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1 | INTRODUCTION

Gastric cancer is the third most common cause of cancer-related
death worldwide.'? Chemotherapy of GC is based on combination
with fluorouracil. Despite advances in surgical treatment, the sur-
vival rates of GC have not been effectively improved, which is mainly
related to intrinsic or acquired chemoresistance.®> The underlying
molecular mechanisms of GC progression and chemoresistance are
largely unclear. Thus, there is an urgent need to gain an in-depth un-
derstanding of the molecular mechanisms of GC tumorigenesis and
chemoresistance.

Long noncoding RNAs are a class of noncoding transcripts lon-
ger than 200 nucleotides in length and have been shown to regu-
late several crucial biological functions.*"® Mechanistically, INcRNA
regulates these cellular processes by interacting with and regulating
macromolecules, including DNA, RNA, and proteins.7 Increasing ev-
idence has shown that IncRNAs influence tumorigenesis and cancer
progression and drug resistance. For example, the IncRNAs HOTAIR,
MALAT1, and GASS5 are considered to play important roles in tumor
initiation and development.®*° Long noncoding RNA CRAL acts as
competing endogenous RNA to decrease cisplatin resistance of GC
through the microRNA-505/CYLD/AKT axis.! Our group revealed
that IncRNA BDNF-AS promoted endocrine resistance of breast
cancers by activating mTOR signaling.}? However, IncRNAs that reg-
ulate chemoresistance in GC are still largely unknown.

Metabolic reprograming is a hallmark of cancer.*® Long noncod-
ing RNAs reprogram cancer metabolism by modulating the key met-
abolic regulators. Our previous study discovered that IncRNA HIFAL
and HISLA drove hypoxia-inducible factor-la mediated transactiva-
tion and glycolysis.1**> Metabolic reprograming not only drives can-
cer development but also chemoresistance of cancers. Our group
revealed that activation of nonoxidative pentose phosphate pathway
in breast cancer induced chemoresistance.'® JAK/STAT3 transcrip-
tionally upregulates CPT1B to enhance the fatty acid p-oxidation,
which promotes chemoresistance by regulating breast CSCs.Y”
DECR1 regulated redox homeostasis by balancing intracellular levels
of saturated and unsaturated phospholipids to participate in the re-
sistance of androgen receptor antagonist in prostate cancer.

In the present study, we undertook a bioinformatics analysis of
the TCGA GC dataset and identified the IncRNA OVAAL, whose over-
expression was associated with poor outcome of GC patients and
resistance to 5-FU treatment. We further revealed that OVAAL pre-
vented proteasomal degradation of PC, thus accelerated the produc-
tion of oxaloacetate from pyruvate and the following accumulation of
malate and aspartate, which enhanced the pyrimidine production for
cell proliferation. We found that OVAAL overexpressed GC cells were
more resistance to 5-FU-induced pyrimidine metabolism abnormali-
ties and thus become resistance to 5-FU treatment.

2 | MATERIALS AND METHODS

2.1 | Patients and clinical samples

Thirty-four primary GC samples and paired nontumor samples
(cohort 1) were collected from patients at Sun Yat-Sen Memorial
Hospital from January 2015 to January 2016. One hundred and
twenty primary GC samples with clinicopathologic data and prog-
nosis data (cohort 2) were collected from GC patients who under-
went surgery at Sun Yat-Sen Memorial Hospital from January 2010
to January 2015. The nontumor samples were collected at least 5 cm
from the tumor.

2.2 | Bioinformatics analysis

RNA sequencing and corresponding clinical data of GC patients
were obtained from the public TCGA database. In total, 1978 IncR-
NAs were identified by differential expression analysis between the
tumor and normal tissues (log2|fold change|>1 and p-value <0.05).
We further undertook univariable Cox regression analysis to identify
prognosis-related INcRNAs. We ranked these candidate IncRNAs by
p-value of univariable Cox regression for subsequent analysis. We
then constructed an IncRNA-based risk score model by considering
each IncRNA’s HR and AIC. Finally, five IncRNAs were used for es-
tablishing a risk score model and calculated their risk score using the

following formula:
Risk score = 2?:0 Coef; g;,

in which Coef; and p; represent the coefficient of the multivariate re-
gression Cox analysis and expression level of each IncRNA, respec-
tively. We used the median score as the cut-off value to divide patients
into high- and low-risk groups; survival analysis and ROC curves were
applied to evaluate this risk model. All the analyses were carried out
using R 3.5.2.

2.3 | Animal experiment

To evaluate the effects of OVAAL knockdown and PC overex-
pression under OVAAL knockdown on tumorigenicity and 5-FU
therapy in vivo, 5x10° BGC823 cells expressing shCtrl or shO-
VAAL1/2 and 5% 10° shOVAAL BGC823 cells transfected with vec-
tor or pcDNA3.1-PC were subcutaneously injected into the right
dorsal flank of 4-week-old male BALB/C nude mice (Vital River).
Intraperitoneal injection of either 5-FU (15mg/kg) or PBS was car-
ried out every 3days.
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2.4 | RNA pull-down assays and mass
spectrometry analyses

In vitro, 3 pg biotinylated RNAs (sense and antisense of OVAAL) was
mixed with extracted protein in RIP buffer (Thermo Fisher Scientific)
for 1 h. After that, 50 ul streptavidin-linked beads (Invitrogen) were
incubated with the RNA-protein binding reaction for 2 h at room
temperature. The bead-RNA-protein complexes were diluted in
SDS buffer. Finally, the retrieved proteins were measured using gra-

dient gel electrophoresis followed by mass spectrometry analysis.

