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Pyrroline-5-carboxylate reductase 1 (PYCR1) upregulation
contributes to gastric cancer progression and indicates poor
survival outcome
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Background: Proline levels are significantly increased in tumor specimens and urine samples from gastric
cancer (GC) patients, and we previously showed that intracellular proline levels significantly differ between
human GC cell lines and normal gastric epithelial cells. Pyrroline-5-carboxylate reductase 1 (PYCRI1) is the
key enzyme in intracellular proline synthesis, but its role in GC remains largely unknown.

Methods: Bioinformatic analysis and immunohistochemical (IHC) staining with a tissue microarray
were conducted to assess the association between PYCRI expression and clinical parameters. PYCR1
downregulation and overexpression were then established in two GC cell lines (AGS and MKN28 cells) to
determine whether PYCRI promotes malignant behavior in GC. Gene set enrichment analysis (GSEA) was
further performed to investigate the pathway regulating PYCR1 in GC.

Results: PYCRI expression was up-regulated in different GC cohorts. High PYCR1 protein expression
was correlated with advanced tumor stage, aggressive histological type and high Ki-67 index. High PYCRI1
expression in GC tissues was an indicator of poor outcome in GC patients. Iz vitro, PYCRI knockdown
markedly attenuated GC cells growth and promoted apoptosis, while overexpression produced the opposite
effects. GSEA analysis indicated PI3K/Akt axis was strongly correlated with PYCR1 expression and that
PIK3CB and AKT1 mRNA expression was positively associated with PYCR1 in GC tissues. PI3K inhibition
further significantly reduced PYCR1 mRNA and protein expression. Moreover, as PYCR1 is a mitochondrial
endomembrane protein, nutrient stress induced by glucose deprivation also regulated PYCR1 expression.
Conclusions: PYCRI is highly expressed in GC and acts as a mitochondrial oncogene to induce cancer
progression by enhancing tumor proliferation and responding to metabolic stress. PYCRI1 is a novel

prognostic marker and a potential therapeutic target in GC.
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Introduction

Gastric cancer (GC) is the third leading cause of cancer
mortality worldwide and remains a major health threat in
Asia-Pacific regions (1). GC patients with advanced-stage
disease often have a poor prognosis due to tumor metastasis
and recurrence; therefore, it is of clinical significance to
identify new biomarkers that control the severity of GC and
exhibit predictive value for prognosis.

Recently, there has been intense interest in understanding
metabolic reprogramming in cancer aiming to develop
a metabolism-based anticancer therapy. Accordingly,
several studies aimed at identifying metabolic changes in
macroenvironment (blood or urine) and microenvironment
(carcinoma tissue and gastric juice) have been performed
to map global metabolic profiles and interpret the
possible underlying mechanism in GC (2). Among several
metabolites, proline was identified to exhibit significantly
increased levels in tumor specimens (3) and urine samples
(4,5) from GC patients and to be a possible predictive factor
for patient outcome (5) and tumor metastasis (6). More
importantly, our recent study using gas chromatograph-mass
spectrometer found that human GC cell lines and normal
gastric epithelial cell exhibited a significant difference
in intracellular proline among 278 metabolites (7).
These findings suggest that proline metabolism, including
the metabolites and metabolic enzymes in this pathway,
might play an important role in GC, and more intensive
research is warranted.

Pyrroline-5-carboxylate reductase 1 (PYCRI1), a
mitochondrial inner membrane protein, catalyzes the
rate-limiting step in proline synthesis from pyrroline-5-
carboxylate (P5C). PYCRI has been shown to dramatically
affects cellular energetic, physiological and pathological
processes (8). Additionally, the ability of proline to regulate
redox equivalent shuttling, resulting in the protection
of cells from oxidative stress, has been demonstrated
(9-11). Despite recent efforts to understand the activities
of PYCRI in cancer metabolic reprogramming, little is
known about the role of PYCR1 in GC, and it remains
unclear whether PYCRI expression may correlate with any
clinicopathological features of GC.

