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Abstract

Cancer progression depends on cellular metabolic reprogramming
as both direct and indirect consequence of oncogenic lesions;
however, the underlying mechanisms are still poorly understood.
Here, we report that CUEDC2 (CUE domain-containing protein 2)
plays a vital role in facilitating aerobic glycolysis, or Warburg
effect, in cancer cells. Mechanistically, we show that CUEDC2
upregulates the two key glycolytic proteins GLUT3 and LDHA via
interacting with the glucocorticoid receptor (GR) or 14-3-3(,
respectively. We further demonstrate that enhanced aerobic
glycolysis is essential for the role of CUEDC2 to drive cancer
progression. Moreover, using tissue microarray analysis, we show a
correlation between the aberrant expression of CUEDC2, and
GLUT3 and LDHA in clinical HCC samples, further demonstrating a
link between CUEDC2 and the Warburg effect during cancer devel-
opment. Taken together, our findings reveal a previously unappre-
ciated function of CUEDC2 in cancer cell metabolism and
tumorigenesis, illustrating how close oncogenic lesions are inter-
twined with metabolic alterations promoting cancer progression.
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Introduction

An emerging hallmark of cancer cells is the altered metabolism that
most, if not all, cancer cells predominantly generate energy by
glycolysis in the cytosol rather than by oxidative phosphorylation
(OXPHOS) through the TCA cycle in mitochondria [1-4]. It is clear
now that oncogenic lesions are largely behind the enhanced aerobic
glycolysis, or Warburg effect, in many types of cancer cells. For

instance, hypoxia-inducible factor 1 (HIF-1) has been known to
mediate the increased transcription of genes encoding glucose
transporters and glycolytic enzymes, including LDHA (lactate dehy-
drogenase A) and PDK1 (pyruvate dehydrogenase kinase, isozyme
1) [5-7]. Oncogene cMyc also contributes to the regulation of most
glycolytic enzymes including GLUT1 (glucose transporter 1) and
LDHA [8-10]. Recently, our group reported that Lin28/let-7 axis
reprogrammed cancer cell metabolism via the important metabolic
enzyme PDK1 [11]. These reports suggest that metabolic reprogram-
ming in cancer cells is far more complicatedly regulated than
expected and warrants further investigation.

CUEDC2 is a CUE domain-containing protein that plays a dual
role in mono- and polyubiquitin recognition as well as in facilitating
intramolecular monoubiquitination [12,13]. CUEDC2 has been
reported to be a multifunctional protein involved in the regulation
of many key cellular events [14]. Intriguingly, accumulated
evidence indicates that CUEDC2 expression is elevated in many
types of cancer cells, suggesting its emerging importance in tumori-
genesis. CUEDC2 was initially reported to repress PR (progesterone
receptor) transactivation and impair the effect of progesterone on
breast cancer cell growth [15]. CUEDC2 also inhibited the activation
of transcription factor nuclear factor-kB (NF-kB) by interacting with
IkB kinase-o and IkB kinase-p (IKKo and IKKf), indicating its poten-
tial role in inflammation regulation [16]. Human CUEDC2 protein
was often found to be doublet by Western blotting as a result of
CDKI1-dependent phosphorylation, and this CDK1-dependent phos-
phorylation of CUEDC2 was reported to be critical for metaphase—
anaphase transition in mitosis progress and deregulation of CUEDC2
contributes to tumor development by causing chromosomal instabil-
ity [17]. Moreover, CUEDC2 modulates ERo (estrogen receptor-o,)
protein stability and high CUEDC2 expression impairs the response
to tamoxifen treatment of breast cancer cells, suggesting that
CUEDC2 is a crucial determinant of cell resistance to endocrine ther-
apy [18]. It is also reported recently that miR-324-5p-regulated
CUEDC2 expression plays a key role in maintaining appropriate
function of macrophages and their deregulation causes colon
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inflammation and tumorigenesis [19]. While these findings substan-
tially expanded our understanding of the roles of CUEDC2 in tumor
initiation and development, they also suggest it be necessary to
further explore the additional roles of CUEDC2, which is obviously
more extensively involved in tumor development.