2.5 | RNA immunoprecipitation assay

RNA immunoprecipitation assays were carried out using the Magna
RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore) fol-
lowing the manufacturer’s instructions. The retrieved RNAs were
subjected to qRT-PCR analysis by using specific primers of sense
OVAAL (Table S1). The IgG (Abcam) controls were assayed simul-
taneously to confirm that the RNA specifically interacted with PC.

2.6 | Invitro ubiquitination assay

Gastric cancer cells were treated with MG132 (10 uM; Selleck
Chemicals) for 12h or 18h. Cell lysates were then collected and
subjected to immunoprecipitation with anti-PC Ab (1:50 dilution);
lysates were assessed by western blotting with anti-ubiquitin Ab
(1:3000; Cell SignalingTechnology (CST)).

2.7 | Statistics

Statistical analysis was undertaken using SPSS version 22.0 (SPSS).
Student’s t-test was used for analysis of continuous variables and the
Xz-test or Fisher's exact test were applied to analyze categorical vari-
ables. Kaplan-Meier plots and log-rank tests were used for survival
analyses. Univariable and multivariable Cox proportional hazards
regression models were undertaken to analyze independent prog-
nostic factors. The in vitro data are presented as mean +SD for three
independent experiments. All p values were two-sided. p<0.05 was
considered statistically significant

3 | RESULTS

3.1 | OVAALIis frequently upregulated in GC
tissues and associated with poor outcome and 5-FU
resistance

To identify the key IncRNAs that tightly linked to GC develop-
ment, we first analyzed the differentially expressed IncRNAs
in the TCGA GC dataset. From the 1541 upregulated and 437

downregulated IncRNAs between the tumor and normal tissues
(Figure S1A,B), we screened out 151 prognosis-associated IncR-
NAs by Kaplan-Meier analysis and univariate Cox regression
analysis (Figure 1A). To further narrow down to the most relevant
IncRNAs in GC, we constructed a prognosis risk model using five
IncRNAs (Figure 1B), considering higher HRs and smallest AIC.
Survival analysis showed that the high risk score was significantly
associated with the poor OS (Figure 1C) and higher mortality rate
of GC patients (Figures 1D and S1C). The univariate and multi-
variate regression analyses also revealed that this risk model had
the highest HR among the clinicopathologic characteristics and
was an independent prognostic factor in the TCGA cohort (Table
S2). The ROC curve showed that the 5-year value of area under
the ROC was 0.739, indicating that our model was effective in GC
progression prediction (Figure 1E)

Although each IncRNA in the model significantly correlated
with the survival of TCGA GC patients, OVAAL showed the high-
est HR among them (Figures 1B,F,G and S1D-G). To further vali-
date OVAAL expression in tissue samples, we undertook qRT-PCR
in 34 pairs of GC tissues and matched nontumor tissues (cohort
1). Compared with nontumor tissues, OVAAL showed prominent
increase in GC tissues (Figure 1H), which was consistent with the
TCGA data (Figure 11). Moreover, high level of OVAAL, detected
by gRT-PCR in 120 GC tissues (cohort 2), was significantly asso-
ciated with low OS and CSS (Figure 1J,K), larger tumor size, and
lymph node metastasis (Table S3). The univariate and multivariate
regression model also discovered that high OVAAL expression in-
dependently predicted poor OS and CSS in GC patients, with even
higher HR than the local invasion (T stage) or distance metastasis
(M stage) (Tables S4-57)

5-Fluorouracil is widely applied in GC treatment as a basic che-
motherapy drug. The sensitivity to 5-FU treatment markedly impacts
the survival of GC patients. Interestingly, we discovered that the
level of OVAAL was associated with the efficacy of 5-FU. Seventy-
eight patients were treated with 5-FU-based adjuvant chemother-
apy after surgery in cohort 2. High expression of OVAAL correlated
with poor CSS in these patients (Figure 1L). These results suggested
that a high OVAAL level was associated with tumor progression and
efficacy of 5-FU treatment in GC.

3.2 | OVAAL promotes proliferation and increases
resistance to 5-FU in GC cells

To functionally validate the above findings, we first tested the ex-
pression of OVAAL in four GC cell lines (AGS, BGC823, MGC803,
and HGC-27) and normal gastric epithelial cells (GES-1), which
showed relatively high levels of OVAAL in BGC823 and AGS lines
(Figure S2A). We carried out subcellular fractionation assays in
BGC823 and AGS lines, and found that OVAAL was mainly located
in the cytoplasm (Figure S2B,C). Knocking down OVAAL by siRNA
(Figure S2D,E) significantly impaired the proliferation of BGC823
and AGS cells, as detected by CCK-8 assays and colony formation
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FIGURE 1 OVAAL s frequently upregulated in gastric cancer (GC) tissues and is associated with poor prognosis. (A) Spiral diagram
illustrates the rank of IncRNAs associated with prognosis of GC patients. Red indicates the five long noncoding RNAs (IncRNAs) in the

