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Abstract: Hepatocellular carcinoma (HCC) is rapidly becoming one of the most prevalent
cancers worldwide and is a prominent source of mortality. Ras-related associated with diabetes
(RRAD), one of the first members of the 35-39 kDa class of novel Ras-related GTPases, is
linked to several types of cancer, although its function in HCC remains unclear. In this study, we
observed that RRAD was downregulated in HCC compared with adjacent normal tissues. This
change was associated with a poor prognosis. Furthermore, knockdown of RRAD in SK-Hep-1
cells facilitated cell proliferation, accelerated the G1/S transition during the cell cycle, induced
cell migration, and reduced apoptosis. In contrast, overexpression of RRAD in Huh7 cells had
the opposite effects. Moreover, we demonstrated that RRAD induced cell proliferation through
regulation of the cell cycle by downregulating cyclins and cyclin-dependent kinases. RRAD
induced tumor cell apoptosis through the mitochondrial apoptosis pathway. In addition, we
confirmed that knockdown of RRAD promoted aerobic glycolysis by upregulating glucose
transporter 1, whereas overexpression of RRAD inhibited aerobic glycolysis. In conclusion,
RRAD plays a pivotal role as a potential tumor suppressor in HCC. An improved understanding
of the roles of RRAD in tumor metabolism may provide insights into its potential as a novel
molecular target in HCC therapy.

Keywords: hepatocellular carcinoma, Ras-related associated with diabetes, aerobic glycolysis,
tumorigenicity, glucose transporter 1

Introduction

Hepatocellular carcinoma (HCC) is the most common primary hepatic malignancy and
the third most common cause of cancer-associated mortality worldwide. The average
survival time of patients with HCC is between 6 months and 20 months."? There is a
pressing need for a better understanding of the mechanisms involved in HCC, with
the goal of developing better therapies for individuals with this disease.

In contrast to normal cells that depend on mitochondrial oxidative phosphorylation
to obtain energy, most cancer cells prefer aerobic glycolysis (the Warburg effect),
even though it is an inefficient way to generate adenosine triphosphate (ATP).? Thus,
metabolic reprogramming plays a critical role in biobehavioral mechanisms of cancer.
Recent studies have verified that a higher rate of glucose uptake and lactate production
is associated with tumor progression and survival.* Therefore, a better understanding
of the molecular events associated with glycolysis can be of great significance.

Ras-related associated with diabetes (RRAD), a prototypic member of a sub-
family of Ras-related GTPases, has a unique sequence and is overexpressed in the
skeletal muscle of humans with type II diabetes.® The Ras-related GTPases have been
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implicated in a wide spectrum of cellular functions, includ-
ing cell proliferation/differentiation,” intracellular vesicular
trafficking,® and cytoskeletal control.” Recent studies have
suggested that RRAD may act as a tumor suppressor in
some tumor tissues. For example, the expression of RRAD
is lower in nasopharyngeal,'’® lung,!! and ovarian'? cancer
tissues. Ectopic expression of RRAD suppresses tumor cell
proliferation and migration, with the concomitant inhibition
ofaerobic glycolysis. In addition, RRAD shows significantly
higher methylation in cancer than in nonmalignant tissues."
Overall, the decreased expression of RRAD in tumor tissues
is linked to a poorer prognosis. However, the role that RRAD
plays in HCC remains unknown.

In the current study, we demonstrate that RRAD expres-
sion is downregulated in HCC cells. Knockdown of RRAD
in an HCC cell line with high basal levels of this protein pro-
motes cell proliferation and migration, and reduces apoptosis,
while overexpression in a line with low basal levels has the
opposite effects. Furthermore, RRAD appears to inhibit the
Warburg effect in HCC cells.

