. Transwell assays were
performed by seeding 4 x 10*-8 x 10* cells into the upper
chamber (CLS3464, Corning Costar, Corning, NY, USA)
with no FBS supplementation while the lower chamber
was added 500 uL. DMEM with 10% FBS. After 36-72 h of
culture, migrated cells were fixed with 4% paraformalde-
hyde (G1101, Servicebio, Wuhan, Hubei, China), stained
with Crystal Violet Staining Solution (C0121, Beyotime,
Shanghai, China), and counted under a microscope.

2.8 | Establishment of mouse models
Female 6- to 8-week-old BALB/c nude mice were pur-
chased from Shanghai SLAC Laboratory Animal Co., Ltd
(Shanghai, China). Mouse-related studies were conducted
in specific pathogen-free facilities, and all the proce-
dures were approved by the Institutional Animal Care and
Use Committee of Fudan University (Shanghai, China),
which complies with the regulations from the US National
Institutes of Health for the care and use of laboratory
animals.

To establish the mouse models of CRC liver metasta-
sis, 1 X 10® LoVo-NC, LoVo-PTPRO-KD, SW480-NC, and
SW480-PTPRO-KD cells were injected into the spleens of
the nude mice. At 8-10 weeks after injection, the mice
were euthanized (pentobarbital overdose), and liver speci-
mens were collected and photographed to count metastatic
lesions.

Azoxymethane (AOM) (A5486, Sigma-Aldrich, St.
Louis, MO, USA) and dextran sulfate sodium (DSS)
(0216011080, MP Biomedicals, Santa Ana, CA, USA) were
applied to treat PTPRO-knockout (PTPRO™~) and PTPRO
wild-type (WT) 6- to 8-week-old male C57BL/6J mice
to establish CRC tumorigenesis model. AOM (12 mg/kg

body weight) was intraperitoneally injected into mice,
after which drinking water with 2% DSS was fed for 5
successive days, and afterwards, regular drinking water
was provided. This cycle would be repeated once. Then
tumor number and load (sum of tumor diameters) were
measured.

LoVo-NC and LoVo-PTPRO-KD cells (5 x 10°) were
injected subcutaneously into the right and left hind flanks,
respectively, of the aforementioned BALB/c nude mice.
Likewise, HCT116-vector and HCT116-PTPRO cells (5 x
10%) were injected subcutaneously into the hind flanks
of nude mice. Tumors were gauged for length every 3 or
4 days by utilizing a caliper. The formula Volume = 1/2
x length x width? was adopted to calculate the size of
tumors. Lastly, the mice were euthanized (pentobarbi-
tal overdose) when reaching humane endpoint, then the
tumors were resected from these nude mice for imaging
and weighing. Subsequently, these tumor xenografts were
stored in liquid nitrogen until the metabolomic assays were
performed.

2.9 | Metabolomic profiling

A combination of gas chromatography-time-of-flight mass
spectrometry (GC-TOFMS, LECO Corp., St Joseph, MI,
USA) and ultra-performance liquid chromatography-
tandem mass spectrometry (UPLC-MS/MS, Waters Corp.,
Milford, MA, USA) was used to quantify small-molecule
metabolites in the tumor xenografts. The metabolites were
identified by comparison with an internal library built
using standard reference chemicals.

2.10 | Quantification of triacylglycerol
and neutral lipids

For the quantitative estimation of triglycerides in cells,
a Triglyceride Assay Kit (ab65336, Abcam, Cambridge,
UK) was used in accordance with the manufacturer’s pro-
tocols. The lipophilic fluorescence dye BODIPY 493/503
(D3922, Invitrogen) was applied to stain the neutral lipid
droplets, and flow cytometry (MoFlo XDP, Beckman Coul-
ter, Pasadena, CA, USA) was conducted to quantify the
neutral lipid content.

2.10.1 | FAO quantification

The FAO rate in CRC cells with and without PTPRO knock-
down and overexpression was assessed using a fatty acid
oxidation assay kit (ab118183, Abcam) in accordance with
the manufacturer’s instructions.
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2.11 | Establishment of organoids
Organoids derived from CRC samples were established
based on an establishedprocedure. Briefly, fresh cancer
tissues were cut into pieces and washed with cold PBS
supplemented with 10% penicillin/streptomycin (S110JV,
BasalMedia, Shanghai, China) for at least three times.
The tissues were incubated with digestion buffer con-
taining Advanced DMEM/F12 medium (12634010, Gibco)
with 2.5% FBS, 1% penicillin/streptomycin (15140122,
Gibco), 75 U/mL collagenase type IV (C4-BIOC, Sigma-
Aldrich),125 g/mL dispase type II (17105041, Gibco) for
30 min at 37°C. The tissues were washed another 3 times
with PBS, and the crypt fraction and tumor pellets were
collected. Then, the crypts and tumor pellets were sus-
pended in Basement Membrane Extract (BME; Cultrex
RGF Basement Membrane Extract, Type 2; R&D Systems,
Minneapolis, MN, USA) and dispensed into 24-well culture
plates (40 uL. BME/well). The BME was then solidified by a
20-min incubation at 37°C in a 5% CO, cell culture incuba-
tor and overlaid with 500 uL of complete human organoid
media.