risk model. (B) Multivariate analysis of five IncRNAs in The Cancer Genome Atlas (TCGA) cohort. (C) Kaplan-Meier curve shows the

overall survival (OS) of TCGA GC patients based on the risk score of five candidate IncRNAs. (D) Patient distribution of the risk score in

the five-IncRNA panel. (E) Receiver operating characteristic (ROC) curve evaluates the diagnostic value of risk model in the TCGA cohort.
Area under the ROC curve, 0.739. (F, G) Kaplan-Meier curve shows the OS and disease-free survival of TCGA GC patients. (H) Statistical
analysis of OVAAL expression in 34 pairs of GC and normal tissues in cohort 1. ***p <0.001, paired t-test. (I) Statistical analysis of OVAAL
expression in GC and normal tissues in the TCGA dataset. *p <0.05, unpaired t-test. (J, K) Survival analysis of GC patients in cohort 2, using
the median expression of OVAAL as the cut-off value. (L) Kaplan-Meier curve shows the cancer-specific survival of GC patients treated with
5-fluorouracil (5-FU)-based chemotherapy in cohort 2. Median expression of OVAAL was used as the cut-off value. Cl, confidence interval,

HR, hazard ratio
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FIGURE 2 OVAAL promotes proliferation and increases resistance to 5-fluorouracil (5-FU) in gastric cancer cells. (A-D) Cell proliferation
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and colony formation (Figure 2M). Meanwhile, overexpression of
OVAAL in MGC803 cells (Figure S2F,G) enhanced resistance to 5-
FU, as assayed by IC,, (Figure 2K), cell proliferation (Figure 2L),

5-FU treatment.

and colony formation (Figure 2N). These results suggested that

IncRNA OVAAL promoted GC cell proliferation and resistance to
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3.3 | OVAAL enhances pyrimidine nucleotide
synthesis to promote proliferation and increase 5-
FU resistance

5-Fluorouracil induces cancer cell death by impairing pyrimidine me-
tabolism and DNA synthesis.!” Growing evidence has suggested that
IncRNAs promoted metabolism reprogramming to accelerate cancer
progression.?°22 Therefore, we tested whether IncRNA OVAAL in-
duced 5-FU resistance of GC by regulating cancer cell metabolism,
especially pyrimidine metabolism. Mass spectrometry analysis of
the metabolite profiling showed that knockdown of OVAAL caused
dramatic decrease of oxaloacetate in BGC823 cells (Figure 3A).
Oxaloacetate is known to transform to citrate by condensing with
acetyl CoA derived from a second pyruvate. Otherwise, oxaloacetate
can undergo a transamination reaction to form aspartate. Consistent
with the above knowledge, we observed the decrease of citrate
(Figure 3A), as well as a significant decrease of aspartate among all
amino acids (Figure 3B). However, glycolytic metabolites were not
affected significantly following OVAAL knockdown (Figure S3A).

In cancer cells, de novo synthesis of nucleotides is the major
source of nucleotide supplies.23’25 Aspartate is essentially required
for de novo synthesis of nucleotides (Figure S3B).% In purine bio-
synthesis, aspartate acts as nitrogen donor for the purine ring of
inosine monophosphate, and the generated hypoxanthine is fur-
ther converted into AMP or GMP.?” More importantly, the whole
structure of aspartate is used for pyrimidine ring synthesis, which is
conjugated with carbamoyl phosphate to transform into carbamoyl
aspartate and then converted into pyrimidine ring by dehydration
and dehydrogenation. Thus, we hypothesized that the nucleotide
synthesis, especially for pyrimidine nucleotide synthesis, would
decrease following OVAAL knockdown because oxaloacetate and
aspartate decreased following OVAAL knockdown. As expected,
silencing OVAAL resulted in the reduction of the nucleosides pool
in BGC823 cells, especially pyrimidine nucleosides UMP/UTP and
CMP/CTP (Figure 3C). Moreover, silencing OVAAL reduced intracel-
lular levels of dTMP (Figure 3D), which was in line with the report
that dUMP could be transformed to dTMP by thymidylate synthase,
therefore adding 5-FU would interfere with the dUMP to dTMP
transformation, disturbing pyrimidine metabolism and inducing
cancer cell death.?® These results supported that OVAAL promoted
NTPs, especially the pyrimidine nucleotide synthesis, to increase in-
tracellular levels of dTMP, thus protecting GC from 5-FU-induced
cell death.

To further confirm that OVAAL induced 5-FU resistance by
enhancing pyrimidine metabolism, we directly replenished oxalo-
acetate, aspartate, or nucleotides to rescue the OVAAL-silencing
phenotype. We found that repletion of oxaloacetate, aspartate, and
uridine rescued the OVAAL silencing-induced decrease of 5-FU re-
sistance (Figures 3E-J and S4A-F), whereas repletion of adenosine,
guanosine, and cytidine could not (Figure S5A-C). These data sup-
ported that OVAAL could reprogram pyrimidine metabolism, there-

fore endowing GC cells with 5-FU resistance.