In this present study, we therefore combined in-
silico analyses of three independent cohorts and tumor
microarray to investigate the significance of PYCR1 in GC
and performed further in vitro studies to investigate both
its potential effects on GC cell phenotype and its associated
regulatory pathway.
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Methods
Bioinformatic analyses

Profile of basic PYCRI expression in multiple human
tissues was evaluated by GTEx (https://gtexportal.org). The
datasets GSE13861(Cho dataset) and GSE13911(DErrico
dataset) were downloaded from the Gene Expression
Omnibus (GEO) (https://www.ncbi.nlm. nih.gov/geo/). The
Cancer Genome Atlas (TCGA), which has both sequencing
and pathological data on 30 different cancers including GC,
was selected for further analyses of PYCR1 using GEPIA
(http://gepia.cancer-pku.cn/) (12). The mutation counts and
fraction of copy number altered genome data for TCGA
GC were directly downloaded from the cBioPortal for
Cancer Genomics (http://cbioportal.org) (13). Prognostic
values of PYCR1 mRNA were investigated using an online
database Kaplan-Meier plotter (http://kmplot.com/ana
lysis/) (14). Gene Set Enrichment Analysis (GSEA), which
is designed to detect whether a predefined gene set shows
concordant differences between two biological states, was
performed to investigate the PYCR1-associated genes and
pathways (15).

Tissue microarray

Tissue microarray (HStm-Adel80-Sur-08) containing
72 paired GC/para-cancerous tissues and 18 GC tissues
were purchased from Shanghai Outdo Biotech (Shanghai,
China). The study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). Sample
collection was approved by the Ethics Committees of
National Engineering Center for Biochip. Written informed
consent was obtained from the patient for publication of
this study and any accompanying images. Patients who
underwent gastric surgical resection were followed up, and
database of clinical variables (sex, age, diagnosis, stage, Ki-
67 index, survival status, follow-up period) was established.

Immunobhistochemical (IHC) staining and scoring

The expression of PYCRI protein was examined using
IHC staining with primary antibody (PYCRI, 1:2000,
Proteintech). The slide was then photographed under
a microscope and analyzed by two observers who were
blinded to the clinical and pathological data. PYCR1
expression was scored semi-quantitatively by multiplying
the staining intensity (0, no staining; 1, weak staining; 2,
moderate staining; 3, strong staining) and the staining
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rate (graded on the percentage of positive tumor cells; 0,
none; 1, 1-25%; 2, 26-50%; 3, 51-75%; 4, >75%). Protein
expression level was then classified into two categories: low
expression (grades 0-3) and high expression (grades 4-12).

Cell lines and cell culture

Human GC cell lines BGC823, AGS, MKIN45, SGC7901
and MKN28 were purchased from National Infrastructure
of Cell Line Resource (Beijing, China). Cells were cultured
in RPMI 1640 medium (Hyclone) with 10% fetal bovine
serum (Gibco) and 1% Penicillin-Streptomycin antibiotics

(Hyclone). The cell culture was maintained in an incubator
at 37 °C with 5% CO,.

PYCRI1 knockdown and overexpression

For PYCRI knockdown, PYCRI specific siRNA (siPYCRI1)
and negative control siRNA (siNEG) were chemically
synthesized by Sangon Biotech (Shanghai, China).
Transfection of cells with siRNA was performed using
Lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific)
according to the manufacturer’s recommendation. The
sequence of the siRNAs used as follows: siNEG: sense,
5'-UUCUCCGAACGUGUCACGUTT-3"; antisense,
5'-CGUGACACGUUCGGAGAATT-3"; siPYCRIsense,
5'-GCUGUGAAGCCACACAUCATT-3"; antisense,
5'-UGAUGUGUGGCUUCACAGCTT-3". For PYCR1
overexpression, cell lines were transfected with PYCR1
overexpression plasmid (pENTER-PYCRI1-Flag) or
blank plasmid (purchasing from Vigene Biosciences) using
Lipofectamine 2000. Then western blot and real time PCR
was performed to determine the efficiency of reduction or

overexpression.

Cell proliferation and colony formation assay

Cell proliferation was measured using CCK-8 (Dojindo,
Japan) following the manufacturer’s protocol. Simply,
transfected cells were seeded on 96-well plates at a density of
around 2,000 cells/well, then 10 pL. of CCK-8 from kit was
added to each well containing 100 pL fresh media for 2 h
incubation at 37 °C at the test timepoint. Finally, absorbance
values were determined at 450 nm by a plate reader (Varioskan
Flash, Thermo Fisher Scientific). For colony formation assay,
transfected cells were seeded into 6-well plat at a density of
500 cells/well, and were maintained in culture medium for
10 days. Then, cells were fixed (absolute alcohol) and stained

© Annals of Translational Medicine. All rights reserved.

Page 3 of 15

(crystal violet) for colony count.