2.12 | RNA isolation and quantitative
real-time polymerase chain reaction
(QRT-PCR)

TRIzol reagent (15596026, Invitrogen) was used to isolate
total RNA from CRC tissues and cell lines, and PrimeScript
RT reagent (RR036A, TaKaRa, Kusatsu, Japan) was used
to obtain cDNA. The expression levels of target genes and
B-actin were determined by qRT-PCR on the ABI 7900HT
Real-Time PCR System (Applied Biosystems, Frederick,
MD, USA).

2.13 | Western blotting

In brief, NCM460 and CRC cells with and without the
intervention of PTPRO expression were lysed by RIPA
buffer (89900, Thermo Fisher Scientific) and quantified
by BCA Protein Assay Kit (23225, Thermo Fisher Sci-
entific).Then protein samples were added to the poly-
acrylamide gel for electrophoresis. After the comple-
tion of electrophoresis, the protein would be transferred
onto polyvinylidene difluoride membranes and then sub-
jected to immunoblotting using primary antibodies for
target proteins, and the membranes would be incu-
bated overnight at 4°C. The next day, second antibodies
(7074P2 and 7076P2, Cell Signaling, Danvers, MA, USA)
were added for 1-hour incubation. Finally, the BeyoECL
Plus buffer (P0018S, Beyotime) was used to visualize

the results on ImageQuant LAS 4000 (General Elec-
tric, Fairfield, CT, USA) The primary antibodies used
were as follows: anti-B-actin (4970, Cell Signaling), anti-
PTPRO (12161-1-AP, Proteintech, Chicago, IL, USA), anti-
ac-CoA carboxylase 1 (ACC1) (21923-1-AP, Proteintech),
anti-ATP Citrate lyase (ACLY) (15421-1-AP, Proteintech),
anti-FASN (10624-2-AP, Proteintech), anti-sterol regula-
tory element-binding protein 1 (SREBP1) (114088-1-AP,
Proteintech), anti-SREBP2 (28212-1-AP, Proteintech), anti-
ACOX1(10957-1-AP, Proteintech), anti-carnitine palmitoyl-
transferase 1A (CPT1A) (15184-1-AP, Proteintech), anti-
peroxisome proliferator-activated receptor a (PPARa)
(15540-1-AP, Proteintech), anti-PPARy (16643-1-AP, Pro-
teintech), anti-AKT serine/threonine kinase (AKT) (10176-
2-AP, Proteintech), anti-p-AKT (66444-1-Ig, Proteintech),
anti-mammalian target of rapamycin (mTOR) (20657-1-
AP, Proteintech), anti-p-mTOR (67778-1-Ig, Proteintech),
anti-p38 (14064-1-AP, Proteintech.), anti-p-p38 (28796-1-
AP, Proteintech), anti-extracellular signal-regulated kinase
(ERK) (16443-1-AP, Proteintech), and anti-p-ERK (28733-1-
AP, Proteintech).

2.14 | Immunohistochemistry (IHC)
staining

IHC staining was conducted as described in our previous
article [29]. CRC tissue sections with ITHC staining were
evaluated and scored independently by two pathologists
who were blinded to the clinicopathological information
of the patients. The scores of 0 (negative), 1 (weak), 2
(medium), and 3 (strong) were used for staining intensity
quantification, while the scores of 0 (< 5%), 1 (5%-25%), 2
(26%-50%), 3 (51%-75%) and 4 (> 75%), which were based
on the percentage of the positive staining areas in relation
to the whole cancerous area, were used to evaluate the
extent of staining. Then, the immunoreactivity score was
calculated by multiplying scores of staining intensity and
percentage of positivity. Cases with a final staining score of
< 4 were deemed as low expression, and those with score
of > 4 were reckoned as high expression.

2.15 | Statistical analysis

R software (R version 3.2.5, https://www.r-project.org/)
was used for statistical analysis. Data are depicted as the
mean + standard deviation. The Wilcoxon rank-sum test or
Student’s t-test was applied to compare the discrepancies
between two groups. Overall survial (OS) and disease-free
survival (DFS) were depicted by the Kaplan-Meier method,
and the statistical differences were compared with the
log-rank test. OS was defined as the time from treatment
initiation to death or last follow-up, while DFS was the
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time from treatment initiation to recurrence/metastasis or
last follow-up. The relationship between PTPRO expres-
sion and other genes was evaluated by the Spearman
rank correlation test. P < 0.05 was deemed as statistically
significant.