3.4 | OVAAL enhances pyrimidine metabolism and
induces 5-FU resistance by interacting with pyruvate
carboxylase

Next, we interrogated the mechanism of how OVAAL decreased the
oxaloacetate levels and reprogrammed pyrimidine metabolism in GC.
Like many other IncRNAs, we hypothesized that OVAAL might exert
its function by interacting with proteins in the related pathway.?’
We undertook RNA pulldown assays in BGC-823 cells to identify
the protein interacting with OVAAL. The proteins pulled down by
the sense probe but not antisense probe were identified by mass
spectrometry (Figure 4A). Pyruvate carboxylase was the top scored
protein identified by mass spectrometry (Figure 4B). The binding of
OVAAL with PC was verified by western blot analysis following the
RNA pull-down assay (Figure 4C). In line with these results, the RIP
assays showed the interaction between OVAAL and PC in BGC823
and AGS cells (Figure 4D). Pyruvate carboxylase catalyzes the car-
boxylation of pyruvate to oxaloacetate, which acts as the precur-
sor for the synthesis of many C4 intermediates in TCA and other
metabolic programs.®® Dysfunction of PC would block the transi-
tion of pyruvate to oxaloacetate, which was consistent with our ob-
servation that knocking down OVAAL resulted in the decrease of
oxaloacetate and the subsequent metabolites, including citrate and
aspartate. Thus, we hypothesized that OVAAL enhanced the ox-
aloacetate production and the subsequent pyrimidine metabolism
by activating PC.

Then we tested whether PC mediated the biological function
of OVAAL in GC. We transfected PC into OVAAL-silenced BGC823
cells. Mass spectrometry analysis showed that exogenous expres-
sion of PC could rescue the decreased oxaloacetate, citrate, and as-
partate in OVAAL-silencing BGC823 cells (Figure 4E-G), as well as
NTPs and dTMP (Figure 4H,1). In line with the results, overexpression

FIGURE 3 Longnoncoding RNA (IncRNA) OVAAL promotes proliferation and increases resistance to 5-fluorouracil (5-FU) by regulating
nucleotide metabolism. (A-C) Liquid chromatography-mass spectrometry (LC-MS) analysis showed that knocking down OVAAL impaired
the intracellular level of tricarboxylic acid cycle metabolites, amino acids, and nucleotides. (D) LC-MS analysis showed that knocking down
OVAAL impaired the intracellular level of dTMP. (E) The 5-FU dose-response curve shows the effect of oxaloacetate (8 mM) repletion on
OVAAL-silenced BGC823 cells. (F) Oxaloacetate (8 mM) repletion rescues OVAAL knockdown-induced decrease of cell viability under 5-FU
treatment (30 pmol/L). (G) The 5-FU dose-response curve shows the effect of aspartate (6 mM) repletion on OVAAL-silenced BGC823 cells.
(H) Aspartate (6 mM) repletion rescues OVAAL knockdown-induced decrease of cell viability under 5-FU treatment (30 pmol/L). (I) The 5-FU
dose-response curve shows the effect of uridine (100 uM) repletion on OVAAL-silenced BGC823 cells. (J) Uridine (100 pM) repletion rescues
OVAAL knockdown-induced decrease of cell viability under 5-FU treatment (30 umol/L). Graphs represent mean+SD of experimental

triplicates. *p<0.05; **p <0.01; ***p <0.001. OD, optical density
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of PC could significantly rescue the OVAAL silencing-induced re- PC siRNAs into OVAAL-overexpressing MG803 cells. Pyruvate car-
duction of 5-FU resistance, as measured by IC,, values and the cell boxylase knockdown could reduce the increased level of oxaloace-

proliferation assay (Figures 4J,K and S6A). Likewise, we transfected tate, citrate, aspartate, NTPs, and dTMP in OVAAL-overexpressing



L RRWATS 2 Cancer SCience

=}
2

(A)

KDa

Marker
Marker

AAL
9
2
I~
g
ki
=
&

180
130

100
70

55

relative abundance

[ si ctrl+vector

[ si ctrl+pcDNA3.1-PC

[ si OVAAL +vector

[ si OVAAL+pcDNA3.1-PC

ok

05

Relative OAA level

0.0

U]

[ si ctrl+vector

[ si ctrl+pcDNA3.1-PC

[ si OVAAL+vector

[ si OVAAL+pcDNA3.1-PC

*

0.5

Relative dTMP level

0.0

(M)

[0 vector+si ctrl
[ vector+si PC
[ peDNA3.1-OVAAL i ctrl
[E3 pcDNA3.1-OVAAL+si PC

Hkx

e
=3

Ing
o

=

Relative citrate level

e
o

(P)

[ vector+si ctrl
[ vector+si PC
[ pcDNA3.1-OVAAL i ctrl
[ pcDNA3.1-OVAAL+si PC

ok

Land
=3

Relative dTMP level
o 5 4

=4
=)

(8)

TAN ET AL.

