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Abstract; Tumor cells are usually under nutrient-deficient microenvironment, a series of adaptive
responses are adopted to maintain the cell survival and growth under the metabolic stress. However, the
regulatory role of long non-coding RNA (IncRNA) in this process still remains elusive. To explore
whether IncRNAs involve in regulating the hepatocarcinoma cell survival under the metabolic stress,
GIMA ( glucose-deprivation induced modulator of ATF4) was identified as an IncRNA induced by
glucose deprivation via the transcriptome sequencing, and the upregulation of GIMA depends on the
ATF4 activation under glucose deprivation. The Luciferase assay and the chromatin immunoprecipitation
assay proved that GIMA is the transcriptional target gene of ATF4. Furthermore, GIMA promotes the
hepatocarcinoma cell survival under glucose deprivation via specifically inhibiting ATF4. Taken together,
these results suggest that GIMA may be a new potential target for the hepatocarcinoma treatment.
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1 Introduction

Tumor cells are surrounded by a completely different
microenvironment than that of normal cells, so they
must exhibit adaptive responses to hypoxia and nutrient-
deficient conditions'''. This phenomenon of alterations
of tumor energy metabolism and nutrient uptake, called
metabolic reprogramming, has been listed as one of
important hallmarks of cancer'”’. For example, cancer
cells preferentially utilize glucose to generate ATP and
building blocks for biosynthetic processes regardless of
oxygen availability, the so-called Warburg Effect'’’.
Cancer cells also need to rewire metabolism to survive
the nutrient stress such as glucose limitation .
Activating transcription factor 4 ( ATF4) is a stress-
induced transcription factor that is frequently up-
regulated in cancers "°', a member of the ATF/CREB
family, which plays a critical role in regulating genes
involved in the integrated stress response (ISR), amino
acid metabolism, redox homeostasis and ER stress
responses'®’/. These functions of ATF4 can be hijacked
by cancer cells to sustain rapid proliferation and survive
the harsh tumor microenvironment ‘*'. However, ATF4
may suppress tumor development under certain
conditions and induces apoptosis’®"''. Although the
regulation of cancer metabolism by protein-coding genes

has been studied extensively '*"*' | the involvement of

recently identified long non-coding RNA (IncRNA) in
mediating tumor cell survival under stress remains
largely unexplored.

Long non-coding RNA (IncRNA) is a type of
RNA with a transcript longer than 200 nucleotides and
with low protein-coding potential '*'. Next-generation
sequencing technology allows researchers to annotate a
previously unappreciated large number of IncRNAs, but
there are a limited number of IncRNAs that have been
functionally characterized so far'"*’. To date, IncRNAs
have been demonstrated by playing major roles in cell
proliferation, autophagy, and apoptosis regulation
process via various mechanisms including chromatin
modification, epigenetic regulation, alternative splicing
and translation control, etc.''*™ . Compared with
mRNAs, IncRNAs are less conserved among species and
are often tissue-specific \'*'. Increasing researches have
shown that the abnormal IncRNA expression has
significant correlation with human diseases, especially
the development of malignant tumors "', Generally,
IncRNA dysregulation affects the biological process such
as the tumor proliferation, invasion and metastasis,
leading to poor prognosis of cancer patients >,
However, whether IncRNAs involve in the energy
metabolism regulation still remains elusive.
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In the past decades, hepatocarcinoma has become
one of the deadliest malignant tumors worldwide, with
the incidence and mortality rates increasing every year
>l Among all cancers globally in 2018,
hepatocarcinoma ranked sixth in incidence and fourth in
mortality'*'. From 2000 to 2016 in the US mortality
rate of hepatocarcinoma increased by 43% ,making it the
second deadliest cancer preceded only by pancreatic
cancer. In China, the five-year survival rate of
hepatocarcinoma patients was only as low as 12% 27
In this study, using liver cancer as a model system to
study cancer metabolism, we identified an IncRNA
induced by glucose deprivation, named GIMA
( glucose-deprivation induced modulator of ATF4) , and
glucose  deprivation-induced GIMA  was ATF4
dependent. Upon glucose deprivation, GIMA could
prevent cell death via inhibiting the ATF4 protein
expression.