Recently, we have focused our interest on the metabolic alter-
ations of cancer cells under various stress conditions. Specifically,
we have discovered that, under hypoxic condition, HIF-1 suppresses
lipid oxidation for cancer cell survival and proliferation [20]. We
also identified cMyc as a regulator of serine synthesis pathway to
promote cancer cell survival and growth, especially under nutrition
stress [21]. All these results suggest that oncogenic lesions are more
extensively intertwined with metabolic alterations to promote
cancer progression. Here, in this study, we investigated the potential
role of CUEDC2 in metabolic regulation of cancer cells and found
that CUEDC2 enhanced aerobic glycolysis in different types of
cancer cells by regulating glucose transporter GLUT3 and a critical
glycolytic enzyme LDHA. We further discovered that CUEDC2
increased GLUT3 mRNA level by interacting with the transcription
factor GR and stabilized LDHA protein through 14-3-3¢. Importantly,
we demonstrated that both GLUT3 and LDHA were required for
CUEDC2-mediated tumor progression. Moreover, our tissue microar-
ray analysis revealed that aberrant expression of CUEDC2 was
correlated with levels of GLUT3 and LDHA in clinical HCC samples.
Thus, our results identify a novel function of CUEDC2 in tumorigen-
esis and provide a previously unappreciated mechanism by which
cancer cells switch to aerobic glycolysis, or Warburg effect, for
cancer progression.

Results

CUEDC2 facilitates Warburg effect in cancer cells

We set out to determine whether CUEDC2, which was previously
shown to have a role in tumor initiation and development, also has

a role in cancer metabolism. We found that CUEDC2 expression was
activated under glucose/glutamine-deprived conditions (Fig EV1A

Figure 1. CUEDC2 facilitates Warburg effect in cancer cells.
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and B). More intriguingly, we noticed that, during the cell culture,
the medium color of cultured cancer cells with CUEDC2 knocking
down was much pinker than control cells (Fig EV1C). These obser-
vations led us to further investigate the potential involvement of
CUEDC?2 in facilitating cancer metabolic alterations. To evaluate the
effect of CUEDC2 on glucose metabolism in cancer cells, we initially
measured extracellular acidification rate (ECAR) and our results
revealed reduction in both basal and maximal ECAR in hepatocellu-
lar carcinoma PLC cells with CUEDC2 knocking down by shRNA in
PSUPER vector which has been widely used in our previous publica-
tions (Fig 1A, left panel). To avoid the off target effect, in our exper-
iments, we also incorporated two additional shRNAs targeting
CUEDC2 which were cloned in pLKO vector and found that knock-
ing down CUEDC2 in PLC cells by shRNAs, in either pSUPER or
pLKO vector, resulted in reduced glucose uptake and lactate produc-
tion (Fig 1B and C), accompanied by increased oxygen consumption
(Fig 1A, right panel and Fig 1D). Consistently, overexpression of
CUEDC2 led to increased ECAR, glucose uptake, and lactate produc-
tion, accompanied by decreased oxygen consumption in PLC cells
(Fig 1E-G). Similar results were observed in HeLa and MDA-MB-
231 cells (Fig EVID and E). These data suggest that CUEDC2 expres-
sion promotes glycolytic metabolism in cancer cells.

To further confirm the possible role of CUEDC2 in regulating
glucose metabolism in cancer cells, we traced the metabolic flux of
13C-labeled glucose in CUEDC2 overexpressing PLC cells by gas
chromatography-mass spectrometry (GC-MS). As a result, the level
of 3C-labeled glucose in the culture medium of CUEDC2 overex-
pressing PLC cells was significantly reduced (Fig 1H), suggesting
enhanced glucose uptake of these cells from medium. Consistently,
13C-labeled glucose-6-phosphate (G6P), 1,6-bisphosphate (F1,6BP),
and phosphoenolpyruvate (PEP) were elevated in CUEDC2 overex-
pressing PLC cells (Fig 11-K). The level of '*C-labeled pyruvate had
no significant difference in CUEDC2 overexpressing cells and EV
(empty vector) cells (Fig 1L), which might be caused by the fast
flow of pyruvate to lactate in CUEDC2 overexpressing cells. Overex-
pression of CUEDC2 also led to increased levels of both *C-labeled
intracellular and extracellular lactate (Fig 1M), confirming that
CUEDC?2 facilitates glycolysis in cancer cells. On the other hand, the

A Extracellular acidification rate (ECAR) and O, consumption rate (OCR) of PLC cells stably expressing ShCUEDC2 or NTC were detected using a Seahorse Bioscience

XFp analyzer.