Apoptosis detection

Apoptosis was determined by Hoechst 33342 staining and
flow cytometric analysis respectively. Nuclear Hoechst
33342 staining was performed to visualized the changes of
nuclear morphology of transfected cells. Briefly, transfected
cells were washed twice with PBS, and then incubated with
10 pg/mL Hoechst 33342 (Solarbio, China) in the dark
for 20 minutes, washed twice with PBS and observed using
a fluorescence microscopy. For flow cytometric analysis,
transfected cells were trypsinized and washed twice with
PBS, and resuspended in binding buffer. Cell suspensions
were then stained with Annexin V-FITC and 7-AAD
(KeyGen BioTECH, China) for 10 minutes in the dark at
room temperature before flow cytometric analysis.

RNA extraction and quantitative real time PCR

Total RNA from different treatment groups was
harvested using TRIzol reagent (Invitrogen). The
cDNA was synthesized using the FastKing RT Kit
(TIANGEN BIOTECH, China), quantitative real-
time PCR using Talent qPCR PreMix Kit(TIANGEN
BIOTECH, China) was then performed with the
following procedures: 95 °C for 3min, followed by 95
°C for 5 s and 60 °C for 15 s for 40 cycles (QuantStudio
5 Real-Time PCR System). The relative expression of
the mRNA of PYCRI1were detected, and the B-actin
was used as an internal control. Primers are as follows:
B-actin: Forward 5'-CCTGGCACCCAGCACAAT-3’,
Reverse 5'-GGGCCGGAC TCGTCATAC-3'; PYCRI:
Forward 5'-CCTACGGGGCTGCCAAGAT-3', Reverse
5'-ACTCT CCAGCACATGCAAGG-3'". The fold change

ANACt

in gene expression was calculated as: Fold change =2

Western blot

Cells were harvested and lysed in RIPA containing
proteinase and phosphatase inhibitors. The concentration
of proteins in cell lysates were quantified by BCA kit
(Applygen Technologies, China) following the instruction.
Equal amounts of cell lysates (20 pg protein/lane)
were electrophoresed on SDS-polyacrylamide gels and
transferred to nitrocellulose membrane. Membranes were
blocked and then probed with the appropriate primary
antibody [PYCRI, 1:5,000 (Proteintech); PARP, 1:1,000
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(Proteintech); Caspase-3, 1:1,000 (CST); cleaved-Caspase
3, 1:1000 (CST); p-PI3K, 1:2,000 (Proteintech); p-Akt,
1:4,000 (Proteintech); Akt, 1:1,000 (Proteintech); B-actin,
1:8,000 (Applygen)] in blocking buffer overnight at 4 °C.
The bound antibodies were detected with IRDye 800CW-
conjugated goat anti-rabbit IgG or anti-mouse IgG (at
1:10,000 dilution; LI-COR Bioscience, Lincoln, NE, USA)
and visualized with Odyssey 290 infrared imaging system
(LI-COR Bioscience).

Statistical analyses

Normally distributed data were presented as mean + SEM,
data with skewed distribution were presented as median with
interquartile. Difference between groups was determined by
two-tailed Student’s ¢-test or one-way ANOVA for normally
distributed data, while comparisons were performed by
nonparametric tests for skewed distribution. Enumeration
data were determined by chi square test or Fisher exact test.
The correlation between Ki-67 index and PYCRI score was
examined by Spearman correlation test. Overall survival
in relation to PYCR1 expression was evaluated by the
Kaplan-Meier survival curve and Log-rank test. Risk factors
of prognosis in patients with GC were evaluated using
univariate and multivariate analyses. All statistical analyses
were carried out using SPSS for Windows 21.0 software,
the value of P<0.05 was considered statistically significant.

Results

PYCRI1 is commonly upregulated in various cancer types
and GC tissues

Genes that are consistently expressed across different
cancers, such as the well-known oncogenes Ras and Myc,
might characterize the fundamental process by which
normal cells undergo malignant transformation. We found
that PYCR1 was widely overexpressed across 22 cancer
types in a dataset from The Cancer Genome Atlas (TCGA)
(Figure 1A4). Additionally, the basal expression of PYCR1
mRNA was relatively higher in the stomach, pancreas and
prostate compared with that in other tissues, indicating
that PYCRI mRNA might be specific to these organs
(available online: http://gtexportal.org/gene/PYCRI).
Thus, up-regulation of PYCR1 might be cancer-specific
and might play an important role in stomach-related
diseases such as GC.