3 | RESULTS

3.1 | PTPRO was downregulated in liver
metastatic sites of CRC, and low PTPRO
expression was associated with poor
prognosis

To detect the molecules that mediate the progression
of CRC, transcriptome profiling was performed between
three non-metastatic CRC (nmCRC) tissues and three
paired metastatic CRC (mCRC) and liver metastatic tissues
(Supplementary Table S1). The results showed that com-
pared with nmCRC tissues, PTPRO expression was strik-
ingly downregulated in mCRC tissues and liver metastatic
sites (Figure 1A-1B). Further qRT-PCR conducted in 11
matched normal colorectal epithelial tissues, mCRC tis-
sues, and liver metastasis tissues from patients with CRC
liver metastasis confirmed the notably lower expression of
PTPRO in CRC and liver metastatic tissues compared with
that in normal tissues (Figure 1C).

Given the expression difference between metastatic and
primary sites, we hypothesized that PTPRO might be a
potential prognostic factor in CRC. Therefore, an THC
assay using samples from 276 patients with CRC (42 with
and 234 without metastasis) was performed (Figure 1D) to
divide them into low and high PTPRO expression groups.
The patients with low expression of PTPRO showed signif-
icantly shorter OS and DFS (Figure 1E).

3.2 | PTPRO inhibited CRC cell growth
and liver metastasis

Basic mRNA and protein expression levels of PTPRO were
tested in normal colon epithelial NCM460 cells and six
CRC cell lines. Notably, high expression of PTPRO was
detected in NCM460 cells, and strikingly lower expres-
sion of PTPRO was detected in CRC cells (HCT116, SW620,
and DLD1) with aggressive features (Figure 2A). To assess
the roles of PTPRO in the growth and metastatic poten-
tial of CRC cells, we knocked down PTPRO in SW480
and LoVo cells (Figure 2B) and enhanced its expression in
HCT116 and SW620 cells (Figure 2C). Attenuated PTPRO
expression significantly enhanced cell migration ability
in vitro (Figure 2D) and promoted cell viability (Sup-
plementary Figure S1A). In contrast, the ectopic PTPRO

expression dramatically attenuated cell migration ability
(Figure 2E) and suppressed cell viability (Supplementary
Figure S1B). Furthermore, in vivo studies revealed that
LoVo cells with PTPRO silenced exhibited accelerated sub-
cutaneous tumor growth (Figure 2F-2H) and enforced
PTPRO expression dramatically inhibited the tumor-
forming ability of HCT116 cells (Supplementary Figure
SIC-E). In addition, the liver metastasis model showed
that cells with PTPRO silenced formed significantly more
metastatic lesions than the control cells (Figure 2I-2J).

3.21 | Abrogation of PTPRO expression
promoted CRC tumorigenesis

To explore whether PTPRO could repress tumorigenesis,
we employed PTPRO-WT and PTPRO~/~ mice for further
experiments (Figure 3A). Both PTPRO-WT and PTPRO™-
mice were treated with AOM and DSS. PTPRO™~ mice
showed an earlier appearance of fecal blood and diarrhea
than PTPRO-WT mice (Figure 3B). The results showed
that PTPRO~/~ mice had more and larger tumors formed
in the colorectum compared with PTPRO-WT mice
(Figure 3C-3E). Furthermore, PTPRO-WT mice showed
longer OS after treatment than PTPRO™/~ mice (Figure 3F,
P < 0.05).

3.2.2 | Lipid accumulation mediated by
PTPRO silencing was essential for CRC cell
growth and liver metastasis

To explore the potential signaling pathways regulated by
PTPRO, GSEA was conducted in GSE39582, one of the
largest microarray datasets of CRC in the GEO database,
which revealed that the FA metabolism signaling path-
way was markedly enriched in patients with low PTPRO
expression (Figure 4A). Furthermore, the metabolite anal-
ysis of the subcutaneous xenografts using GC-TOF-MS
revealed that knockdown of PTPRO increased the content
of free fatty acids dramatically, such as oleic acid, palmi-
toleic acid, and stearic acid, while PTPRO overexpression
had the opposite effects (Figure 4B), indicating that PTPRO
might play crucial roles in rewiring lipid metabolism in
CRC. To verify the effects of PTPRO on FA metabolism
in vitro, intracellular triglyceride (TAG) content and FAO
level analyses were conducted, which showed that PTPRO
knockdown strikingly increased the intracellular TAG con-
tent while decreasing the FAO level (Figure 4C; Supple-
mentary Figure S2A). In contrast, PTPRO overexpression
significantly restrained the intracellular TAG content and
increased the FAO level (Figure 4C; Supplementary Figure
S2A). What’s more, the lipophilic dye BODIPY 493/503
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FIGURE 1