B Cellular glucose uptake was measured in PLC cells stably expressing shCUEDC2 or NTC in pSUPER or pLKO vectors using the glucose assay kit. The data were

normalized to protein concentrations.

C Extracellular lactate production was measured in PLC cells stably expressing shCUEDC2s or NTC in pSUPER or pLKO vectors using lactate assay kit. The data were

normalized to protein concentrations.

D Equal numbers of PLC cells stably expressing shCUEDC2s or NTC in pSUPER or pLKO vectors were subjected to an Oxytherm unit to measure the O, consumption
rate.

E ECAR and OCR of PLC cells with stable overexpression of CUEDC2 were detected using a Seahorse Bioscience XFp analyzer.

F Cellular glucose uptake and extracellular lactate production were measured in PLC cells with stable overexpression of CUEDC2 or empty vector (EV) using the
glucose or lactate assay kit. The data were normalized to protein concentration.

G Equal numbers of PLC cells with stable overexpression of CUEDC2 or EV were subjected to an Oxytherm unit to measure their O, consumption rate.

H-N  PLC cells with stable overexpression of CUEDC2 or EV were cultured in medium containing **C-labeled glucose for 36 hours. Extracellular **C-labeled glucose (H),

13C-G6P (1), **C-F1,68BP (), *C-PEP (K), *C-pyruvate (L), intracellular and extracellular *3C-lactate (M), and cellular **C-labeling TCA cycle metabolites (N) were

measured by GC-MS.

(o] Cellular reactive oxygen species (ROS) were detected by flow cytometry using CellROX DeepRed staining in PLC cells expressing shCUEDC2s (in pSUPER vector, left

panel; in pLKO vector, middle panel) or overexpressing CUEDC2 (right panel).

Data information: Data are presented as mean (& SD). In (A-G) n = 3 in each group, and in (H-N) n = 5 in each group. *P < 0.05 as compared to NTC group in (A-D) and
to EV group in (E-N), respectively. P was calculated by Student’s t-test. The representative results of three independent experiments are shown in (O).
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levels of the TCA cycle metabolites derived from '3C-labeled
glucose, including citrate, succinate, fumarate, and malate were
generally decreased by forced expression of CUEDC2 (Fig 1N), indi-
cating suppressed oxidative phosphorylation of glucose by CUEDC2.
Mitochondria oxidative phosphorylation is the major source for ROS
generation in cells. Consistently, we observed decreased cellular
ROS levels in CUEDC2 overexpressing cells but increased levels in
CUEDC2 knocking down cells (Figs 10 and EV1F). Taken together,
these data demonstrate that CUEDC2 drives glucose metabolism to
glycolytic metabolism rather than oxidative phosphorylation in
cancer cells.

GLUT3 and LDHA are essential for CUEDC2-mediated Warburg
effect and cancer cell survival

To investigate how CUEDC2 regulates glucose metabolism in cancer
cells, a panel of metabolic proteins and enzymes involved in glycol-
ysis pathway and TCA cycle were studied by Western blot and qRT-
PCR in PLC cells with altered CUEDC2 expression. Consistent with
metabolic profiling data shown in Fig 1, Western blot revealed that
overexpression of CUEDC2 remarkably enhanced, while shCUEDC2s
significantly decreased, the protein levels of GLUT3 and LDHA in
PLC cells (Fig 2A). qRT-PCR analysis showed that shCUEDC2
significantly suppressed GLUT3 mRNA expression, but not that of
LDHA (Fig 2B). Similar results were observed in HeLa and MDA-
MB-231 cells (Fig EV2A and B), suggesting that GLUT3 and LDHA
might be involved in CUEDC2-regulated glycolysis or Warburg
effect.