© (D)

Matched query:4024
Sequence: GTPLDTEVPMER
biotinylated RNA
= pull down BGC823 AGS
100 T —
. ] 40 25
90 B input sense antisense o “
g = 3 5]
80 = e 8330 3 20
70 g 5515
=P =5
0 < £0 2 £0
50 b4 . < << ERET
. se = GAPDH 2% 1 28
¥ s s 2 =R
20 5 = T = 5=
s g & &
20 _ |3 T 5 0 0
o P 9 T
10w ‘ l g 2 l T IgG  antiPC IgG  anti-PC
pTINL AT ot | 1 (Y ‘
200 400 600 800 1000 1200
m/;
(H)
3 ATP
(F) (G) 2.0 9 = UTP
I CTP
[ si ctrl-+vector [ si ctrl+vector . . 1 GTP
[ si ctrl+pcDNA3.1-PC [0 si ctrl+pcDNA3.1-PC El
[ si OVAAL+vector [ si OVAAL+vector <9
[ si OVAAL+pcDNA3.1-PC E1si OVAAL+pcDNA3.1-PC &
5 2.0 = 20 x &=
1.5 1.5 >
E o é " §
S 1.0 S 1.0 C}
123 o m
2 2
E 05 E 05
5 S
~ -4
0.0 0.0
o \QC @QQ Q@‘QO&’ QG @@\QO C}Q&Qc e@qo \chG
A B b A A
R < SN 22
Ag\‘oéi})’ovb&\ ?3’ Y" “\ ?3’ \‘%W
S P o ERAOR Qo
RN RO \Q O
.o\‘%\\) .g\‘\"‘\vy &
R & W S 4?3' Vy
) (K)
o si ctrkvector: IC50 = 35.50uM (L)
—«— si ctrl+pcDNA3.1-PC: IC50 = 53.74uM [ vectortsi ctrl
—— si OVAAL vector: IC50 = 17.99M [ vectortsi PC
L00 5 OVAAL+pcDNAS.1-PC:IC50 = 37.084M 159 g culivector [ peDNA3.1-OVAAL+si ctrl
[ peDNA3.1-OVAAL+si PC
= = si ctl+pcDNA3.1-PC
= 80 E < 30
X S 1.0 si OVAAL+vector N 3 L
260 % |- siOVAAL+pcDNA3 1-PC ) < 50
2 o [* < -
z El T 3
g 40 $05 ! ue
= a Z 1.0
o
© 20 o <
]
0 T T T T T T 1 0.0 T T T T T 0.0
0 313 625 125 25 50 100 200 Oh 24h 48h 72h 96h
5-FUUM) Hours
N (o)
) ©
[ vector+si ctrl <
[ vector+si PC 2 1.5
[ peDNA3.1-OVAAL+si ctil -
[E pcDNA3.1-OVAAL+si PC [
520 E
5 * 1.0
= o
z15 2
£ e =
< Q
% 1.0 e 0.5
fos
=
S
200 00 NI & <
&\ EOCAENE SEAE SESS
N
& @WW 4@4 S . &w S
\
ézc:e ef;é?:’ %96?3 é@é?’
& S
@ (R)
—— vector+si ctrl: IC50 = 31.700M
—— vector+si PC: IC50 = 16.15M
—— pcDNA3.1-OVAAL+si ctrl: IC50 = 58.87uM
L0~ PEDNAS.L-OVAAL#si PC: 1C50 = 28.20uM 159 . ectortsi ctrltS.FU
— —=—vectortsi PC+5-FU
= 80+ £ —— pcDNA3.1-OVAAL:si ctrl+5-FU
s S 1.0 - pcDNA3.1-OVAAL+si PC+5-FU
= 2]
£ 60+ NS /f
=
Z 404 2
a £0.5
S 20 : S
0 T T T T T T 1 0.0 T T T T T
0 156 313 625 125 25 50 100 Oh 24h  48h  72h  96h
Hours

5-FUM)



TAN ET AL.

= 3063
Cancer Science A yins A

FIGURE 4 OVAAL enhances pyrimidine nucleotide synthesis by interacting with pyruvate carboxylase (PC) to promote proliferation and
increase 5-fluorouracil (5-FU) resistance. (A) Silver-stained SDS-PAGE gel of proteins pulled down by OVAAL or its control antisense RNA in
BGC823 cells. Framed bands were identified by mass spectrometry. (B) PC was identified by mass spectrometry. (C) RNA pull-down followed
by western blot showed the binding of OVAAL to PC. (D) RNA immunoprecipitation assays using PC Ab followed by quantitative RT-PCR
showed the binding of OVAAL to PC in BGC823 and AGS cells. (E-G) Decreased intracellular concentration of oxaloacetate, citrate, and
aspartate in OVAAL knockdown BCG823 cells was restored by PC overexpression. (H, I) Decreased intracellular concentrations of nucleotide
triphosphate (NTP) and deoxythymidine monophosphate (dTMP) in OVAAL knockdown BCG823 cells were restored by PC overexpression.
(J) The dose-response curve showed that increased 5-FU sensitivity in OVAAL-silenced BGC823 cells was abolished by PC overexpression.
(K) Decreased cell viability in OVAAL-silenced BGC823 cells was restored by PC overexpression. BGC cells were treated with 5-FU
(80pumol/L). (L-N) Increased intracellular concentrations of oxaloacetate, citrate, and aspartate in OVAAL-overexpression MGC803 cells
were abolished by PC knockdown. (O, P) Increased intracellular concentrations of NTPs and dTMP in OVAAL-overexpressing MGC803