2 Materials and methods

2.1 Cell culture

HEK293T cells (human embryonic kidney cells) , PLC
cells and HepG2 cells ( human hepatocarcinoma cell
line) were purchased from ATCC cell bank in USA, All
cell lines were cultured at 37 °C, 5% CO, in DMEM +
10% fetal bovine serum ( FBS) and were tested for
mycoplasma contamination to ensure the reliability of
the experimental data.

2.2 Nuclear and cytoplasmic separation experiment
When HepG2 cell density of the 6cm culture dish
reached 80% —90% , digest and collect the cells into the
EP tube and wash them with PBS. Cell pellets were
gently resuspended in 100 pL Buffer I ( Immol - L™
MgCl,, 5 mmol - L™ KCI, 25mmol - L™ Tris-HCI (pH
7.4), 0.04% NP-40, 1 xProtease Inhibitor Cocktail,
80U - mL™' RNase inhibitor) and incubated for 5 min
on ice. The centrifuge sample at 5000 g for 89 min at
4 °C, collect supernatant as the cytoplasm fraction.

The remaining cell pellets were washed 3 times
with PBS, centrifuged at 5000 g at 4°C. Cell pellets
(cell nucleus) were gently resuspended in 100 pL
Buffer I (25 mmol - L™ Tris-HCl (pH 7. 4), 400
mmol -+ L'NaCl, 1 mmol - L' EDTA, Immol - L™
EGTA, 0.5 mmol - L' DTT, 1 xProtease Inhibitor
Cocktail, 80 U - mL™' RNase inhibitor) and incubated
for 20 min on ice. Centrifuge sample at 12000 g for 10
min at 4 °C, collect supernatant as the nuclear fraction.

Detect the nuclear and cytoplasmic distribution of
protein and RNA by western blot and qPCR,
respectively.

2.3 Real-time fluorescent quantitative PCR (RT-gPCR)
Total RNA was extracted with TRIzol ( Invitrogen )
reagent, and 1pg RNA fragment was synthesized into
cDNA wusing PrimeScript TM RT kit ( Takara,

DRRO37A). Use SYBR premix EX Taq (TaKaRa) for
real-time PCR and StepOnePlus real-time PCR system
for analysis ( Thermo Fisher Scientific). The PCR
results, recorded as threshold cycle (Ct) numbers, were
normalized against an internal control (actin). The
expression data was analyzed using the 2-AACT
method. The primer sequences are shown in Table 1.
2.4 RNA-FISH (RNA fluorescence in situ hybridization )
The  subcellular  localization of GIMA in
hepatocarcinoma cells was determined using an Alexa
Fluor 488 labeled antisense probe (nucleic acid labeling
kit; Invitrogen). RNA-FISH was performed using the
nucleic acid labeling kit according to the manufacturer’ s
instructions. HepG2 cells were fixed in 4%
paraformaldehyde for 10 min on ice and then
permeabilized using 0. 5% Triton X-100 in the CSK
buffer for 5 min at room temperature. After dehydration
with ethanol to 70% and then 100% , cells were probed
overnight the biotinylated oligo (dT) at 37 °C in the
presence of 15% formamide. After several washes in the
SSC buffer (4x, 2%, and 1x) cells were stained for 3 h
(at 37 °C) with Alexa 488—conjugated streptavidin in a
buffer with 4x SSC buffer and 1% of RNase-free bovine
serum albumin  ( Invitrogen/Life  Technologies,
Carlsbad, CA). Images were digitally acquired on a
microscope.

2.5 5'RACE and 3'RACE

The 5'RACE measurements were conducted according
to the manufacturer’ s instructions | SMARTer RACE
5'/73" kit ( Clontech ) ]. Briefly, total RNA was
extracted from HepG2 cells with TRIzol reagent
(Invitrogen Life Technologies). PCR reactions were
performed using the universal primers provided in the
5'RACE kit. The PCR product was cloned and
sequenced. The primer sequences of P1 and P2 are
shown in Table 1.