To further evaluate the PYCR1 expression in GC and
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normal gastric tissues, changes in the PYCRI transcriptional
level were first validated using microarray values from Gene
Expression Omnibus (GEO) and TCGA datasets. PYCR1
mRNA was increased in GC tissues in the TCGA cohort
(Figure 1B) and GEO datasets (Cho cohort and DErrico
cohort) (Figure 1C,D). In addition, we determined that the
increase in the PYCRI mRNA abundance was consistent
with the enhancement of its DNA level seen in TCGA
dataset (Figure 1E). To ensure that conclusions derived from
in silico analysis were reliable, we then assessed the PYCR1
protein expression using immunostaining in 72 paired GC
and adjacent tissues. IHC staining indicated that the PYCR1
staining score was higher in tumor tissues than in para-cancer
tissues (Figure 24). PYCRI staining was specifically localized
in the cytoplasm; representative IHC results for PYCRI
in GC tissues and adjacent tissues, along with examples
of different staining intensity, are shown in Figure 2B,C,
respectively. The PYCRI score did not show significant
difference in cancer tissues regarding the tumor size
(Figure 2D), T stage (Figure 2E), N stage (Figure 2IF) and M
stage (Figure 2@), but it was higher in patients with advanced
TNM stage (Stage III + IV) disease (Figure 2H). Moreover,
PYCRI immunostaining was positively associated with the
Ki-67 index (r=0.391, P<0.001 by Spearman’s correlation
coefficient) (Figure 2I). These findings suggest that PYCR1
may play an important role in GC progression.

Associations between PYCRI1 expression and
clinicopathological characteristics in GC

We then studied whether PYCRI expression was associated
with clinicopathological features and had prognostic
value in GC patients. The prognostic value of PYCRI
mRNA expression in GC was first assessed using the
online Kaplan-Meier Plotter tool. Lower levels of PYCR1
mRNA were associated with longer overall survival (OS)
times in the entire cohorts of GC patients (HR =1.88, 95%
CI, 1.58-2.24, P<0.001) (Figure 34). Assessment of the
prognostic value based on the Lauren classification of GC
indicated that high expression of PYCRI in intestinal-type
gastric adenocarcinoma predicated an adverse outcome
(HR =2.9, 95% CI, 2.06-4.06, P<0.001) (Figure 3B,C,D).
Subgroup analyses based on stratification by the degree
of differentiation identified that high PYCR1 mRNA
expression was also associated with poor prognosis in
patients with poorly and moderately differentiated GC
(HR =1.67, 95% CI, 1.11-2.51, P=0.012; HR =4.27, 95%
CI, 1.3-14.08, P=0.0094; respectively), while high PYCRI
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Figure 1 Expression of PYCR1 mRNA in pan-cancer and GC. (A) PYCR1 mRNA expression in 33 pan-cancers. Of them, PYCR1 mRNA
is significantly upregulated in 22 cancer types including GC. (B) Comparison of PYCR1 mRNA level between normal (n=36) and GC tissues
(n=408) in the TCGA cohort. (C,D) Statistic analysis of PYCR1 mRINA expression in normal and GC tissues in two independent datasets-
Cho dataset (GSE13861) & DErrico dataset (GSE13911) (both P<0.05, by Student 7 test). (E) PYCR1 mRINA levels were higher in samples
with PYCR1 gained copy number variance (CNV) compared with the samples without CNV in the TCGA dataset (cBioPortal). *, P<0.05.

expression was associated improved OS in patients with
well-differentiated GC (HR =0.28, 95% CI, 0.09-0.85,
P=0.017) (Figure 3E,EG).

Further evaluation of PYCRI protein expression in
90 GC patients with different clinicopathologic features
revealed that high PYCRI expression was positively
correlated with patients’ AJCC stage (P=0.003), histologic
type (P=0.006) and tumor Ki-67 index (P<0.001) (7able I).
The cumulative survival rate within 5 years after surgery
was significantly increased in those with low PYCRI
expression (P<0.05) (Figure 3H), but low PYCRI expression
was not an independent risk factor in multivariate analysis

(HR =1.436,95% CI, 0.758-2.723, P=0.267) (Tuble 2).

© Annals of Translational Medicine. All rights reserved.

Functional implication of PYCRI in GC in vitro

To elucidate the biological function of PYCRI in GC, we
performed a further in vitro experiment. First, the protein
levels of PYCRI1 were detected in five GC cell lines by
western blotting, the results demonstrated that PYCRI
expression was variable in GC cell lines with different
differentiation (Figure 44). Based on these results, AGS
(high PYCRI expression) and MKN28 (low PYCRI1
expression) were selected to perform further i vitro assays.
To determine whether PYCRI1 is required for GC cells
proliferation, RNA interference (Figure 4B,C) and plasmid

overexpression (Figure S1A) techniques were respectively
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Table 1 Clinicopathological characteristics of GC patients with high and low PYCRI protein expression

PYCR1 expression

Clinical parameters Total (n=90) e P
Low (n=33) High (n=57)