To test whether CUEDC2 promotes Warburg effect via regulating
GLUT3 and/or LDHA, we introduced lentivirus expressing shGLUT3
or shLDHA into PLC cells with forced expression of CUEDC2
(Fig 2C). As a result, knockdown of GLUT3 or LDHA abolished the
enhanced glucose uptake and lactate production by CUEDC2 overex-
pression in PLC cells (Fig 2D). Moreover, shGLUT3 or shLDHA
eliminated the effects of CUEDC2 overexpression on the cellular
oxygen consumption and ROS levels in PLC cells (Fig 2E), suggest-
ing that GLUT3 and LDHA were involved in CUEDC2-mediated
glucose metabolism.

Consistent with previous reports [17,18,22], we observed that
CUEDC2 silencing impaired while CUEDC2 overexpression
enhanced the growth of various cancer cells including PLC, HelLa,
and MDA-MB-231 cells (Fig EV2C and D). Interestingly, when cells
were treated with oligomycin, an inhibitor of respiration/OXPHOS,

CUEDC2 promotes the Warburg effect  Xiuying Zhong et al

the growth of CUEDC2 knocking down PLC cells was significantly
inhibited while the control NTC cells were hardly affected by oligo-
mycin (Fig EV2E), indicating that cancer cells with high level of
CUEDC2 favor aerobic glycolysis for growth. Further analysis
revealed that knocking down GLUT3 or LDHA abrogated the growth
advantage induced by CUEDC2 overexpression in PLC cells (Fig 2F).
Consistent with the changes in cellular ROS levels, overexpression
of CUEDC2 reduced the apoptotic cell population, which was abol-
ished by shGLUT3 or shLDHA in PLC cells (Fig 2G). On the other
hand, forced expression of GLUT3 or LDHA could partially recover
the retarded cell growth induced by shCUEDC2 (Fig 2H and I).
Moreover, forced expression of GLUT3 or LDHA decreased the
apoptotic cell population induced by shCUEDC2 in PLC cells
(Fig 2J). Collectively, these findings indicated that GLUT3 and
LDHA were involved in CUEDC2-regulated aerobic glycolysis and
cell survival in cancer cells.

CUEDC2 regulates GLUT3 expression and aerobic glycolysis
through GR

Since no evidence has ever proved that CUEDC2 could directly
regulate gene expression on mRNA levels, we set out to search
for CUEDC2-interacted proteins with mass spectrum analysis to
identify the potential effectors underlying the regulation of GLUT3
by CUEDC2. While we did not observe direct interaction between
CUEDC2 and GLUT3 from the mass spectrum analysis
(Appendix Table S1), glucocorticoid receptor (GR), a transcription
factor whose activation regulates genes that control the develop-
ment, metabolism, and immune response at transcriptional levels
[23-25], attracted our attention. Further co-immunoprecipitation
experiments in PLC and HEK293T cells confirmed that GR did
interact with CUEDC2 (Figs 3A and EV3A). Forced overexpression
of CUEDC2 increased while shCUEDC2 remarkably reduced GR
protein expression in PLC cells (Fig 3B) as well as in HeLa and
MDA-MB-231 cells (Fig EV3B). However, gRT-PCR analysis
showed no effect of CUEDC2 on GR mRNA expression
(Fig EV3C), indicating that CUEDC2 regulates GR at post-transla-
tional levels. When cells were treated with proteasome inhibitor
MG132, shCUEDC2 showed no effect on the expression of GR
protein in PLC cells (Fig 3C), suggesting that CUEDC2 regulated
GR protein stability. Consistently, knockdown of CUEDC2 led to
increased polyubiquitination of GR in the presence of MG132
(Fig 3D), further demonstrating that CUEDC2 stabilizes GR protein

Figure 2. GLUT3 and LDHA are essential for CUEDC2-mediated Warburg effect and cancer cell survival.