2.6 Lentivirus packaging

To generate lentiviruses expressing the indicated
shRNAs, HEK293T cells were transfected with shRNAs
(cloned in PLKO. 1), pREV, pGag/Pol/PRE, and
pVSVG with a ratio of 2 : 2 : 2 : 1 using Lipofectamine
2000 (Invitrogen) Transfection Reagent. To generate
lentiviruses expressing pSin empty vector ( control) or
the indicated genes, HEK293T cells were transfected
with pSin-based construct,pMD2. G, and psPAX2 with
a ratio of 2 : 1 2 using Lipofectamine 2000
(Invitrogen ) Transfection Reagent. For generation of
the control virus, PLKO. 1 or pSin empty vector was
used. 4-6 h after transfection, the culture medium was
replaced with fresh medium. 48 h later, the medium
containing lentiviral particles was collected by filtration
with 0.45 wm PVDF membrane (Millipore). The shRNA
sequences used in this study are shown in Table 1.
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2.7 Chromatin immunoprecipitation assay ( ChIP)

According to the instructions of the chromatin
immunoprecipitation kit ( Beyotime ) , HepG2 cells were
cross-linked with 1% formaldehyde for 10 min. Then
cells were lysed and ultrasonically disrupted. The ATF4
antibody and normal rabbit immunoglobulin G (IgG)
were used for the chromatin immunoprecipitation
experiment. The bound DNA fragments were detected
by PCR using the specific primers.

2.8 Luciferase reporter assay

The JASPAR database was used to predict the potential
binding sequence of ATF4 on the GIMA promoter to
construct a luciferase reporter gene system. Control
vector (ctrl ), Flag-ATF4 was co-transfected with
renilla luciferase plasmid, pGL3-basic vector/pGL3-
basic vector containing GIMA wild-type or mutant
binding sites respectively. We applied Lipofectamine
2000 ( Invitrogen ) Transfection Reagent for the
experiment. 24 h later, the activity of the reporter
system was measured by the luciferase assay kit
(Promega) , and the renilla luciferase activity was used
as an internal reference for plotting (mean +SD).

2.9 ROS Level measurement

Refer to the instructions of the Reactive Oxygen Species
Assay Kit (Beyotime), use HepG2 and PLC cells as
experimental materials, and dilute DCFH-DA with
serum-free culture medium at 1 : 1000 to make the final
concentration 10pumol « L.

After cells being collected, suspended in the diluted
DCFH-DA, the cell concentration was 1 x 10° -2 x 10’
cells - mL™'. Incubate for 20 min in a 37 °C cell
incubator. Invert and mix every 3—-5 min to make the
probe and the cells fully contact. Wash the cells three
times with serum-free cell culture medium to fully
remove the DCFH-DA that has not entered the cells.
Guava EasyCyte HT Flow Cytometer ( Millipore) was
used to detect the ROS level, and the 488nm excitation
wave length was used to detect the intensity of cell
fluorescence.

2.10 Cell viability assay

The cell viability was measured by propidium iodide
(PI) staining. The cells were stained with PI ( final
concentration ; 50 pg + mL™') and hoechst ( final
concentration ; 1 pg - mL™') for 20 min and then
observed by the inverted fluorescence microscope
( Olympus ) and photographed by software, finally
counted manually.

2.11 Cell proliferation assay

PLC and HepG2 cells were infected with lentiviruses
expressing control shRNA, GIMA shRNA#1, GIMA
shRNA#2 or control, GIMA, respectively. 48 h later,
cells were seeded to 24-well plate. Number of cells was
measured by the Countstar BioTech Automated Cell
Counter ( Shanghai Ruiyu) every day for up to 4th day.

2.12 Quantification and statistical analysis

SPSS 21. 0 statistical software was used to analyze the
data, and the analysis of the differences between sample
data was calculated by the t-test statistical method. A p
value <0. 05 indicates that the difference is statistically
significant. “, " and """ represent p-values less than
0.05, 0. 01 and 0. 001, respectively. Ns, means no
significance.