Sex (male/female) 61/29 21/12 40/17 0.409 0.522
Age (<60/=60 years) 30/60 15/18 15/42 3.445 0.063
Tumor size (<5/=5 cm) 34/56 15/18 19/38 1.306 0.253
Histologic type 0.006°

Tubular/papillary 68 19 49 -

Mucinous 9 7 2

Signet-ring-cell and others* 13 7 6
Differentiation (well + moderate/poor) 14/76 4/29 10/47 0.468 0.494
Ki-67 Index (low/high)" 52/38 26/7 26/31 9.428 0.002
Invasion depth (T1 + 2/T3 + 4) 15/75 8/25 7/50 2.153 0.142
Lymph node metastasis (NO/N1-3) 26/64 12/21 14/43 1.417 0.234
Distant metastasis (M0/M1) 82/8 31/2 51/6 0.111 0.739"
Stage (I + /1l + 1V) 39/41 21/12 18/39 8.747 0.003

Statistical analyses was performed by chi square test. ’, continuity adjusted value for chi square test; *, other refers to one case of non-

differentiated cancer; 5, Fisher’s exact test; ', split by median value.

Table 2 Univariate and multivariate analysis of risk factors for overall survival of GC patients

Univariate analysis

Multivariate analysis'

Factors
HR (95% CI) P HR (95% CI) P

Sex (female/male) 0.990 (0.563-1.739) 0.972 0.792 (0.442-1.417) 0.432
Age (<60/=60 years) 1.121 (0.638-1.970) 0.69 1.338 (0.749-2.391) 0.326
Tumor size (<5/=5 cm) 2.257 (1.245-4.093) 0.007 1.683 (0.894-3.167) 0.107
Histologic type

Others/tubular + papillary 0.804 (0.449-1.441) 0.464 0.867 (0.462-1.627) 0.656
Differentiation

Well + moderate/poor 1.890 (0.808-4.418) 0.142 1.421 (0.568-3.553) 0.453
Stage (I + /1l + 1V) 2.992 (1.663-5.384) <0.001 2.360 (1.245-4.476) 0.009
PYCR1 level (low/high) 1.857 (1.037-3.326) 0.037 1.436 (0.758-2.723) 0.267

T, multivariate analysis was performed by Enter method.

applied to knockdown and upregulate PYCRI in GC cells.
Quantitative analysis of the CCK-8 assay results indicated
that AGS and MKN28 cells exhibited a significantly
reduction in the cell viability following PYCR1 knockdown
(Figure 4D). The colony formation assay results also
showed that PYCR1 downregulation reduced the number
of colonies (Figure 4E). In contrast, cell viability and colony

© Annals of Translational Medicine. All rights reserved.

formation were promoted in both cell lines by exogenous
PYCRI1 overexpression (Figure S1).

To investigate the mechanism behind regulating
cell growth, we further examined the effect of PYCRI1
on apoptosis. At 48 hours after transfection, PYCR1-
downregulated cells displayed deeply stained nuclei and
chromatin condensation, as detected by nuclear staining

Ann Transl Med 2020;8(15):937 | http://dx.doi.org/10.21037/atm-19-4402
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blotting and real time RT-PCR respectively (n=3). (D) PYCR1 knockdown inhibited cell proliferation via CCK-8 assay (n=3). (E) Colony
formation assay showed clonogenicity of indicated cells (n=3). (F) Hoechst 33342 staining showed deeply stained nuclei and chromatin
condensation in cells transfected with siPYCR1 (Magnification, 100x, 200x) (n=3). (G) Cell apoptosis after PYCR1 downregulation in
AGS and MKN28 GC cells was assessed by flow cytometry (n=3). (H) Representative blots of apoptosis-associated markers (PARP, cleaved
PARP, Caspase-3, cleaved Caspase-3) determined by immunoblot test and the quantitative results of gray intensity (n=3). (Note: Histogram
of cleaved PARP/PARP in MKN28 cell was not presented, because the blot of cleaved PARP cannot be detected in MKIN28 cells in three
independent assays). *, P<0.05; **, P<0.001, by Student 7 test.

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2020;8(15):937 | http://dx.doi.org/10.21037/atm-19-4402



Page 10 of 15

with Hoechst 33342 (Figure 4F). Flow cytometry analysis
further identified a significant increase in apoptotic AGS
GC cells after PYCRI downregulation (AGS, siNEG uvs.
siPYCRI1, 16.60+1.46 vs. 30.80+1.76), but such an increase
was not evident in MKN28 cells (MKN28, siNEG uvs.
siPYCRI1, 9.133+0.80 vs. 10.7£1.929) (Figure 4G). In
addition, apoptosis-associated markers (cleaved PARP and
cleaved Caspase-3) were upregulated in AGS cells after
PYCRI knockdown (Figure 4H). These in vitro results
suggest that PYCR1 promote GC progression mainly
through the induction of tumor cell proliferation.