cells were abolished by PC knockdown. (Q) The dose-response curve showed that decreased 5-FU sensitivity in OVAAL-overexpression
MGCB803 cells was restored by PC knockdown. (R) Increased cell viability in OVAAL-overexpressing MGC803 cells was abolished by PC
knockdown. MGC803 cells were treated with 5-FU (30 pmol/L). All data are presented as mean +SD of experimental triplicates. *p <0.05;
**p<0.01; ***p<0.001. ATP, adenosine triphosphate; CTP, cytidine triphosphate; ctrl, control; GTP, guanosine triphosphate; IncRNA, long
noncoding RNA; OAA, Oxaloacetate; OD, optical density; UTP, uridine triphosphate

MGC803 cells (Figure 4L-P). Consistently, PC siRNAs signifi-
cantly abrogated OVAAL overexpression-induced 5-FU resistance
(Figures 4Q,R and S6B). These data together indicated that OVAAL
regulated nucleotide metabolism and 5-FU resistance through PC
in GC.

3.5 | OVAAL promotes pyruvate carboxylase
activity by increasing its stability

To identify which region of OVAAL interacted with PC, we con-
structed five fragments of OVAAL (F1, full length of OVAAL;
F2, 1-500nt; F3, 501-1000nt; F4, 1001-1489nt; F5, 1-750nt;
and Fé6, 751-1489nt). The RNA pull-down assay using these frag-
ments as probes showed that F3 and Fé could physically bind to PC
(Figure 5A), which suggested that 751-1000nt was the region in
OVAAL that interacted with PC.

We further constructed the specific fragment (Fs, 751-1000nt)
of OVAAL and the mutant lacking the Fs fragment (AFs). The func-
tional assays and western blot analysis showed that overexpres-
sion of Fs, but not AFs, was sufficient to rescue the IC;, of 5-FU
(Figure 5B,C) and the protein level of PC after OVAAL knockdown
(Figure 5D). These data together suggested fragment 751-1000nt
was crucial for the function of OVAAL.

Next, we explored how OVAAL regulated PC function. We
detected a significant decrease of the PC protein level following
OVAAL silencing in BGC-823 cells and an increase of the PC pro-
tein level in MGC-803 cells overexpressing OVAAL (Figure 5E,F).
However, the mRNA levels of PC were not affected upon OVAAL
RNAi or exogenous expression (Figure S7A,B), suggesting that
OVAAL increased the levels of PC protein at the post-transcriptional
level. We then tested whether OVAAL influenced PC protein deg-
radation. BGC823 cells were treated with the protein synthesis
inhibitor cycloheximide, which showed an accelerated degradation
of PC protein after OVAAL knockdown (Figure 5G,H). To rule out
the possibility that OVAAL might regulate the PC protein synthesis,
we treated BGC823 cells with the proteasome inhibitor MG-132,

and found OVAAL silencing-induced PC protein downregulation
was abolished (Figure 51). These results supported that OVAAL in-
creased the PC level by regulating its proteasome-dependent deg-
radation, but not synthesis. We further confirmed these results by
the ubiquitination assay, which showed that knocking down OVAAL
increased the level of PC ubiquitination in BGC823 cells (Figure 5J).
Consistently, overexpressed OVAAL decreased the level of PC ubig-
uitination (Figure 5K). These results illustrated that OVAAL inter-
acted with PC and prevented the ubiquitin-mediated degradation of
PC protein.

In order to explore the underlying mechanism of how OVAAL pro-
tects PC from protein degradation, we used UbiBrowser 2.0 (http://
ubibrowser.ncpsb.org.cn) to predict the potential E3 ligase of pc.3t
UbiBrowser 2.0 predicted that HSC70 was the potential protein that
interacted with PC to induce ubiquitin degradation. To validate the
prediction, we used the Co-IP assay followed by mass spectrometry
to compare PC binding proteins in control and OVAAL knockdown
cells (Figure 6A). In PC-immunoprecipitated complexes, HSC70 was
detected in OVAAL knockdown BGC-823 cells by mass spectrum
(Figure 6B), but not in control cells, indicating that OVAAL weakened
the interaction between PC and HSC70. The Co-IP experiment also
confirmed the interaction between PC and HSC70 in BGC823 cells
(Figure 6C). In addition, knockdown of OVAAL strengthened the in-
teraction between PC and HSC70 (Figure 6D), without influencing
the protein level of HSC70 (Figure S8A). Moreover, knockdown of
HSC70 significantly decreased PC ubiquitination (Figure 6E) and in-
creased PC protein levels (Figure 6F,G). HSC70 may function as mo-
lecular chaperon and CHIP is an important E3 ligase, which forms the
HSC70/CHIP complex to modify substrate targeting and facilitate
protein degradation.32'33 As expected, the Co-IP assay validated the
interaction between HSC70 and CHIP in BGC823 cells (Figure 6H).
Knockdown of OVAAL did not influence the protein level of CHIP
(Figure S8B). However, knockdown of CHIP could significantly de-
crease the ubiquitination of PC (Figure 61) and upregulate the protein
level of PC (Figure 6J). These data indicated that OVAAL prevented
the interaction between PC and HSC70, thereby further blocking
the ubiquitination and degradation of PC by CHIP.
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FIGURE 5 OVAAL enhances pyruvate carboxylase protein level by increasing its stability. (A) Full-length (F1) or truncated long noncoding
RNA (IncRNA) OVAAL (F2, 1-500nt; F3, 501-1000nt; F4, 1001-1489 nt; F5,1-750nt; F6,751-1489 nt) were used to pull down proteins.