PTPRO was downregulated in CRC and liver metastasis, and its low expression was linked with poor prognosis. (A) RNA

sequencing and cluster analysis of mRNAs with differential expression in three nmCRC tissues (P4, P8, P10), and three paired tissues of
mCRC (P2, P3, P7) and CRC-LM (M2, M3, M7). The x axis of color key represents the expression value, and the y axis respesents the
corresponding density information. (B) FPKM value of PTPRO expression in the three groups. (C) qRT-PCR validation of PTPRO expression
in 11 matched normal colon epithelial, mCRC, and CRC-LM tissues. (D) Representative images of immunohistochemistry staining of PTPRO
protein with different intensities. (E) The relationship between PTPRO expression and overall survival or disease-free survival by
Kaplan-Meier method. *P < 0.05. PTPRO: protein tyrosine phosphatase receptor type O; CRC: colorectal cancer; nmCRC: non-metastatic

CRC; mCRC: metastatic CRC; CRC-LM: CRC liver metastasis

was adopted for cellular staining, which showed that
PTPRO attenuation increased the intracellular levels of
neutral lipids in CRC cells (Figure 4D; Supplementary
Figure S2B), whereas PTPRO overexpression decreased
the levels of neutral lipids in CRC cells (Figure 4D; Sup-
plementary Figure S2C). Based on the aforementioned

results, we could infer that PTPRO might be pivotal for the
reprogramming of FA metabolism in CRC cells.

To further evaluate whether PTPRO-mediated lipid
accumulation was essential for CRC growth and liver
metastasis, we used orlistat, a FA synthase inhibitor, to
decrease the lipid content in CRC cells with PTPRO



ANCER
DATET AL COMMUNICATIONS 855
(A) 15 . (B) . Swaso LoVo (€) ,,, HCT116 SW620
- *
- < 5 350
> > *
2 2 2 300
< < 1.0 < 250 ' .
z z Z 200
£ £ E s
o o o 4
20 205 2
s s 5 3 I I
[T} [T} [] 2
4 __ ['4 4 1 _
7 , 0.0 0
PTPRO | S0 . o s s i PTPRO | ™= = = | . . | PT"R°| -l.ﬂ'-
ACHn | e — ————— Actin | s s -“I Actin IZ_
O N B O N DS o) £ .0
S O 0 D P Y& TS & & £ &
» N D o Q Q Q
F TN O o* £ o* o* & & F L
S < L L &L
T R R R
D) = NC = PTPRO-KD#1 msm PTPRO-KD#2 Vector msm PTPRO
LoVo 600 . (E) HCT116 e
o R T I — - — — i
; 400 200
€
3 €
e | 8 200 s 100
R 8 I 3 i
NC PTPRO-KD#1 PTPROKD#2 8 | Vector PTPRO  =|
o
& | 300 " SW620 = | 150
I . — — 1 2
=) R A 5 2
£ | 200 | 1001 T
¥ i E
: e | [ e 100 R SR 50
NC PTPRO-KD#1 PTPRO-KD#2 5 Vector PTPRO o B
(F) (G) (H)
) a bl 1.5 1 Il NC
LoVo B0 .
E PTPRO-KD#1 5 I PTPRO-KD#1
% 600 | 1 £ 10 *
NC 4 = g £ } x 2
a sﬁ = 400 T = “;’
g : S 05
PTPRO-KD#1 =Y ' ‘ 5 200 : E
T 2 % : 3
= ' - . . . 0.0
1 2 3 4 5 6
Time after inoculation (weeks)
M LoVo )
PTPRO-KD#1 -

NC

NC °

PTPRO-KD#1

5 10
Number of metastatic lesions
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silenced. The results showed that orlistat treatment com-
pletely abrogated the effects exerted by PTPRO attenu-
ation on cell viability (Supplementary Figure S2D), cell
migration (Figure 4E-4F), and liver metastasis formation
(Figure 4G-4H), confirming the fundamental roles of FA
accumulation in promoting CRC cell growth and liver
metastasis.

3.2.3 | PTPRO suppressed the expression of
lipogenic enzyme by downregulating SREBP1