A B

Protein (A) and mRNA (B) expression of the genes in the glucose metabolic pathway were determined by Western blot and qRT—PCR, respectively, in PLC cells
expressing shCUEDC2s (in pSUPER or pLKO vectors) or overexpressing CUEDC2.

C Knockdown efficiency of shGLUT3 or shLDHA was determined in CUEDC2-overexpressing PLC cells by Western blot.

knockdown of GLUT3 or LDHA by shRNAs.

Cellular glucose uptake and lactate production (D), O, consumption rate and ROS levels (E) were measured in PLC cells overexpressing CUEDC2 with further

Growth curve (F) and cell apoptosis (G) were examined in PLC cells with stable CUEDC2 overexpression and GLUT3 or LDHA knockdown.

H Knockdown efficiency of shCUEDC2 and overexpression of HA-GLUT3 or FLAG-LDHA in PLC cells were detected by Western blot.
I,]  Growth curve (I) and cell apoptosis (J) were determined in PLC cells stably expressing shCUEDC2 with further overexpression of HA-GLUT3 or FLAG-LDHA.

Data information: (B, D-G, |, ]) Data are presented as mean (£ SD); n = 3 in each group. *P < 0.05 as compared to NTC group in (B), to EV + NTC group (blue bar or line)
in (D-C) and to NTC + EV group in (l, ]), respectively. P was calculated by Student’s t-test. The representative figure of three independent experiments is shown in (E,

right panel). B-Actin served as loading control.
Source data are available online for this figure.
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Figure 3. CUEDC2 regulates GLUT3 expression and aerobic glycolysis through GR.

A Lysates from PLC cells overexpressing HA-CUEDC2 and FLAG-GR were used for immunoprecipitation with control 1gG, anti-FLAG (left panel) or anti-HA (right panel),

followed by blotting with anti-HA or anti-FLAG.

B  Protein levels of CUEDC2 and GR were detected by Western blot in PLC cells stably expressing shCUEDC2s in pSUPER or pLKO vectors or overexpressing CUEDC2.

(@}

GR protein levels were detected by Western blot in PLC cells expressing shCUEDC2 in the presence or absence of proteasome inhibitor MG132 (5 pmol).

D HA-Ub, FLAG-GR, and shCUEDC2 cotransfected HEK293T cells were treated with proteasome inhibitor MG132 (5 pmol) for 6 h before lysis. Equal amount of proteins
were used for immunoprecipitation with anti-FLAG antibody, followed by blotting with anti-HA or anti-GR.
E  Cellular localization of GR in CUEDC2 knockdown cells and NTC cells was analyzed by immunofluorescence staining with GR antibody. The nucleus was stained by

DAPI. Scale bars, 10 pm.

F mRNA and protein levels of GLUT3 were determined by gRT-PCR and Western blot, respectively, in PLC cells stably expressing HA-CUEDC2 with further knockdown
of GR by shRNAs.

G Adiagram shows the sites and sequences of potential glucocorticoid responsive elements (GREs) in GLUT3 gene.

H  ChIP (left panel) and luciferase assays (right panel) were performed to identify GREs in GLUT3 gene.

knockdown of GR by shRNAs.

A diagram shows CUEDC2 enhances GLUT3 mRNA transcription by accumulating its transcriptional factor GR protein.
—L Cellular glucose uptake and lactate production (), cell growth curve (K), and apoptosis (L) were determined in PLC cells stably overexpressing CUEDC2 with further

Data information: (F, H, ]-L) Data are presented as mean (£ SD); n = 3 in each group. *P < 0.05 as compared to EV + NTC group in (F, J-L), to 1gG group in (H, left panel)
and to EV group in (H, right panel), respectively. P was calculated by Student’s t-test. B-Actin served as loading control. NS: Not significant between indicated groups.

Source data are available online for this figure.

by inhibiting its proteasome degradation. Since signaling of GR
requires its nuclear translocation, we then analyzed the subcellu-
lar localization of GR in CUEDC2 knocking down PLC cells using
immunofluorescence microscopy. Consistent with our Western
blot results, CUEDC2 knockdown led to significant reduction in
the nucleic GR protein level in PLC cells (Fig 3E).