Materials and methods
Tissue microarrays and

immunohistochemistry

Tissue microarray chips that contained 90 cases of paired
HCC tumor and peritumor specimens (HLiv-HCC180Sur-03)
were purchased from Shanghai Outdo Biotech Company
(Shanghai, People’s Republic of China). Ethical approval
for this study was given by the Medical Ethics Committee of
Shanghai, People’s Republic of China. All specimens spotted
on the tissue microarray chips included complete postopera-
tive follow-up information for 2-3.7 years. Tumor staging
was evaluated according to the tumor node metastasis clas-
sification of malignant tumors. A rabbit polyclonal antibody
against human RRAD (ab75100; Abcam, Cambridge, MA,
USA) was used for immunohistochemistry (IHC) that was
performed as described previously.'* All slides were examined
and scored by two pathologists who were blinded to clinical
patient data. The IHC score was calculated by combining the
quantity score (percentage of positively stained cells) with the
staining intensity score. The quantity scores ranged from 0 to 3
(0,0%; 1, =5%; 2, 5%—50%; 3, =50% immunoreactive cells).
Scores of 0 or 1 were considered to indicate “low,” while those
of 2 or 3 indicated “high” expression of RRAD.

IHC was also used to detect expression of several proteins
in tumor tissues removed from nude mice. The following anti-
bodies were used: RRAD (ab75100; Abcam), glucose trans-
porter 1 (GLUT, ab652; Abcam), cleaved-PARP (ab32064;
Abcam), and cleaved-caspase-3 (ab32150; Abcam).

Cell culture

The HCC cell lines 97H, 97L, HepG2, LM3, Huh7, SK-
Hep-1, and LO2 were maintained at our institute. All HCC
cell lines, except L02, were cultured in Dulbecco’s Modified
Eagle’s Medium (Thermo Fisher Scientific, Waltham, MA,
USA). The LO2 line was cultured in Medium 1640 (Thermo
Fisher Scientific). Both media were supplemented with 10%
heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich
Co., St Louis, MO, USA). All cells were maintained in a
humidified atmosphere containing 95% O, and 5% CO,
at 37°C.

Cell transfection

siRNAs for RRAD and a negative control (NC) were syn-
thesized by GenePharma (Shanghai, People’s Republic of
China) and used to transfect SK-Hep-1 cells at a concentra-
tion of 10 nM. The sequences of siRNAs were as follows:
NC 5-UUCUCCGAACGUGUCACGUTT-3’ and anti-
sense 5-ACGUGACACGUUCGGAGAATT-3’; si-RRAD
5’-GACUCAGACGAGAGCGUUUTT-3’, and antisense
5-AAACGCUCUCGUCUGAGUCTT-3'. Oligonucleotide
transfection was performed using Lipofectamine 2000
(Thermo Fisher Scientific, Waltham, MA, USA) accord-
ing to the manufacturer’s protocol. Cells were collected
48 hours after transfection. Adenoviruses overexpressing
RRAD or a NC were constructed by Hanbio (Shanghai,
People’s Republic of China). Huh7 cells were treated with the
adenovirus at a multiplicity of infection of 50 plaque forming
units per cell in Dulbecco’s Modified Eagle’s Medium with
10% FBS. Cells were collected 48 hours after transfection.
A replication-defective lentivirus encoding the RRAD or NC
was constructed by Hanbio. Huh7 cells were treated with the
lentivirus at a multiplicity of infection of 50 pfu/cell in 2%
FBS with 8 ug/mL Polybrene (Sigma-Aldrich Co). Forty-eight
hours after infection, puromycin (Thermo Fisher Scientific)
was added to the medium to select stable transformants.

Western blot analyses

Western blotting was performed as described previously.'*
Briefly, cells were first washed twice with cold phosphate-
buffered saline (PBS). Total proteins were extracted from
the cells after incubating in radioimmunoprecipitation assay
lysis buffer (Cell Signaling Technology, Danvers, MA, USA)
supplemented with complete protease inhibitor cocktail
(Hoffman-La Roche Ltd., Basel, Switzerland) for 1 hour
on ice. The supernatants were collected after centrifugation
at 15,000x g at 4°C for 20 minutes. Protein concentrations
were measured using a bicinchoninic acid protein assay kit
(Thermo Fisher Scientific). Equal amounts of denatured
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proteins were separated by electrophoresis on SDS-PAGE
gels and transferred onto polyvinylidene difluoride mem-
branes. After blocking nonspecific binding for 1 hour using
5% nonfat milk, the membranes were incubated overnight on
ice with primary antibodies against B-actin (Sigma-Aldrich
Co.) and RRAD, cyclin A2, cyclin B1, cyclin D1, cyclin
El, cyclin-dependent kinase (CDK) 2, CDK 4, CDK 6, Bax,
PARP, caspase-3, GLTU1, GLUT4, LDHA, LDHB, FBPI1,
PKM2, and PGK1 (Abcam).