Correlation of PYCRI and PI3K/Akt pathway

To probe the relevant pathways regulating PYCRI1
expression on an unbiased basis, we performed GSEA using
the RNA sequencing data from the TCGA GC cohort.
Among the 189 predefined ‘oncogenic signature’ gene sets,
the MTOR pathway was identified to be strongly associated
with PYCRI expression in this dataset (Figure 5A),
suggesting that PYCRI is involved in the PI3K/Akt/
mTOR axis. In addition, correlation analysis with the
GEPIA tool reconfirmed that PYCR1 mRNA expression
was positively associated with PIK3CB and AKT1 mRNA
expression in the same cohort but was not associated with
PIK3CA mRNA (Figure 5B,C,D). Additionally, the protein
expression level of PYCRI was higher in GC cells with
PI3KCA mutation (AGS) than in MKN28 cells, possibly
validating the regulatory effect of this pathway on PYCRI
(Figure SE). Accordingly, the PI3K inhibitor LY294002
was applied to confirm this correlation from the upstream
direction. As shown in Figure SEG, LY294002 treatment
obviously inhibited both protein and mRNA expression
of PYCR1 in AGS (40 pM) and MKN28 (100 pM) cells,
demonstrating that PI3K/Akt axis is an upstream regulator
of PYCRI1. We also evaluated the changes in the levels of
phosphorylated Akt (p-Akt) following PYCR1 knockdown
and overexpression. It was found that the phosphorylation
level of p-Akt was not changed in either cell lines following
PYCR1 downregulation (Figure SH) or upregulation
(Figure 51). These results indicate that PI3K/Akt pathway
affects proline metabolism via PYCR1 in GC.

PYCRI responses to nutrient stress in tumor
microenvironment

Nutrient deficiency is an important feature of tumor
microenvironment, and it affects tumor progression and

© Annals of Translational Medicine. All rights reserved.
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drives changes in cancer metabolism (16). PYCRI is
localized in the mitochondrial membrane, and we reasoned
that it might respond to nutrient stress in the tumor
microenvironment due to this special localization. Thus,
we investigated the glucose concentration- and time-
dependent response of PYCR1 mRNA and protein levels.
As the glucose concentration in the medium decreased (from
5 to 0 mM), an increase in PYCRI1 protein expression was
observed along with an increase in PYCR1 mRNA after
24 hours of treatment (Figure 6). A time-dependent increase
in PYCR1 mRNA and protein expression was also seen in
the presence of 0.05mM glucose concentration (Figure 6).
These data show that PYCRI can act as a stress-induced
metabolic gene to support cell growth.

Discussion

Proline and its related metabolites and associated metabolic
pathways have been reported to be central to cancer growth
and metastasis (17). PYCRI, as the critical enzyme in the
last step of the proline synthesis pathway in mitochondria,
has recently received much attention in cancer research.
Our data based on TCGA mining revealed that PYCR1 was
commonly upregulated across 22 cancer types, consistent
with Nilsson’s result (18) which indicated that PYCR1 was
the most frequently overexpressed metabolic gene across
1981 tumor samples consisting of 19 cancer types (18). In
addition, some studies applying metabolomics have found
increased de novo proline synthesis in metastatic breast
cancer cells (17), melanoma cell lines (19) and ovarian
cancer stem cells (20). Thus, upregulation of PYCRI1
in tumors might explain the metabolic shift in proline
synthesis in cancer. Collectively, this evidence from different
studies robustly supports the hypothesis that PYCR1 is the
fundamental gene for tumor transformation, and ultimately
results in metabolic adaptation in cancer cells.