(B) The dose-response curve showed that increased 5-fluorouracil (5-FU) sensitivity in OVAAL-silenced BGC823 cells was abolished by Fs
(751-1000nt) fragment overexpression. (C) Decreased cell viability in OVAAL-silenced BGC823 cells was restored by Fs overexpression.

BGC cells were treated with 5-FU (30 umol/L). (D) Western blot detected protein levels of pyruvate carboxylase (PC) in Full-length (FL), Fs

or AFs (mutant lacking the Fs fragment) transfected BGC823 cells treated with OVAAL siRNA. (E) Western blot detected protein levels of

PC in OVAAL-silenced BGC823 cells with its control. (F) Western blot detected protein levels of PC in OVAAL-overexpressing MGC823 cells
with its control. (G, H) Cycloheximide chase assay of PC in OVAAL stable knockdown BGC823 cells. (I) Western blot analysis detected the
protein levels of PC in OVAAL-silenced BCG823 cells and its control. BGC823 cells were treated with MG132 (10 pmol/L) for 18h. (J) OVAAL
knockdown promotes the ubiquitination of PC. BGC823 cells were treated with MG132 (10 pmol/L) for 18 h. (K) OVAAL overexpression
reduces the ubiquitination of PC. MGC803 cells were treated with MG132 (10 pmol/L) for 12h. ctrl, control
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FIGURE 6 (Continued)
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FIGURE 6 OVAAL prevents the interaction between pyruvate carboxylase (PC) and HSC70 to block the ubiquitination and degradation
of PC by CHIP. (A) Silver-stained SDS-PAGE gel of proteins immunoprecipitated (IP) by PC Ab in control and OVAAL knockdown BGC823
cells. Framed bands were identified by mass spectrometry. (B) HSC70 identification by mass spectrometry. (C) Co-immunoprecipitation
(Co-IP) detected interaction between PC and HSC70 in the BGC823 cells. (D) Co-IP detected interaction between PC and HSC70 in
OVAAL-silenced BGC823 cells with its control. (E) HSC70 knockdown reduced the ubiquitination (Ub) of PC. BGC823 cells were treated
with MG132 (10 pmol/L) for 18 h. (F) Western blot (WB) detected protein levels of PC in HSC70-silenced BGC823 cells with its control. (G)
WB detected protein levels of PC after HSC70 knockdown in OVAAL-silenced BCG823 cells and its control. (H) Co-IP detected interaction
between HSC70 and CHIP in BGC823 cells. (I) CHIP knockdown reduced the ubiquitination of PC. BGC823 cells were treated with MG132
(10 umol/L) for 18h. (J) WB detected protein levels of PC in CHIP-silenced BGC823 cells with its control

3.6 | Targeting OVAAL decreases resistance of 5-
FU in GC xenografts

To examine the role of OVAAL in chemoresistance in vivo, we in-
jected control shRNA or OVAAL shRNA-expressing BGC823 cells
into the right dorsal flank of 4-week-old male BALB/C nude mice
and treated with 5-FU (15mg/kg) or PBS every 3days. OVAAL
knockdown slightly decreased the growth of BGC823 xenografts in
nude mice (Figures 7A-C and S9). Chemotherapy with 5-FU mod-
erately lowered the tumor growth. However, OVAAL knockdown
synergized with 5-FU therapy almost completely inhibited tumor
growth (Figures 7A-C and S9A). In line with these observations, the
percentage of Ki-67-positive cells decreased moderately in OVAAL
knockdown tumors and 5-FU treated tumors, whereas Ki-67 stain-
ing was almost negative in tumors treated by the OVAAL knockdown
and 5-FU combination (Figure 7D,E). In addition, the expression of
PC also decreased along with the OVAAL knockdown in tumors
(Figure 7F,G).

To further explore whether OVAAL exerted its role in che-
moresistance through PC, we injected vector or pcDNA3.1 PC in
OVAAL shRNA-expressing BGC823 cells into the right dorsal flank
of BALB/C nude mice and treated with 5-FU (15mg/kg) or PBS every
3days (Figure 510). Overexpression of PC promoted tumor growth
of BGC823 xenografts in nude mice with or without 5-FU treatment
(Figure 7H-J). Consistently, the percentage of Ki-67-positive cells in
vector groups was weaker than in pcDNA3.1 PC groups (Figures 7K-
N and S9B).

Together, these results suggested that knockdown of OVAAL
might be a promising strategy to overcome resistance of 5-FU as

well as to prevent GC progression (Figure 8).