Cell proliferation analyses

Cell proliferation assays were performed using Cell Count-
ing Kit-8 (Dojindo Laboratories, Kumamoto, Japan).
Absorbance was read at 450 nm. Cell proliferation was also
evaluated using a colorimetric immunoassay (Cell-Light™
EdU Apollo567 In Vitro Imaging Kit; Ribobio, Guangzhou,
People’s Republic of China) according to the manufacturer’s
instructions. Cells were cultured in a confocal dish at a density
of 1x10° cells per dish for 24 hours before transfection. The
immunoassay was performed 48 hours after transfection. At
least five independent experiments with three replicates for
each condition were performed.

Cell cycle analysis

Cell cycle distribution was determined by flow cytometry.
Briefly, 5x10° cells were fixed overnight at 4°C with 70%
ethanol. After washing with cold PBS, cells were resus-
pended in a cell cycle staining kit (Multisciences, Hangzhou,
People’s Republic of China) and incubated for 30 minutes at
room temperature. All cells were then measured on a flow
cytometer (CYTOMICS FC 500; Beckman Coulter, Miami,
FL, USA) and analyzed using Modfit LT software (Verity
Software House, Topsham, ME, USA).

Cell migration assay

The ability of cells to migrate into a defect in a monolayer
culture was determined using the wound healing assay. Cells
were grown to confluence in six-well plates and scratches were
created using a 100 UL pipette tip. The medium was removed
and cells were washed with PBS. The medium was then replaced
and scratch closure was analyzed by capturing images under a
microscope at different time points. Calculations were carried

outaccording to the formula, (S ) <100,

imezero Time point/ S Time zero
where S is the distance in um.

Cell migration assays were also performed using trans-
wells from Costar (Sigma-Aldrich Co.) with a 6.5 mm diam-
eter and 8.0 um pore size. Cells (1x10*) were suspended in
300 uL serum-free medium, placed into the upper chamber

of the transwell, and incubated for 24 hours. The lower

chamber contained medium with 10% FBS. After incuba-
tion, membranes were isolated and stained with Diff-Quik
(Polysciences, Inc., Warrington, PA, USA) according to the
manufacturer’s protocol. The cells were then counted in five
fields using an inverted microscope. The percentage of migrat-
ing cells was calculated relative to that of the control cells.

Apoptosis assay
Cells were cultured in six-well plates. Forty-eight hours after
transfection, the cells were collected and resuspended in stain-
ing solution containing Annexin V-fluorescein isothiocyanate
and propidium iodide. The stained cells (1x10°) were analyzed
using a flow cytometer.

Glucose uptake and lactate production

assays
Glucose uptake was measured using a fluorescent D-glucose
analog, 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-
deoxy-D-glucose (Thermo Fisher Scientific), as described
previously.!® For measuring lactate production, 1x10° cells
were cultured in 10 cm dishes and analyzed using assay kits
from BioVision (Milpitas, CA, USA).

Subcutaneous tumor growth

All experimental animal procedures were performed in
compliance with the Animal Experiments Ethical Com-
mittee of Zhejiang University and were approved by the
Zhejiang Medical Experimental Animal Care Commission.
Huh7 cells were suspended in 0.2 mL of PBS and subcu-
taneously injected into the left flank of mice (5-week-old
female BALB/c nude mice, 5x10° cells per mouse). The
developed subcutaneous xenografts were extracted and cut
into 1 mm?® pieces, which were then inoculated into the liver
parenchyma of nude mice under anesthesia with ketamine
after opening up the abdomen. The mice were monitored once
every 2 days. The animals were sacrificed 5 weeks later, and
relative data (including the weight, length, and width of the
tumor) were recorded. Tumor volume was calculated using
the following formula

Lxw?
Volume =

(1

where L and W are the longest and shortest diameters of the
tumors, respectively.