3 Results

3.1 Metabolic stress induces IncRNA GIMA expression
To identify the metabolic stress-induced IncRNAs, we
conducted an RNA sequencing experiment in
hepatocellular carcinoma (HCC) HepG2 cells cultured
in normal or glucose-free medium. Eight identified
IncRNAs that are triggered by glucose starvation were
validated by quantitative PCR. These IncRNAs were
selected based on on fold change ( =2) and p value
(<0.05) under glucose deprivation (Table 2). Among
the IncRNAs examined, Inc-GPR89B-11 : 2 was the
most up-regulated ( Figure 1 (a)). We next further
confirmed the up-regulation of Inc-GPR89B-11 : 2 upon
glucose deprivation. Indeed, the expression level of Inc-
GPR89B-11 : 2 was elevated during the time course in
response to glucose starvation both in PLC and HepG2
cells (Figure 1 (b, c¢)). Thus, we focused on Inc-
GPR89B-11 : 2 and, for simplicity, refer this IncRNA
as GIMA ( glucose-deprivation induced modulator of
ATF4) given that it is able to specifically regulate the
protein level of ATF4. GIMA was predominantly
localized in the nucleus (Figure 1(d, e)). GIMA is
located on chromosome 1 of the human genome. By
performing rapid-amplification of complementary DNA
(cDNA ) ends ( RACE) experiments, GIMA was
revealed as an RNA transcript with a molecular size of
4432nt (Figure 1(f, g)), which is 17 nucleotides more
at the 5'end than the reference sequence of Inc-GPR89B-
11 : 2 on LNCipedia. The above results indicate that
LncRNA GIMA is induced by glucose deprivation in
hepatocarcinoma cells.

3.2 Induction of GIMA is dependent on ATF4 in

response to glucose deprivation

To interrogate how GIMA is induced upon glucose
deprivation, we used the JASPAR database to inspect
the upstream region of the GIMA gene. Two putative
ATF4 binding sites (P1 and P2) were identified. As
reported previously ! the expression level of ATF4
increases significantly under the metabolic stress such as
glucose starvation, and then ATF4 transcriptionally
activates the downstream target genes involved in the
adaptive survival response. We therefore asked whether
ATF4 was responsible for glucose deprived induction of
GIMA. Glucose starvation consistently induced GIMA
in HepG2 cells. However, this increased GIMA
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Figure 1. LncRNA GIMA is induced by glucose deprivation. (a)RT- qPCR showing expression level of 8 identified IncRNAs that are

triggered by glucose starvation in HepG2 cells cultured in glucose-free medium for 24 h. Data shown are mean +SD (n=3).

(b,c)

RT- qPCR showing expression level of GIMA in HepG2 and PLC cells cultured in glucose-free medium during the time course(Oh,12h,

24h). Data shown are mean +SD (n=3). ", p<0.01;
GIMA in HepG2 cells. Data shown are mean +SD (n=3).

expression was abolished when ATF4 was knocked
down ( Figure 2 (a)), indicating that ATF4 is
indispensable for the induction of GIMA under glucose
deprivation. Next, we explored whether ATF4 regulates
GIMA expression at the transcriptional level. The
knockdown of ATF4 decreased, whereas overexpression
of ATF4 increased the expression level of GIMA in both
PLC and HepG2 cells(Figure 2(b-e) ). The chromatin
immunoprecipitation assay ( ChIP) demonstrated that
ATF4 co-precipitated with the chromatin fragment
comprising P1 and P2, respectively, upon glucose
deprivation (Figure 2(f)). To examine whether P1 or
P2 site confers ATF4-dependent transcriptional activity,
luciferase reporter assay was carried out. The ectopic
expression of ATF4 markedly increased the
transcriptional activity of luciferase reporter containing
wild-type P1 and P2 sites, respectively, whereas the
mutation of Pl and P2 completely diminished the
increased activity (Figure 2(g)). Collectively, glucose
deprivation-induced GIMA is ATF4-dependent.

3.3 GIMA protects hepatocarcinoma cells from

glucose deprivation-induced death

We next investigated the potential function of GIMA in
mediating metabolic stress response. To avoid off-target
effects, two different GIMA targeting shRNAs ( sh-

*rt, p<0.001.