To explore whether PTPRO silence triggered lipid accu-
mulation was due to its regulation on de novo FA syn-
thesis, we examined the mRNA expression levels of key
de novo FA synthesis enzymes, including FASN, ACCI,
ACLY, and stearoyl-CoA desaturase (SCD1), in CRC cells
with different PTPRO expression levels. We found that
ACCI1 was notably upregulated in PTPRO-silenced cells,
while it was downregulated in PTPRO-enforced cells
(Supplementary Figure S3A-B). Further Western blotting
confirmed the ACCI protein level changes in PTPRO-
silenced or -enforced cells (Figure 5A-5B; Supplemen-
tary Figure S3C). Previous researches have shown that
SREBPs with central roles in FA synthesis regulation could
transactivate FA synthesis-related enzymes [30, 31]. There-
fore, we detected the expression levels of two SREBPs,
which are encoded by SREBF1 and SREBF2 genes, in
CRC cells with PTPRO knockdown and overexpression,
respectively. qRT-PCR and Western blotting experiments
revealed that only SREBP1 was upregulated in PTPRO-
silenced cells (Figure 5C; Supplementary Figure S4A-B)
and downregulated in PTPRO-enforced cells (Figure 5D;
Supplementary Figure S4B-C). Further nuclear expres-
sion analysis confirmed the mature form of SREBP1
was notably upregulated in PTPRO-silenced cells (Sup-
plementary Figure S4D-E). To confirm whether PTPRO
inhibited the lipogenic enzyme ACCI1 via SREBP1, we
silenced the expression of SREBP1 in PTPRO-knocked
down cells and enforced SREBP1 expression in PTPRO-
overexpressing cells. Enhanced SREBP1 expression signif-
icantly abrogated PTPRO-induced ACC1 downregulation
and decreases in the intracellular TAG content and neu-
tral lipid levels as reflected by the BODIPY staining results,

with knockdown of SREBP1 showing the opposite effects
(Figure 5E-5I). To further support these findings, we
evaluated the correlations between the mRNA levels of
PTPRO, SREBP1, and ACC1 in the GSE39582 cohort, which
suggested that the expression of PTPRO was negatively
correlated with SREBP1 and ACC1 (Figure 5J). This cor-
relation was further validated by qRT-PCR in 64 CRC
patients from FUSCC (Figure 5K).

To further test the roles of SREBP1 and ACC1 in guid-
ing the regulating effects of PTPRO on tumorigenesis and
metastasis, we silenced SREBP1 and ACCI1 expression in
PTPRO-attenuated human organoids. It was found that
SREBP1 or ACC1 knockdown abrogated the promoting
effects of PTPRO silence on organoid sphere formation
(Supplementary Figure S5A-B), xenografts formation and
growth (Supplementary Figure S5C-E) and liver metasta-
sis (Supplementary Figure S5F-G), confirming that PTPRO
represses tumorigenesis and metastasis by downregulating
SREBPI1 and ACCI.

3.24 | PTPRO promoted the expression of
FAO enzyme by upregulating PPAR«

Decreased FAO could reduce the consumption of lipids,
thus contributing to lipid accumulation. Hence, to deter-
mine whether PTPRO also participated in FAO regu-
lation, we detected the expression of FAO-related key
enzymes, including CPT1A, CPT1B, ACOX1, and ACOX2.
gRT-PCR and Western blotting experiments showed that
the expression of ACOX1 was pronouncedly decreased
in cells with PTPRO knockdown and increased in those
with PTPRO overexpression (Figures 6A-6B; Supplemen-
tary Figure S6A-B), implying that PTPRO might modulate
the expression of ACOXI1 transcriptionally. Previous stud-
ies reported that PPARs could play important roles in
lipid metabolism and are critical regulators in FAO [32,
33]. We hypothesized that PTPRO may regulate ACOX1
expression via PPARs. In order to verify this hypothe-
sis, the expression of PPARa, PPARS/S, and PPARy was
evaluated by qRT-PCR and Western blotting, and it was
found that PPARa was downregulated in PTPRO-silenced
cells (Figure 6C; Supplementary Figure S6C) and upregu-
lated in PTPRO-enforced cells (Figure 6D; Supplementary

SREBP1 was critical for the expression of ACC1 regulated by PTPRO. (F) The silencing of SREBP1 decreased the triglyceride levels in
PTPRO-KD cells. (G) SREBPI overexpression enhanced the triglyceride levels in PTPRO-enforced cells. (H-I) SREBPI influenced the neutral
lipid content in PTPRO-attenuated or -enforced cells. (J) PTPRO expression was negatively correlated with SREBP1 and ACC1 expression
levels in the GSE39582 cohort. (K) Validation of the negative correlation between PTPRO expression and SREBP1 and ACC1 in the FUSCC
dataset. *P < 0.05. Abbreviations: PTPRO: protein tyrosine phosphatase receptor type O; CRC: colorectal cancer; ACC1: acetyl-CoA
carboxylase; SREBPI: sterol regulatory element-binding protein 1; FASN: FA synthetase; ACLY: ATP Citrate lyase; NC: negative control; KD:

knockdown; FUSCC: Fudan University Shanghai Cancer Center
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Figure SD). To further confirm that PTPRO regulated FAO
by targeting PPARa, we enhanced PPARa expression in
PTPRO-silenced cells and knocked down PPARx expres-
sion in PTPRO-overexpressing cells. Silencing PPAR« sig-
nificantly abrogated PTPRO-induced ACOX1 upregulation
and decreases in the levels of intracellular TAG content
and neutral lipid, with PPARa overexpression showing
the opposite effects (Figure 6E-6I). Further correlation
analysis suggested that the expression of PTPRO was posi-
tively correlated with ACOX1 and PPAR« in the GSE39582
(Figure 6J) and FUSCC cohorts (Figure 6K).