Since GR is a transcription factor, we next sought to examine
whether GR was involved in CUEDC2-mediated transcriptional regu-
lation of GLUT3 and aerobic glycolysis in cancer cells. Knocking
down GR by shRNAs reduced GLUTS3 levels (Fig EV3D) and, signifi-
cantly, shGRs attenuated CUEDC2-induced increase in GLUT3 at
both mRNA and protein levels in PLC cells (Fig 3F), while forced
expression of GR rescued both mRNA and protein levels of GLUT3
in CUEDC2-knocking down cells (Fig EV3E), demonstrating that GR
was involved in CUEDC2-regulated GLUT3 expression. To investi-
gate whether GLUT3 was a direct target of the transcriptional factor
GR, we first performed bioinformatic analysis for GR binding sites
(glucocorticoid responsive elements, GREs) in GLUT3 gene using
JASPAR date base, which showed that GLUT3 gene possesses
several potential GR binding sites (GREs) (Fig 3G). Next, chromatin
immunoprecipitation (ChIP) assay verified that GR directly binds to
the GRE3 that is close to the transcriptional starting site of GLUT3 in
PLC cells (Fig 3H, left panel). Consistently, dual-luciferase reporter
assay revealed that overexpression of GR significantly enhanced the
luciferase activity of the reporter containing GRE3 element (Fig 3H,
right panel), confirming that GRE3 was the direct binding site of GR
on GLUT3 gene. Taken together, these data demonstrate that
CUEDC2 promotes GLUT3 expression by stabilizing GR, which
binds to GLUT3 and activates its transcription in cancer cells
(Fig 31).

Further metabolic analysis revealed that knockdown of GR abol-
ished CUEDC2-induced changes in glucose uptake, lactate produc-
tion in PLC cells, and cellular ROS levels (Figs 3J and EV3F).
Moreover, cell growth analysis demonstrated that knockdown of GR
substantially diminished CUEDC2-induced cell growth advantage in
PLC cells (Fig 3K). In agreement with the ROS data, expression of
GR-specific shRNAs abrogated the effect of CUEDC2 on cell apopto-
sis (Fig 3L). Collectively, these data demonstrate that GR is involved
in CUEDC2-mediated regulation of GLUT3 expression, glucose meta-
bolism, as well as cell survival in cancer cells.

© 2017 The Authors

CUEDC2 enhances LDHA protein expression by protecting it from
proteasomal degradation via 14-3-3(

Next, we sought to determine how CUEDC2 upregulated LDHA
protein without affecting its mRNA expression (Fig 2A and B). Our
Western blot analysis showed that, in the presence of MG132,
shCUEDC?2 failed to decrease LDHA protein in PLC cells (Fig 4A).
Further, ubiquitination analysis revealed that, in the presence of
MG132, knockdown of CUEDC2 by shRNAs led to enhanced polyu-
biquitination of LDHA in HEK293T cells (Fig 4B), suggesting that
CUEDC2 stabilizes LDHA protein by protecting it from proteasome
degradation. However, our Co-IP assays showed no interaction
between CUEDC2 and LDHA (Fig EV4A).

To find out the candidates that could directly regulate LDHA
degradation downstream of CUEDC2, we searched for the proteins
that might interact with LDHA by a bioinformatics screening. As a
result, several candidates were picked up, including HSP90, AKT,
PDIA3, CDK2, and two members of 14-3-3 family. Then, the
targets were narrowed down by testing experimentally whether the
candidate proteins were regulated by CUEDC2, and as a result, a
multifunctional protein 14-3-3( was focused. Western blot analysis
revealed that 14-3-3( protein was suppressed by shCUEDC2 and
elevated by CUEDC2 overexpression in PLC, HeLa and MDA-MB-
231 cells (Figs 4C and EV4B and C). Co-IP assays also verified the
interaction between CUEDC2 and 14-3-3( (Figs 4D and EV4D). As
gqRT-PCR data showed no effect of CUEDC2 on 14-3-3{ mRNA
expression (Fig EV4E), we next used proteasome inhibitor MG132
to test whether protein degradation mechanism was involved. As a
result, shCUEDC2 could not decrease 14-3-3( protein when PLC
cells were treated with MG132 (Fig 4E), indicating that CUEDC2
regulated 14-3-3( protein stability via proteasome pathway. Ubiqui-
tination analysis further revealed that, in the presence of MG132,
knocking down CUEDC2 by shRNAs remarkably enhanced polyu-
biquitinated 14-3-3( (Fig 4F), confirming that CUEDC2 enhanced
14-3-3C protein accumulation by protecting it from proteasome
degradation. Moreover, we found that 14-3-3( interacted directly
with LDHA (Figs 4G and EV4F). As 14-3-3 proteins have been
reported to bind to both motifs contain a phosphorylated serine or
threonine residue and non-phosphorylated ligands, we tested
whether the binding between 14-3-3( and LDHA depends on the
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Figure 4. CUEDC2 enhances LDHA protein expression by protecting it from proteasomal degradation via 14-3-3(.