(e) RNA-FISH (RNA fluorescence in situ hybridization) for GIMA in
HepG2 cells. Nuclei are counter-stained with 4, 6-diamidino-2- phenylindole ( DAPI).
RACE (rapid amplification of cDNA ends) and 3’-RACE experiments.

(d) Subcellular fractionation followed by RT-qPCR for

(f) Shown are products obtained from 5'-
(g) Shown is the full length of GIMA.

GIMA#1 and sh-GIMA#2) were used. Both of these
two shRNAs were able to efficiently decrease GIMA
expression in both PLC and HepG2 cells ( Figure 3(a,
b)). GIMA knockdown significantly sensitized both of
HepG2 and PLC cells to glucose deprivation-induced
death ( Figure 3 (e, f)), which could be rescued by
ectopic expression of shRNA-resistant form of GIMA
(Figure 3(g—j) ). In addition, neither the depletion nor
overexpression of GIMA was shown to affect the
proliferation of both HepG2 and PLC cells (Figure 3(a-
d, k-n) ), precluding the effect of proliferation rates on
the glucose deprivation-induced cell death. These results
demonstrate that GIMA plays a previously unreported
protective function in the hepatocarcinoma cell survival
under glucose deprivation.

The glucose deprivation-induced cell death was
also restored in GIMA knockdown cells by replenishing
the cells with N-acetyl-L-cysteine ( NAC), a well-
known antioxidant which effectively scavenges ROS
(Figure 4 (a,b)). We therefore proposed that GIMA
may regulate cellular ROS levels to prevent cell death
from glucose deprivation. In support of this, the
knockdown of GIMA in PLC and HepG2 cells increased
ROS levels under glucose deprivation, however, which
was rescued by the overexpressing shRNA-resistant form
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Figure 2. Glucose deprivation-induced GIMA is ATF4-dependent. (a) RT-qPCR detection of expression of GIMA in HepG2 cells
treated with glucose-free medium during the time course (Oh, 12h,24h). Expression in each condition is shown relative to control
(shetrl, shATF4). Data shown are mean +SD (n=3). ", p<0.0l; """, p<0.001; ns., no significance. (b,c) RT-qPCR
detection of expression of GIMA in PLC and HepG2 cells upon each condition (shctrl, shATF4). Data shown are mean +SD (n=3).
“**, p<0.001. (d,e) RT-gqPCR detection of expression of GIMA in PLC and HepG2 cells upon each condition (EV, ATF4). Data
shown are mean +SD (n=3). """ p<0.001. (f) Lysates from HepG2 cells were subjected to ChIP assay using anti-ATF4 antibody
or an isotype-matched control immunoglobulin G (IgG). Three independent experiments were done with the similar results. Results
from one experiment are shown. (g) Shown are the pGL3-based wild-type and mutant reporter constructs used for luciferase (Luc)
assay. HEK293T cells were co-transfected with control vector (ctrl), or Flag-ATF4, together with the reporter constructs in the
indicated combination. Twenty-four hours after transfection, reporter activity was measured and plotted after normalizing with respect to
renilla luciferase activity. Data shown are mean +SD (n=3). “", p<0.01; """, p<0.001; ns., no significance. HEK293T cells
were transfected with control vector (ctrl) or Flag-ATF4, and the cells were collected 24 hours later to detect the overexpression of
ATF4 (using endogenous ATF4 antibody ).

of GIMA (Figure 4 (¢—-f)). We noticed that under deprived conditions ( Figure 5 (a, b)). However,

normal conditions, the knockdown of GIMA had no effect
on cellular ROS levels (Figure 4 (g—j)), implying that
GIMA may exert its function in response to the metabolic
stress. Taken together, our data reveal that GIMA may
prevent the glucose deprivation-induced death in
hepatocarcinoma cells via reducing cellular ROS levels.
3.4 GIMA promotes hepatocarcinoma cells survival
via inhibiting ATF4 expression under glucose
deprivation
To explore the molecular mechanism whereby GIMA
protects hepatocacinoma cells from glucose deprivation-
induced death, we examined whether GIMA could
modulate protein levels of glucose metabolism-related
genes such as PHGDH, G6PD, PSAT1, PSPH and
LDHA. The results showed that the protein levels of
these glucose metabolism-related genes were not affected
by GIMA depletion under both normal and glucose