Statistical analysis

Data were analyzed using SPSS, Version 18 (SPSS
Inc., Chicago, IL, USA). The results are presented as
mean * standard error of the mean. All experiments were
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performed in triplicate. Differences between groups were
determined using Student’s f-test. P<<0.05 was considered
to indicate statistical significance.

Results

Expression of RRAD in HCC cell lines
Recently, a study showed that low expression of RRAD
was associated with a poor prognosis in HCC.!® Here, we
drew a similar conclusion that the expression of RRAD in
tumor tissues was lower than matched peritumor tissues of

A

— e e et o o at RRAD
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a 90-patient cohort. Additionally, patients with relatively
high RRAD expression had a better prognosis compared
with those with low RRAD expression (P=0.044; Figure S1).
Furthermore, investigation of the correlation between the
expression of RRAD and clinicopathological features in the
90-patient cohort showed that low levels of RRAD were
significantly associated with large tumor size and high tumor
node metastasis stage (Table S1). Next, we speculated that
RRAD affects HCC cells. The expression of RRAD was
high in SK-Hep-1 cells and low in Huh7 cells (Figure 1A).
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Figure | Expression of RRAD in HCC cell lines.

Notes: (A) Western blot analysis and quantitative results for the relative expression of RRAD in HCC cell lines relative to B-actin. (B) Identification of RRAD in SK-Hep-|
cells after transfection with siRNAs for RRAD. Si-1, Si-2, and Si-3 are siRNA:s affecting different truncations. (C) Identification of RRAD in Huh7 cells after transfection with
an adenovirus carrying this gene (*P<<0.05; n=5). P-values obtained by using one way analysis of variance.

Abbreviations: Adv, adenovirus; HCC, hepatocellular carcinoma; NC, negative control; RRAD, Ras-related associated with diabetes.
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Therefore, we transfected SK-Hep-1 cells with siRNAs of
RRAD while Huh7 cells were transfected with an adenovirus
for RRAD (Figure 1B and C). Si-1, Si-2, and Si-3 are three
different siRNAs of RRAD affecting different truncations.
The results showed that Si-1 was the most effective and was

used for subsequent experiments.

RRAD influences HCC cell proliferation

and the cell cycle

The Cell Counting Kit-8 assay showed that knockdown of
RRAD increased, while overexpression of RRAD decreased,
the viability of SK-Hep-1 and Huh7 cells, respectively
(Figure 2A and B). The 5-ethynyl-2’-deoxyuridine results
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Figure 2 Effect of RRAD on the proliferation of HCC cells.

Notes: (A) Cell Counting Kit-8 assays in SK-Hep-| cells after transfection with NC or RRAD siRNAs. (B) Cell Counting Kit-8 assays in Huh7 cells after transfection with
an adenovirus for NC or RRAD. (C) EdU assays and quantitative results for SK-Hep-| cells after transfection with NC or RRAD siRNAs. (D) EdU assays and quantitative
results for Huh7 cells after transfection with an adenovirus for NC or RRAD. Arrows indicate cells with high viability. (*P<<0.05, ***P<<0.001; n=5). Magnification %200.
P-values obtained by using one way analysis of variance.

Abbreviations: Adv, adenovirus; EdU, 5-ethynyl-2’-deoxyuridine; HCC, hepatocellular carcinoma; RRAD, Ras-related associated with diabetes; NC, negative control.
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showed that silencing RRAD promoted the proliferation of = RRAD significantly influenced the cell cycle in SK-Hep-1
SK-Hep-1 cells while overexpression of RRAD inhibited the  cells. More cells transited to S phase so that cells in G1 phase
proliferation of Huh7 cells (Figure 2C and D). were fewer compared with cells transfected with the NC.

Because RRAD affected cell proliferation significantly,  Cells in G2 phase showed no significant change (Figure 3A).
we next assessed changes to the cell cycle. Knockdown of  Overexpression of RRAD in Huh7 cells prevented premature
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Figure 3 RRAD regulates the cycling of HCC cells.