Notably, the present study is the first to highlight the
clinical implication and biological function of PYCRI in
GC. We found that PYCRI was highly expressed in tumor
tissues and was positively associated with advanced TNM
stage in GC patients from different cohorts. However,
whether PYCRI expression differs during the progression
from normal gastric epithelium to precancerous lesions
(intestinal metaplasia and dysplasia) to GC is not known.
Therefore, further study is warranted to uncover whether
proline metabolism reprogramming via PYCR1 may
contribute to gastric carcinogenesis. GC patients with low
PYCRI expression had favorable prognoses during the five-

Ann Transl Med 2020;8(15):937 | http://dx.doi.org/10.21037/atm-19-4402



Annals of Translational Medicine, Vol 8, No 15 August 2020 Page 11 of 15

A B 6 Pvalue C P value D 7.5 Pae
= = 6
= S =
a5 T S 7.0
= = o 6.5
< @ g = ©.
g4 8 £
e e 5( 6.0
o o <
< 5 = 4 ~ 55
3 3 %
S S 250
2
3 4.5
1
2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9
log2 (PYCR1 TPM) log2 (PYCR1 TPM) log2 (PYCR1 TPM)
E \ F 5 15 AGS _ 15 MKN28
\@ck . AGS MKN28 3 3
(‘96\? NG DMSO - + + - + + T 10 510
P W 5] 9]
g g
p-PI3K LY294002 - - + - - + é 05 é 05
p-Akt a a
p-Akt 0.0 0.0
5 Control DMSO LY294002 5 Control DMSO LY294002
B ‘D
Akt 2 15 AGS 2 15 MKN28
Akt g g
d 1.0 d 1.0
PYCR1 PYCRT & 5
° °
a 05 a 05
B-actin B-actin &« x
0.0 0.0
o Control DMSO LY294002 & Control DMSO LY294002
AGS MKN28 AGS MKN28
G _ 15 AGS H |
»é SiNEG  siPYCR1 siNEG siPYCR1 Vector PYCR1 Vector siPYCR1
g PYCR1 PYCR1
< 1.0
w
<
z p-Akt p-Akt
E 05
&
I~ Akt Akt
o
0.0
Control DMSO  LY294002 -actin p-actin
c 1.5 MKN28
2 15 AGS 1.5 MKN28 15 AGS 15 MKN28
<
21.0 € < < <
o <10 <10 <10 <10
< s s £ g
% 5 5 ] (s}
E 05 S g $ $
e ;‘F 0.5 Ef 0.5 < 0.5 < 0.5
@] Q A Q o
z
0.0 0.0 0.0 0.0 0.0
Control DMSO  LY294002 siNEG siPYCR1 SiINEG siPYCR1 Vector PYCR1 Vector PYCR1

Figure 5 PYCRI and PI3K/Akt signaling pathway. (A) Gene Set Enrichment Analysis (GSEA) identified significant association between
PYCRI and mTOR signaling pathway in the TCGA GC dataset. (B,C,D) Correlation between PYCR1 mRNA and PIK3CA mRNA(r=0.05,
P=0.32, by Spearman test), PIK3CB Mrna (r=0.22 P=6.8x10™, by Spearman test) or AKT1 mRNA(r=0.38, P=3.6x10""; by Spearman test)
in TCGA GC tissues. (E) Western blot showing the baseline levels of p-PI3K, p-Akt, Akt and PYCRI in AGS and MKN28 cells. PYCR1
expression is upregulated in GC cell with PIK3CA mutation. (F,G) The effects of PI3K phosphorylation inhibitor LY294002 on the
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years postsurgical period. Similarly, PYCR1 also displays sample in the tissue microarray. Thus, a large sample
prognostic value in breast cancer (21), lung cancer (22) and size might be required to allow for adjusting all those
melanoma (23). However, high expression of PYCRI1 was variables of interest to determine its role in prognostic
not an independent risk factor for GC prognosis in our prediction. We further demonstrated that PYCRI
present research, this might be attributed to the limited regulated GC cell proliferation and apoptosis in cultured
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Figure 6 Metabolic stress induced by glucose withdrawal upregulates PYCRI. (A,B) GC cells were exposure for 24 hours to medium with
decreasing glucose concentration from 5 mM (control) to 0 mM (left panel), cells were treated with medium containing 0.05mM glucose
and collected at indicated time points (0 h as control) (right panel). Levels of PYCRI protein was detected by western blotting, densitometry
analyses show the band density ratios of PYCRI to B-actin in indicated cells (n=3). (C,D) PYCRI mRNA level was measured by real-time
RT-PCR using B-actin as an internal control. (n=3, *, P<0.05; **, P<0.001, by Student 7 test).