intriguingly, the knockdown of GIMA dramatically
increased the protein level of ATF4 under glucose
deprivation ( Figure 5 (c)). Similar results were also
obtained in HepG2 cells (Figure 5(d) ), indicating that
GIMA may specifically inhibit the ATF4 expression.
Given the inhibitory effect of GIMA on the ATF4
protein expression, we sought to evaluate whether
GIMA facilitates cell survival under glucose deprivation
via ATF4. We knocked down GIMA, ATF4 or both of
GIMA and ATF4 in HepG2 and PLC cells. GIMA
knockdown consistently decreased cell viability under
glucose deprivation, which could be restored by the
simultaneous knockdown of ATF4 ( Figure 5 (e,f)).
Collectively, these data suggest that GIMA may
promote hepatocarcinoma cells survival under glucose
deprivation via inhibiting the ATF4 expression.
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Figure 3. GIMA protects hepatocarcinoma cells from glucose deprivation-induced death. (a,b)The knockdown efficiency of GIMA
was verified by real-time RT-qPCR analysis in PLC and HepG2 cells. Data shown are mean +SD (n=3). “*, p<0.0l; """,
p<0.001. (c,d) The successful overexpression of GIMA was determined by real-time RT-qPCR analysis. Data shown are mean +SD
(n=3). """, p<0.001. (e,f) PLC and HepG2 cells were infected with lentiviruses expressing control SIRNA, GIMA shRNA#I ,
GIMA shRNA#2. Forty-eight hours later, cells were cultured under glucose deprivation. Seven-two hours later, cells were assayed
for their viability. The shown images are representative of three independent experiments. Data shown are mean +SD (n=3). ~,
p<0.05; """, p<0.01 """, p<0.001. (g,h) PLC and HepG2 cells were infected with lentiviruses expressing control shRNA,
GIMA shRNA#1, shRNA-resistant GIMA. Forty-eight hours later, cells were cultured under glucose deprivation. Seven-two hours
later, cells were assayed for their viability. The shown images are representative of three independent experiments. Data shown are
mean +SD (n=3). "", p<0.01. (i,j) PLC and HepG2 cells were infected with lentiviruses expressing control shRNA, GIMA
shRNA#1 , shRNA-resistant GIMA. Forty-eight hours later, the knockdown efficiency of GIMA was verified by real-time RT-qPCR
analysis. “", p<0.01 “"", p<0.001. (k,l1) PLC and HepG2 cells were infected with lentiviruses expressing control shRNA,
GIMA shRNA#1, GIMA shRNA#2. Forty-eight hours later, the cell growth curves were measured. Data shown are mean +SD (n=
3). ns., no significance. (m,n) PLC and HepG2 cells were infected with lentiviruses expressing control, GIMA. Forty-eight hours
later, the cell growth curves were measured. Data shown are mean +SD (n=3). ns., no significance.
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Figure 4. GIMA prevents glucose deprivation-induced death in hepatocarcinoma cells via reducing cellular ROS levels. (a,b) PLC and
HepG2 cells were infected with lentiviruses expressing control shRNA, GIMA shRNA#1, GIMA shRNA#2 with or without NAC
treatment. Forty-eight hours later, cells were cultured under glucose deprivation. Seven-two hours later, cells were assayed for their
viability. Data shown are mean +SD (n=3). “*, p<0.01. (c,d) PLC and HepG2 cells were infected with lentiviruses expressing
control shRNA, GIMA shRNA#1, GIMA shRNA#2. Forty-eight hours later, cells were cultured under glucose deprivation. Seven-two
hours later, ROS levels were detected by flow cytometry. (e,f) PLC and HepG2 cells were infected with lentiviruses expressing control
shRNA, GIMA shRNA#1, shRNA-resistant GIMA. Forty-eight hours later, cells were cultured under glucose deprivation. Seven-two
hours later, ROS levels were detected by flow cytometry. (g,h) PLC and HepG2 cells were infected with lentiviruses expressing
control shRNA, GIMA shRNA#1, GIMA shRNA#2. Seven-two hours later, ROS levels were detected by flow cytometry. (i,j) PLC

and HepG2 cells were infected with lentiviruses expressing control sSIRNA, GIMA shRNA#1, shRNA-resistant GIMA. Seven-two hours
later, ROS levels were detected by flow cytometry.