Notes: (A) Representative fluorescence-activated cell sorting (FACS) images and quantitative results for SK-Hep-1 cells treated with NC or RRAD siRNAs. (B) Representative
FACS images and quantitative results for Huh7 cells transfected with an adenovirus for NC or RRAD (**P<<0.01, ***P<<0.005; ns, not significant; n=5). (C) Effect of RRAD on
the expression of cyclin and cyclin-dependent kinase (CDK) proteins by Western blotting. P-values obtained by using one way analysis of variance.

Abbreviations: Adv, adenovirus; HCC, hepatocellular carcinoma; FACS, fluorescence activated cell sorting; ns, no significance; RRAD, Ras-related associated with diabetes;
NC, negative control; CDK, cyclin-dependent kinase.
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entry into S phase while cells in G2 phase were unchanged
(Figure 3B).

We next determined whether the proteins that play
important roles in regulating the cell cycle were changed
in response to RRAD. Knockdown of RRAD upregulated
the levels of cyclin A2, B1, D1, and E1 proteins, as well as
CDK 2, CDK 4, and CDK 6 in SK-Hep-1 cells. Conversely,
overexpression of RRAD in Huh7 cells downregulated levels
of these proteins and protein kinases (Figure 3C). Consistent
with these results, silencing RRAD significantly decreased
the number of cells in GO/G1 phase with a sharp increase
of those in S phase so that cell proliferation was promoted.
Overexpression of RRAD had the opposite effect.

RRAD is associated with the migration of
HCC cells

In order to investigate the function of RRAD in cell migra-
tion, wound healing and transwell assays were performed.
The results indicated that knockdown of RRAD increased
the migration ability of SK-Hep-1 cells (Figure 4A and B).
In contrast, a significant decrease in the rate of migration
was observed when RRAD was overexpressed in Huh7 cells
(Figure 4C and D).

RRAD affects apoptosis in HCC cells
Knockdown of RRAD reduced apoptosis in SK-Hep-1 cells
(Figure 5A) while its overexpression increased apoptosis in
Huh7 cells (Figure 5B). In addition, we found that proteins
related to apoptosis including Bax, PARP, and caspase-3
were altered in response to the knockdown/overexpression
of RRAD (Figure 5C).

RRAD suppresses glucose uptake and

lactate production in HCC cells

The motility of cancer cells is associated with glucose and
lactate levels in the extracellular milieu.'” Because RRAD
expression was related to cell migration, we analyzed
glucose uptake and lactate production. Knockdown of
RRAD significantly enhanced glucose uptake and lactate
production in SK-Hep-1 cells (Figure 6A and B). In con-
trast, overexpression of RRAD decreased glucose uptake
and lactate production in Huh7 cells (Figure 6C and D).
To better understand the role that RRAD plays in glucose
metabolism, the levels of proteins related to aerobic gly-
colysis were determined. GLUT1 was upregulated with
knockdown of RRAD while overexpression of RRAD led
to alower GLUT1 level. However, other proteins associated
with glucose metabolism showed no significant alteration
(Figure 6E).

RRAD inhibits tumor growth of HCC

cells in nude mice

To further determine the effect of RRAD on HCC tumor
growth in vivo, we constructed a lentiviral vector expressing
RRAD and used it to establish stable Huh7 cell lines. The
RRAD (n=6) and NC (n=6) groups showed successfully
formed orthotropic liver tumors. The tumor size of the NC
group was significantly larger than that of the RRAD group
(Figure 7A—C).

RRAD suppresses aerobic glycolysis and

promotes apoptosis in vivo

To further investigate the effect of RRAD on HCC in vivo,
we performed an IHC assay on the tumor removed from nude
mice. The expression of GLUT 1 was higher in the NC group,
which implied that RRAD suppresses acrobic glycolysis
in vivo. Yet, the expression of cleaved PARP and cleaved
caspase-3 was lower in the NC group, which implied that
RRAD promotes apoptosis in vivo (Figure 7D).