3.2.5 | PTPRO reprogramed FA metabolism
by modulating the AKT/mTOR/SREBP1 and
MAPK/PPARa signaling axes

We demonstrated that PTPRO could regulate FA and
FAO through modulating the SREBP1/ACC1 and
PPARa/ACOX1 pathways. Nevertheless, no studies
have yet reported the mechanisms of PTPRO regulat-
ing SREBP1 and PPARa. Previous studies revealed that
activation of the AKT/mTOR pathway could elevate the
expression of SREBP1 [34-36], while PTPRO deficiency
could activate AKT [23]. Therefore, we postulated that
PTPRO might dictate the expression of SREBP1 and ACC1
via AKT/mTOR modulation. Meanwhile, it has been
revealed that ERK and p38 mitogen-activated protein
kinase (MAPK) could rewire FA metabolism by suppress-
ing the expression of PPAR« [37, 38]. Based on the finding
that PTPRO could repress the MAPK signaling axis [39],
we assumed that PTPRO might be able to modulate
PPARa and ACOX1 via MAPK regulation. Considering
that PTPRO mainly functions through dephosphorylation,
we examined the expression levels of AKT, mTOR, p38,
ERK and their phosphorylation levels by Western blotting.
The phosphorylation levels of AKT and mTOR were
dramatically elevated in cells with PTPRO knocked down
(Figures 7A). In addition, we found that both p38 and ERK
were also notably phosphorylated in PTPRO-attenuated
cells (Figures 7B). As expected, AKT, mTOR, p38, and
ERK were all dephosphorylated in cells overexpressing
PTPRO (Figure 7C-7D). To determine whether PTPRO
reprogrammed the FA metabolism through activation

of the AKT/mTOR and MAPK signaling axes, we used
the PI3K inhibitor LY294002 and and MAPK inhibitor
(E)-osmundacetone to inhibit the AKT/mTOR and
MAPK pathways, respectively, in CRC cells with PTPRO
silenced. LY294002 markedly diminished the expression
of SREBP1 and ACC1 (Figure 7E) and reduced the content
of intracellular TAG (Figure 7F) mediated by AKT/mTOR
signaling activation. (E)-osmundacetone enhanced the
expression of PPARa and ACOX1 (Figure 7G) and pro-
moted FAO (Figure 7H). BODIPY staining of neutral
lipids further confirmed that PTPRO regulated the FA
content by modulating the AKT/mTOR and MAPK
pathways (Figure 7I). Moreover, compared with PTPRO-
WT mice, the AKT/mTOR and MAPK pathways were
significantly activated in PTPRO™" mice (Figure 7J). As
expected, the SREBP1/ACC1 axis was upregulated in
PTPRO™ mice, while the PPARa/ACOX1 axis was down-
regulated (Figure 7J), indicating that PTPRO-mediated
AKT/mTOR/SREBP1/ACC1 and MAPK/PPARa/ACOX1
signaling axes might be able to promote CRC initiation by
reprogramming FA metabolism.

In order to confirm the causal relationship between
PTPRO and the AKT/mTOR/SREBP1-MAPK/PPAR« axis
in tumor growth and metastasis, we treated PTPRO-
silenced cells with LY294002 and (E)-osmundacetone.
The results showed that LY294002 or (E)-osmundacetone
treatment almost completely eliminated the enforced
cell proliferation (Supplementary Figure S7A), migration
(Supplementary Figure S7B-C) and liver metastasis (Sup-
plementary Figure S7D-E) induced by PTPRO silence.
Overall, the regulation of FA metabolism by PTPRO is
illustrated in Figure 8.

4 | DISCUSSION

No previous studies have comprehensively explored the
roles and mechanisms of PTPRO in CRC initiation and
progression. In the present study, we revealed that PTPRO
was downregulated in CRC and liver metastasis, and its
low expression was linked with dismal OS and DFS, which
indicated that PTPRO could be used as a prognosis pre-
dictor and that its low expression might predict a high
risk of liver metastasis. Based on the findings that PTPRO

ACOXI1 regulated by PTPRO. (F) PPARa overexpression increased the FAO rate in PTPRO-KD cells. (G) The silencing of PPAR« decreased the
FAO rate in PTPRO-enforced cells. (H-I) PPAR« influenced the content of neutral lipids in PTPRO-attenuated or -enforced cells. (J) PTPRO
expression was positively correlated with the expression levels of PPARa and ACOX1 in the GSE39582 cohort. (K) Validation of the positive
correlation between PTPRO expression and PPARa and ACOX1 in the FUSCC dataset. *P < 0.05. Abbreviations: PTPRO: protein tyrosine
phosphatase receptor type O; FAO: fatty acid oxidation; ACOX1: Peroxisomal acyl-coenzyme oxidase 1; PPARa: peroxisome

proliferator-activated receptor alpha; CPT1A: carnitine palmitoyltransferase 1A; NC: negative control; KD: knockdown; FUSCC: Fudan