4 Discussion

Cancer cells are known to develop strategies to sustain
growth and survive nutrient-limited microenvironment,
one of which is to maintain high levels of glycolysis
under metabolic stress'

starvation, nuclear receptor Nur77 has been reported to

prevent glucose deprivation-induced cell death

melanoma by protecting fatty acid oxidation"*" .

®I In response to glucose

in

The
GCN2-ATF4 pathway is also critical for the cancer cell

survival and growth in response to nutrient deprivation
Via transcriptional regulation of downstream target

31]
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Figure 5. GIMA promotes hepatocarcinoma cells survival under glucose deprivation by inhibiting ATF4 expression. (a,b)Immunoblot
for PHGDH, G6PD, PSATI1, PSPH and LDHA in GIMA silenced PLC and HepG2 cells under Glc (+)/Glc (-). (¢,d) Immunoblot
for ATF4 in GIMA silenced PLC and HepG2 cells under Glc (+)/Glc (-). (e,f) PLC and HepG2 cells were infected with lentiviruses
expressing control shRNA, GIMA shRNA#1, ATF4 shRNA or both GIMA shRNA#1 and ATF4 shRNA. Forty—eight hours later, cells
were cultured under glucose deprivation. Seven-two hours later, cells were assayed for their viability. The shown images are

representative of three independent experiments. Data shown are mean £SD (n=3). **, p<0.01.

genes, ATF4 engages in regulations of amino acid
uptake and biosynthesis, autophagy, redox balance and
angiogenesis process, promoting metabolic homeostasis
and cancer cell survival®®. However, induction of
ATF4 also induces apoptosis under certain conditions.
Jaeseok Han et al. found that the increased protein
synthesis triggered by ATF4 generated ROS, which is a
necessary signal to induce apoptosis under ER stress' ™.

In this study, we screened and identified a glucose
deprivation-induced LncRNA-GIMA. Recently several

IncRNAs involved in regulating tumor energy
metabolism have been reported. For instance, IncRNA
FILNC1 and NBR2 are also induced by glucose
deprivation. FILNCI is shown to inhibit the glycolysis
pathway via c-Myc, thereby suppressing the
development of kidney cancer. In addition, the
expression level of FILNCI is down-regulated in renal
cell carcinoma, which is positively correlated with the
poor clinical prognosis of renal cell carcinoma “**'. Liu
Xiaowen et al. "*' found that NBR2 is induced through
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LKB1-AMPK pathway under the metabolic stress,
which in turn interacts with AMPK and promotes AMPK
kinase activity, thereby forming positive feedbacks to
enhance the AMPK pathway under the metabolic stress,
ultimately promoting the cellular uptake of nutrients
such as amino acids and glucose. We here show that
glucose deprivation-induced IncRNA GIMA is able to
promote hepatocarcinoma cells survival via specifically
inhibiting the ATF4 expression. Our study therefore
reveals a previously unappreciated function of IncRNA
in protecting cells from glucose deprivation-induced
death.

By performing the chromatin immunoprecipitation
(ChIP) and luciferase reporter assay, we show that

GIMA is a direct target of ATF4. And glucose
deprivation-induced GIMA is dependent on ATF4.
Further, the knockdown of GIMA markedly induced cell
death by increasing levels of cellular ROS upon glucose-
free conditions. Mechanically, GIMA depletion
dramatically increased the expression of ATF4, so we
demonstrated a negative feedback regulation between
ATF4 and GIMA. ATF4 transcriptionally activates
GIMA; in turn GIMA can specifically inhibit ATF4
protein expression, thereby facilitating cell survival
under glucose deprivation. In summary, our findings
suggest that GIMA may be a new potential target for the
treatment of hepatocarcinoma, providing new strategies
for hepatocarcinoma prevention and treatment.