4 | DISCUSSION

5-Fluorouracil has been widely applied in chemotherapy of GC for
decades.’*® However, 5-FU-based chemotherapy, as first-line
treatment, has shown limited response rates; the objective re-
sponses of the single agent tended to be <20%,%¢ and 5-FU-based
doublets (cisplatin/5-FU) or triplets (cisplatin/epirubicin/5-FU) typi-
cally reached a response rate of up to 50%.% It is urgent to find
new therapeutic strategies to overcome 5-FU resistance. Herein, we
identified a crucial IncRNA OVAAL that was associated with poor
prognosis of GC patients and patients with 5-FU-based adjuvant
chemotherapy. In vitro and in vivo assays confirmed that OVAAL
promoted GC cell proliferation and 5-FU resistance. OVAAL has
been reported to confer apoptotic resistance to melanoma and colo-
rectal cancer by activating the RAF/MEK/ERK signaling cascade,®
but the mechanism of OVAAL in 5-FU resistance of GCs is different.

5-Fluorouracil is a pyrimidine analogue working as an anti-
metabolite to disturb the pyrimidine metabolism of cancers, thus
leading to cancer cell death. Apparently, recovering the pyrimidine
metabolism would be a direct way to overcome the 5-FU-induced
cancer cell death. Metabolic screening revealed that knocking down
OVAAL decreased the levels of oxaloacetate. Oxaloacetate and a-
ketoglutarate are the major intermediates that fuel TCA. In addition,
oxaloacetate can be transaminated to form aspartate by aspartate
transaminase.®’ In starvation, oxaloacetate can be converted to
phosphoenolpyruvate for gluconeogenesis.40 Adding 5-FU can in-
terfere with thymidylate synthase-catalyzed dUTP to dTMP trans-
formation, which then disrupts DNA synthesis and repair in cancer
cells.***2 Thus, the pyrimidine metabolism is disturbed following

5-FU treatment. To survive under this stress, cancer cells have to

FIGURE 7 Targeting OVAAL decreases resistance of 5-fluorouracil (5-FU) in gastric cancer xenografts. (A-C) Tumor image (A),
growth curves (B), and tumor weights (C) of BGC823 xenografts. BGC823 cells transfected with control or OVAAL shRNAs were
subcutaneously inoculated into nude mice. 5-FU was injected intraperitoneally into mice (15mg/kg every 3days). (D, E) Representative
immunohistochemistry (IHC) images (D) and staining scores (E) of Ki-67 in paraffin-embedded xenograft sections (magnification, x400).
(F, G) Representative IHC images (F) and staining scores (G) of pyruvate carboxylase (PC) in paraffin-embedded xenograft sections
(magnification, x400). (H-J) Tumor image (H), growth curves (1), and tumor weights (J) of BGC823 xenografts. Sh-OVAAL BGC823 cells
transfected with vector or pcDNA3.1-PC were subcutaneously inoculated into nude mice. 5-FU was injected intraperitoneally in mice
(15mg/kg every 3days). (K, L) Representative IHC images (K) and staining scores (L) of Ki-67 in paraffin-embedded xenograft sections
(magnification, x400). (M, N) Representative IHC images (M) and staining scores (N) of PC in paraffin-embedded xenograft sections
(magnification, x400). Data of tumor volume, weight, and IHC score are mean=+SD of six mice in each group. **p<0.01; ***p <0.001
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FIGURE 8 Graphicillustration of the mechanism through which OVAAL increases resistance of 5-fluorouracil (5-FU) by stabilizing
pyruvate carboxylase (PC) in gastric cancer cells. OVAAL blocks the interaction between PC and HSC70/CHIP and stabilizes PC, which
results in enhanced production of oxaloacetate and aspartate, and promotes nucleotide biosynthesis, therefore protecting gastric
cancer cells from 5-FU treatment and providing sufficient nucleotides to support DNA replication and repair. dTMP, deoxythymidine
monophosphate; dUMP, deoxyuridine monophosphate; FAUMP, fluorodeoxyuridine diphosphate; TCA, tricarboxylic acid cycle; TS,

thymidylate synthase; Ub, ubiquitination; UMP, uridine monophosphate

overcome the disorder. Additional pyrimidine supply would be a di-
rect rescue to the pyrimidine metabolism disorder. Overexpression
of OVAAL results in less proteasomal degradation of PC, which leads
to the accumulation of PC and accelerated production of oxaloac-
etate from pyruvate. Subsequently, aspartate production and the
following pyrimidine metabolism are enhanced, which helps cancer
cells to overcome the 5-FU induced pyrimidine metabolic abnormal-
ities. Consistently, repletion of oxaloacetate, aspartate, and uridine,
but not adenosine/guanosine/cytidine, reverses the proliferation
suppression and increased sensitivity to 5-FU treatment induced by
OVAAL knockdown.

In summary, our data revealed that IncRNA OVAAL stabilized py-
ruvate carboxylase and accelerated oxaloacetate-aspartate produc-
tion and thus enhanced pyrimidine biosynthesis, which promoted
GC cell proliferation and the resistance to 5-FU. Our finding also
indicated that the level of OVAAL could serve as potential biomarker
for 5-FU resistance and poor outcome of GCs. More importantly, our
study provided a potential therapeutic strategy of preventing GC
progression and overcoming 5-FU resistance by targeting OVAAL

and pyrimidine metabolism.
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