University Shanghai Cancer Center
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FIGURE 7 PTPRO reprogramed FA metabolism by regulating the Akt/mTOR/SREBP1 and P38/ERK/PPAR« pathways. (A) Western

blotting reveals the levels of AKT, p-AKT, mTOR, and p-mTOR in SW480 and LoVo cells with PTPRO-NC/KD. (B) Western blotting reveals
the levels of p38, p-p38, ERK, and p-ERK in SW480 and LoVo cells with PTPRO-NC/KD. (C) Western blotting demonstrates the levels of AKT,
p-AKT, mTOR, and p-mTOR in HCT116 and SW620 cells with Vector/PTPRO. (D) Western blotting reveals the levels of p38, p-p38, ERK and
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FIGURE 8 Schematic depiction of the regulation on FA
metabolism by PTPRO in CRC cells. Abbreviations: PTPRO: protein
tyrosine phosphatase receptor type O; CRC: colorectal cancer; FA:
fatty acid; ACOX1: Peroxisomal acyl-coenzyme oxidase 1; PPARa:
peroxisome proliferator-activated receptor alpha; AKT: AKT
serine/threonine kinase; ERK: extracellular signal-regulated kinase;
mTOR: mammalian target of rapamycin; PPAR«: peroxisome
proliferator-activated receptor alpha; ACCI: acetyl-CoA carboxylase;
SREBPI: sterol regulatory element-binding protein 1

might get involved in FA metabolism revealed by tran-
scriptome profiling and GSEA analysis, subsequent in vitro
and in vivo experiments were conducted, which demon-
strated that dysregulation of PTPRO was indeed involved
in the initiation and progression of CRC by regulating FA
metabolism. Our findings revealed that the tumor sup-
pressor PTPRO could repress de novo FA synthesis by
decreasing the expression of ACC1 through modulating the
AKT/mTOR/SREBP1 signaling axes and simultaneously

promote FAO by upregulating the FAO-related enzyme
ACOX1 via the p38/ERK/PPAR« signaling axes.
Researches have shown that a multitude of de novo FA
synthesis-related enzymes, such as FASN, ACLY, SCD, and
ACSS2, were abnormally upregulated in several cancers,
enhancing FA synthesis and contributing to the malig-
nant phenotypes of cancer [40-44]. What’s more, previous
reports have confirmed that the expression of FA synthesis-
related key enzyme ACC1 was elevated in multiple cancer
tissues and its high expression could accelerate cell prolif-
eration strikingly [45-47]. Consistently, the present study
showed that PTPRO silencing could enhance FA synthe-
sis, thus promoting CRC cell growth and liver metastasis
by upregulating ACC1 expression. SREBPs belong to the
transcription factor family, which has been demonstrated
to be a family of critical regulators of lipid homeostasis [6,
30, 31]. SREBP1 and SREBP2 are two isoforms found to
express in mammalian cells. The expression of SREBP1 has
been reported to be elevated in numerous cancers, includ-
ing CRC, and its high expression has been demonstrated to
expedite cancer progression [48, 49]. We found that PTPRO
silencing-induced SREBP1 expression could elevate the
expression of ACCl. It was unexpected that only ACC1
was markedly upregulated in PTPRO-knockdown cells,
in which the expression level of SREBP1 was increased
because lipogenic enzymes were commonly transcription-
ally activated by SREBP1. However, it is also common
that not all enzymes will be notably upregulated upon the
activation of SREBP1. For instance, IncRNA ZFAS1 was
found to upregulate FASN and SCD1 expression by sta-
bilizing SREBP1 [50], whereas Li et al. [38] revealed that
CD147 had no effect on SCD1 expression though nuclear
SREBPI expression was notably upregulated. Hence, the
regulating effects of SREBP1 on lipogenic enzymes may
be partially context-dependent. In this study, ACC1 is the
main target of SREBP1 in response to PTPRO silence,
thus contributing to FA synthesis and lipid accumula-
tion in CRC cells. In addition, it was established that
the activation of the AKT/mTOR pathway could elevate
the expression of SREBP1 [34-36, 51]. More importantly,