Discussion

The Ras superfamily of small GTPases is composed of over
150 members. These GTPases play multiple roles, being
versatile and key regulators of virtually all fundamental
cellular processes. Conversely, their dysfunction plays a
critical role in the pathogenesis of many human diseases
including cancer.'®* RRAD was one of the first members of
the 35-39 kDa class of novel Ras-related GTPases, along
with Gem, Kir, and other uncharacterized enzymes.'" In addi-
tion to its interaction with skeletal muscle B-tropomyosin,
RRAD is associated with tumorigenicity. Expression of
RRAD is downregulated in human lung cancer, which is
related to a poor prognosis.®?*® RRAD is also downregu-
lated in nasopharyngeal carcinoma cell lines by aberrant
methylation. !

RRAD acts as a tumor suppressor in both solid and non-
solid tumors.?' The antitumor effect of RRAD in HCC was
reported recently. This study showed that RRAD inhibited
HCC cell migration, invasion, and aerobic glycolysis, and

16 However, there

was associated with a poor prognosis.
remain questions about the mechanisms by which RRAD
inhibits tumorigenicity of HCC.

In the current study, we focused on the impact that RRAD
had on HCC to provide more information about its inhibitory
effects. We showed, for the first time, that RRAD was nega-
tively associated with HCC. RRAD was downregulated in HCC
specimens and a lower expression was associated with a poorer
prognosis. Furthermore, small tumor size and low tumor node

metastasis stage were related to higher expression of RRAD.
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Figure 5 RRAD affects apoptosis of HCC cells.

Notes: (A) Apoptosis was assessed by flow cytometry following Annexin V-FITC and propidium iodide staining. Representative images and quantitative results for SK-Hep-|
cells transfected with NC or RRAD siRNAs are shown. (B) Representative images and quantitative results for Huh7 cells transfected with an adenovirus for NC or RRAD.
(*P<<0.05, ***P<<0.001; n=5). (C) Effect of RRAD on the expression of proapoptosis regulator proteins in SK-Hep-| and Huh7 cells by Western blotting. P-values obtained

by using one way analysis of variance.

Abbreviations: Adv, adenovirus; FITC, fluorescein isothiocyanate; HCC, hepatocellular carcinoma; RRAD, Ras-related associated with diabetes; NC, negative control.

The presumptive tumor suppressor function of RRAD
in human HCC was further investigated by demonstrating
that RRAD inhibited cell proliferation and the cell cycle was
arrested in GO/G1 phase. Proteins and protein kinases that regu-
late the cell cycle (cyclins A2, B1, D1, and E1 and CDKs 2, 4,
and 6) were downregulated by RRAD. CDK 2 may accelerate
the G1/S transition when binding to cyclin E/A.?* Cyclin D
combined with CDK 4/6 is necessary to phosphorylate and inac-
tivate retinoblastoma family members, which dissociates these
members from E2Fs, allowing E2F-dependent transcription.
This may support DNA replication and upregulate cyclin B,
promoting several early mitosis events that are essential for cell
proliferation.?*** Thus, the downregulation of cyclins and CDKs
by RRAD indicates its antitumorigenic property.

Apoptosis is a type of cell death that can be initiated by
extrinsic or intrinsic pathways. The extrinsic (death receptor)
pathway provides a connection to the extracellular surround-
ings and links signals coming from the microenvironment
to the intracellular signaling networks. The death receptor
family of proteins is composed of cell surface receptors
including CD95 (Fas/Apol) and tumor necrosis factor.?
The intrinsic (mitochondrial) apoptosis pathway is initi-
ated by the Bcl-2/Bax system.?® Specifically, when Bax is
overexpressed, cell death signaling is enhanced, while Bcl-2
inhibits apoptosis. Caspase-3 acts as a central executioner
in the caspase apoptotic cascade pathway and cleaves
poly(ADP-ribose) polymerase to process apoptosis when
activated.”’ In the current study, apoptosis was increased, and
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Figure 6 RRAD regulates glucose uptake and lactate generation in HCC cells.
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P-values obtained by using one way analysis of variance.

Abbreviations: Adv, adenovirus; HCC, hepatocellular carcinoma; RRAD, Ras-related associated with diabetes; NC, negative control; GLUT |, glucose transporter .