GC cells. GSEA performed by Ding er al. demonstrated
that PYCR1 overexpression lead to marked enrichment of
the gene signatures related to cell proliferation (21). We
identified that PYCR1 protein expression was positively
associated with the Ki-67 index, a cellular biomarker for
proliferation, in tumor samples. These results in cells and
clinical specimens strongly indicate that PYCRI is critical
for tumor growth. The induction of apoptosis by PYCRI1
reduction might be attributed to the dysfunction of PYCRI
in maintaining the mitochondria membrane potential (8)
and mitochondrial redox homeostasis (24). In addition,
downregulation of PYCRI1 leads to decreased intracellular
proline synthesis, which might cause accumulation of
the proapoptotic product P5C to elicit apoptotic events.
However, a result from Liu’s group showed that a reduction
in the PYCRI level did not increase apoptosis in P493
lymphoma cells (25), suggesting the heterogeneity of
different tumor cells. Therefore, the role of PYCRI1 in
regulating apoptosis is warranted to be further clarified.
Furthermore, our results based on GSEA and in-
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vitro assays confirmed that the PI3K/Akt pathway is an
upstream regulator of PYCR1. The PI3K/Akt pathway has
been recognized as an important signaling cascade in the
pathogenesis of GC and as a possible therapeutic target for
GC (26). Genetic alteration (mutation or amplification) of
the genes encoding crucial components of this pathway is
the main mechanism of PI3K/Akt pathway dysregulation
in GC. Inactivation of 4E-BP1 resulting from PI3K/
Akt activation can lead to release of the transcription
factor elF4E, which triggers the transcription of multiple
oncogenes, including ¢-MYC, CCND1 and others (27).
Previous studies have identified that PYCRI is regulated
by ¢-MYC (28), and that its amplification is the main
mechanism of MYC dysregulation in GC (29). Collectively,
these lines of evidence show that activation of the PI3K/
Akt/c-MYC axis might explain PYCRI upregulation in
GC tissues, which is a promising target for precision
treatment of GC. On the other hand, this signaling pathway
is also critical in regulating cell fate decisions, including

proliferation, apoptosis or autophagy (30). Thus, PYCR1
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knockdown-mediated inactivation of target proteins (e.g.,
p-Akt) in the PI3K/Akt signaling pathway may contribute
to the induction of apoptosis and inhibition of growth in
the GC cell lines, especially in cells with PIK3CA mutation,
while overexpression results in the opposite effect. However,
this pattern was not observed in MCF-7 and MDA-MB-231
breast cancer cells in Ding’s study (21); thus, additional
evidence in other cancer types is needed.

The tumor microenvironment is another determining
factor for tumor biological behavior. Cancer cells are
frequently exposed to a nutrient-limited microenvironment,
and interest in understanding the metabolic plasticity that
supports cancer cell survival and proliferation under such
conditions in increasing. The glucose concentration in GC
tissue is relatively lower than that in normal tissue (2,3),
suggesting that metabolic stress is a usual state in GC.
However, the mechanism by which GC cells overcome
nutrient stress in the tumor microenvironment to continue
growing in known. In this study, we discovered that PYCR1
was upregulated in response to glucose deprivation in a
concentration- and time-dependent manner. Some research
has identified that cancer cells rely on high levels of PYCR1
to confer resistance to oxidative stress for cell survival
(9-11). Additionally, Pandhare ez 4/. found that as the
levels of glucose in the culture medium decreased, the
increased intracellular proline level improved colorectal cell
survival (31). Thus, PYCRI upregulation under glucose
starvation conditions could result in an increase in the
intracellular proline level to help cancer cells overcome
nutrient deprivation and keep growing. Collectively, these
finding indicate that PYCR1 might function as a stress
response oncogene enabling GC cells to resist metabolic
stress in the tumor microenvironment.

There are some limitations in this study. First, we only
showed phenomenological findings in vitro, so detailed
mechanism behind the regulation of PYCRI in gastric
carcinogenesis is needed to be investigated in vivo and in
vitro in our future studies. Second, as an enzyme located in
inner membrane of mitochondria, we only studied its role
in response to metabolic stress, but its associations with
mitochondria metabolism was not investigated at present
work.

Conclusions

In summary, the present work revealed for the first time that
PYCRI overexpression can promote GC progression by
enhancing tumor proliferation, and responding to metabolic
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stress and that it could serve as a marker for prognosis of
GC patients. We also provide evidence that the PI3K/Akt
pathway can affect proline metabolism via PYCRI in GC.
Together with the results in our previous report (7), these
findings highlight the potential therapeutic value of targeting
PYCRI1 as a modulator of proline metabolism in GC.
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Supplementary

A

Figure S1 PYCRI1 overexpression promotes GC cells growth. (A) PYCRI1 was overexpressed in AGS and MKN28 cells (n=3). (B) PYCRI1
overexpression increased cell proliferation via CCK-8 assay (n=3). (C) Colony formation assay showed PYCR1 overexpression improved
clonogenicity of indicated cells (n=3). *, P<0.05; **, P<0.001, by Student #-test.
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