p-ERK in HCT116 and SW620 cells with Vector/PTPRO. (E) Western blotting demonstrates the expression changes of SREBP1 and ACC1 in
PTPRO-silenced cells treated with PI3K inhibitor LY294002. (F) PI3K inhibitor decreased the content of TAG in PTPRO-silenced cells. (G)
Western blotting reveals the expression changes of PPARx and ACOX1 in PTPRO-silenced cells treated with MAPK inhibitor
(E)-osmundacetone. (H) MAPK inhibitor increased the rate of FAO in PTPRO-silenced cells. (I) PI3K inhibitor or MAPK inhibitor attenuated
the level of neutral lipids in PTPRO-silenced cells. (J) The protein expression of total AKT, p-AKT, mTOR, p-mTOR, SREBP1, ACC1, p38,
p-p38, ERK, p-ERK, PPARa, and ACOX1 in PTPRO-KO and PTPRO-WT mice tissues. *P < 0.05. Abbreviations: PTPRO: protein tyrosine
phosphatase receptor type O; FA: fatty acid synthesis; FAO: fatty acid oxidation; TAG: tryglicerides; ACC1: acetyl-CoA carboxylase; SREBPI:
sterol regulatory element-binding protein 1; NC: negative control; KD: knockdown; WT: wild type; KO: knockout; ACOX1: Peroxisomal

acyl-coenzyme oxidase 1; PPARa: peroxisome proliferator-activated receptor alpha; MAPK: mitogen-activated protein kinases; AKT: AKT
serine/threonine kinase; p-AKT: phospho-AKT; ERK: extracellular signal-regulated kinase; p-ERK: phospho-ERK; mTOR: mammalian target
of rapamycin; p-mTOR: phospho-mTOR; p-p38: phospho-p38; PI3K: phospholnositide-3 kinase
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previous studies have indicated that PTPRO deficiency
could activate the AKT pathway [23, 52]. Therefore, we
postulated that PTPRO might exert its biological func-
tions through modulating the AKT/mTOR pathway. In the
present study, we demonstrated the AKT/mTOR activation
through phosphorylation, which was mediated by PTPRO
silencing, could induce the expression of SREBPI and its
downstream gene ACCI, facilitating FA synthesis and lipid
accumulation.

As a certain amount of lipids is required for cellu-
lar membrane synthesis and critical signal transduction
in proliferating cancer cells, a decrease in the lipid con-
tent may restrict cell growth. FAO is one of the main
processes that contribute to the consumption of FAs. A
previous researchhas demonstrated that the inhibition of
FAO caused by hypoxia was essential for cancer cell pro-
liferation [53]. In addition, pathway enrichment analysis
showed that the FAO pathway was suppressed in aggres-
sive cancers in contrast with early-stage cancers [54].
Thus, we hypothesized that PTPRO silencing-mediated
lipid accumulation might be triggered by its regulation
on FAO too, based on which we revealed that the FAO-
related key enzyme ACOX1 was upregulated by PTPRO.
Previous studies have shown that the FA accumulation
caused by ACOX1 downregulation may promote carcino-
genesis and tumor progression [55, 56]. Consistently, we
demonstrated that ACOX1-mediated FAO could exert a
protective role in CRC initiation and growth. Researches
have revealed that PPARs were essential transcriptional
regulators for FAO, for which PPARa and PPARS were
shown to induce FAO, thus promoting tumorigenesis [32,
33]. Additionally, PPARx has been reported to be able to
sustain the growth of cancer cells [57, 58]. We revealed that
PTPRO positively regulated PPARa and its downstream
gene ACOXI1, thereby modulating FAO. What’s more, prior
studies have uncovered that MAPKs were important for
the regulation of PPAR activity, and ERK and p38 MAPK
are two major subclasses of the MAPK superfamily [37,
38]. It has also been suggested that PTPRO could repress
the activity of the MAPK pathway in different cancer cells
and biological processes [22, 23, 59-61]. Based on these
researches, we demonstrated that PTPRO could dephos-
phorylate p38/ERK MAPK, promoting the expression of
PPAR« and its downstream gene ACOXI1, thus enhancing
FAO in CRC.

Therefore, with compelling evidence, we uncovered the
functions of PTPRO in CRC and discovered that PTPRO
silencing could enhance the expression of ACC1 and
decrease the expression of ACOX1 in CRC cells via the acti-
vation of the AKT/mTOR and MAPK signaling axes. Thus,
the lipid accumulation mediated by ACC1 and ACOX1
could further promote tumorigenesis and progression of
CRC.

Though with intriguing findings, there were still some
limitations in the present study: (1) without detecting the
expression of PTPRO in other metastatic sites such as the
lung and abdomen, we could not conclude whether low
expression of PTPRO could predict metastasis to other
sites except for the liver; (2) we have not explored why
PTPRO is downregulated in CRC and liver metastasis, the
mechanisms of which might provide more alternatives for
developing therapeutic drugs for CRC; (3) the mechanism
of PTPRO activating downstream pathways of PI3K/AKT
and MAPK needs further study.

5 | CONCLUSIONS

In summary, we investigated and uncovered the functions
of PTPRO in CRC, revealing it to be a tumor suppressor and
a prognosis predictor. Our findings demonstrated that the
AKT/mTOR/SREBP1/ACC1 and MAPK/ PPARa/ACOX1
pathways are critical mechanisms contributing to CRC
initiation and progression mediated by PTPRO silencing,
which might facilitate future drug development for CRC
patients.
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