Table 1. Oligonucleotides used in this study.

Primers used in qRT-PCR assays

Fw: 5'GACCTGACTGACTACCTCATGAAGAT3’

Rev: 5'GTCACACTTCATGATGGAGTTGAAGG3'

Fw: 5'GGATCGGCCCTTTCTTCAAATA3’

Rev: 5'GTCTTTCCAGTTGGTGGTACTG3’

Fw: 5'GAGGCATATCTACTGGGAACAC3'’

Rev: 5'GGTGCCTTGCATGTTGATATTT3’

Fw: 5'CAGTGAAAGAAGGTCCCAGTAG3’

Rev: 5'CCAGTAGCAGGATGTGATGATT3’

Fw: 5"CACAACCCTCCACCTTCTAAA3’

Rev: 5'GGAAGTAGGGAAGTCTGTTCAC3'

Fw: 5’"CCAAGGACGCTGGAACTATT3'

Rev: 5'CCTCTTATCCAGGCCATAAGC3’

Fw: 5'TACAGGGTCACCTCTGAAGCA3'

Rev: 5'TGAATCTCATGAGGCGCTGAA3’

Fw: 5'TCTGCATTTGGTAGTCCGGG3'

Rev: 5'AACCACCAACACACTCCAGA3’

Fw: 5'TAATGGACACGCAAGGCTGT3’

Inc-FAM92B-3 : 1

Rev: 5'AGCCTGGCTGAGAACTTTTGT3’

RACE primers

GIMA 5’ -GSPI1

GIMA 3’ -GSP2

5'CCCAGGCCCGGAAGGACAAGTAGGGGA3'

5'CCCTAGTGCCTGGTGCAGGGTAAGTAC3'

(To be continued on the next page)
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(Continued)

Primers used in ChIP assays

Fw: 5’AAGCGCAAGAAACATGAAT3’

Rev: 5'CTTTTGGGAATTTATTTTTTCT3’

Fw: S'TCTTCTCAACTTTTCTAT3’

Rev: 5'"CAGTGGCTTTCCCTGTCTC3'

Fw: 5'TACTAGCGGTTTTACGGGCG3’

GAPDH promoter

Rev: 5'TCGAACAGGAGGAGCAGAGAGCGA3’

Oligonucleotide sequence of shRNAs

sh-GIMA#1

shATF4

5'GGACAGGAAATCACGAATT3’

5'GCCTAGGTCTCTTAGATGATT3’

Probe sequence used for RNA ISH

CCUCUUGGTGCCCUGUTUCTTGGTCUUUCUTTUTGCTGGGTGTGTCTGTGUGCUTGGTTTTGGUTGUGUTTUUCUTTTGUUTC
UGTUCUCTGUUTUUUGCTTUTTTCTTTCCCCUGTUGUTGUTCCTCUTCCUUTCUCTTUUUGGCCTGUUTUGUUCCUUUUGTCT
GUCCTGCCCUTGUGTUUGUGUGUGCTCCTTCTGCCTGUTTGCTTCUGCTGUGUTUTCUGCCTTTTCCTGCCTTTGGUUTTGUUC

Table 2. Screened IncRNA information.

Sequence Name p-value Abzocl}lllzi lizlcé}]c;a)nge ( Glf:fujzﬁgﬁl ) Chromosome Type
Inc-GPR89B-11 : 2 7.81E-06 20. 62906668 up chrl noncoding
ENST00000454060 0-01t77 6. 161658024 up chrl3 noncoding
ENST00000586248 0.002734 5.660763832 up chrl9 noncoding
ENST00000559277 0. 000602 5.368126438 up chrl5 noncoding

Inc-AKIRINI-11 3.3E-05 4.621190732 up chrl noncoding

Inc-STAPI-8 : 1 0.011328 4.025095531 up chr4 noncoding
Inc-ZFANDI-1 : 2 0.007928 3.57252091 up chr8 noncoding
Inc-FAM92B-3 : 1 0.038042 3.394886931 up chrl6 noncoding
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