Bax and cleaved poly(ADP-ribose) polymerase/caspase-3
were increased, by overexpression of RRAD, while silencing
RRAD had the opposite effect. Collectively, the antitumor
growth effect of RRAD may be related to the induction of
apoptosis via various pathways mediated by RRAD.
Metabolic reprogramming is a hallmark of cancer.?®
Cancer cells rely on aerobic glycolysis to meet their require-
ments for maintaining continuous growth and proliferation.?”

However, this results in a lower efficiency of ATP production
relative to mitochondrial oxidative phosphorylation. To
compensate, cancer cells upregulate glucose transporters,
notably GLUT 1, that substantially increase glucose import into
the cytoplasm.*® Recent studies have demonstrated the ectopic
expression of GLUT1 in several types of malignancies,’' and
GLUT1 may be a new target for tumor therapy.*>** RRAD is
linked to glucose metabolism in several types of cancers.!!!?
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Therefore, we analyzed RRAD-induced glucose consumption
and lactate generation in HCC cells. The results indicated
that RRAD decreased glucose uptake and lactate production,
suggesting that RRAD acts as a suppressor of the Warburg
effect. Knockdown of RRAD enhanced GLUT1 but had no
effect on the levels of other proteins related to acrobic glycolysis.

Taken together, these data indicated that RRAD may reduce the
Warburg effect by downregulating GLUT1 in HCC cells.
Recently, a study revealed the inhibitory effect of
RRAD in HCC* by showing that RRAD inhibited migra-
tion, invasion, and aerobic glycolysis, and low expression
was related to a poor prognosis. In our study, we reached a
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similar conclusion and showed that the negative effect of
RRAD on HCC cell proliferation involved downregulation
of cyclins and CDKs, resulting in cell cycle arrest in GO/G1.
We also verified that RRAD facilitated apoptosis through
the mitochondrial apoptosis pathways. Additionally, we
found alterations of the GLUT1 protein level related to the
expression of RRAD, whereas other molecules involved in
the Warburg effect were unchanged.

Conclusion

We have identified a novel functional recessive oncogene,
RRAD, in HCC. Our findings indicate that RRAD regulates
aerobic glycolysis and that metabolic reprogramming induced
by RRAD inhibits cell proliferation and arrests HCC cells in
GO0/G1. Moreover, cellular migration is impeded while apop-
tosis is promoted. These effects are consistent with a role for
RRAD as a tumor suppressor in HCC. Importantly, in addi-
tion to contributing to our understanding about tumor metabo-
lism, RRAD may serve as a potential epigenetic biomarker
and provide a novel molecular target in cancer therapy.
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Figure SI Immunohistochemistry of RRAD in HCC specimens.

1.01
< 081 High expr_essmn of
S | T RRAD (n=40)
5 061
@ |
© 0.4 ey
w v-ve- - vy
> Low expression of
O 02; RRAD (n=50)
P=0.044
0.0 1
0 10 20 30 40 50
Time after operation (months)
RRAD density
Survival measurement Low-RRAD (N=45) | High-RRAD (N=45) | P-value
1-year overall survival (%) | 76.0+6.0 80.0+6.3
3-year overall survival (%) | 32.7+8.5 60.0+8.3 0.044

Notes: (A) Immunohistochemistry staining to detect RRAD in paired human HCC specimens (tumor vs peritumor). Magnifications (x40 and x100). (B) Survival analysis of
HCC patients by Kaplan—Meier plots and log-rank tests. Patients were categorized by high and low expressions of RRAD based on immunohistochemistry staining scores.
Abbreviations: HCC, hepatocellular carcinoma; RRAD, Ras-related associated with diabetes.

Table S| Correlation between RRAD expression and the clinicopathological features of the patients

Variable Low RRAD High RRAD P-value
Tumor tissue 50 40
Sex 0.109
Male 44 30
Female 6 10
Age (years) 0.427
=50 19 12
>50 31 28
Tumor size (cm) 0.005
=5 13 22
>5 37 18
TNM stage <0.001
-1l 22 34
-1V 28 6
Tumor differentiation 0.052
-1 32 33
-V 18 7
Notes: Statistical analyses were performed by Pearson’s j? test. Bold represents statistically significant values.
Abbreviation: RRAD, Ras-related associated with diabetes.
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