A LDHA protein levels were detected by Western blot in PLC cells expressing shCUEDC2 in the presence or absence of proteasome inhibitor MG132 (5 pmol).

B HA-Ub, FLAG-LDHA, and shCUEDC2 cotransfected HEK293T cells were treated with MG132 (5 umol) before lysis. Equal amount of proteins were used for
immunoprecipitation with anti-FLAG antibody, followed by blotting with anti-HA or anti-LDHA.

C The expression of proteins which are predicted to bind to LDHA by bioinformatic analysis was examined by Western blot in PLC cells stably expressing shCUEDC2

or overexpressing CUEDC2.

D Lysates from PLC cells overexpressing HA-CUEDC2 and FLAG-14-3-3C were used for immunoprecipitation with control IgG, anti-FLAG (left panel), or anti-HA (right

panel), followed by blotting with anti-HA or anti-FLAG.

E 14-3-3C protein levels were detected by Western blot in PLC cells expressing shCUEDC2 in the presence or absence of MG132 (5 pumol).

F HA-Ub, FLAG-14-3-3(, and shCUEDC2 cotransfected HEK293T cells were treated with MG132 (5 umol) for 6 h before lysis. Equal amount of proteins were used for
immunoprecipitation with anti-FLAG antibody, followed by blotting with anti-HA or anti-14-3-3C.

G Lysates from PLC cells overexpressing FLAG-LDHA and HA-14-3-3C were used for immunoprecipitation with control 1gG, anti-FLAG (left panel), or anti-HA (right

panel), followed by blotting with anti-HA or anti-FLAG.

H LDHA protein levels were analyzed by Western blot in PLC cells with silenced expression of 14-3-3¢ by shRNAs.

| HA-Ub, FLAG-LDHA, and sh14-3-3( cotransfected HEK293T cells were treated with MG132 (5 pmol) before lysis. Equal amount of proteins were used for
immunoprecipitation with anti-FLAG antibody, followed by blotting with anti-HA or anti-LDHA.

J LDHA protein levels were detected by Western blot in PLC cells with forced expression of CUEDC2 and sh14-3-3C.

further knockdown of 14-3-3¢ by shRNAs.

Cellular glucose uptake and lactate production (K), cell growth curve (L), and apoptosis (M) were determined in PLC cells stably overexpressing CUEDC2 with

N A diagram shows CUEDC2 accumulated 14-3-3( protein which further interacts with and stabilizes LDHA protein.

Data information: (K-M) Data are presented as mean (& SD); n = 3 in each group. *P < 0.05 as compared to EV + NTC group. P was calculated by Student’s t-test. NS:

Not significant between indicated groups. B-Actin served as loading control.
Source data are available online for this figure.

phosphorylation status of LDHA. The Co-IP assay showed that the
binding of LDHA to 14-3-3( was attenuated after protein
phosphatase treatment (Fig EV4G), suggesting that the association
between 14-3-3{ and LDHA potentially depends on the
phosphorylation of LDHA, at least partially. Further study found
that the protein level of LDHA was notably decreased and its
ubiquitination was significantly increased when 14-3-3( was
knocked down by shRNAs (Fig 4H and I), suggesting that the
binding of 14-3-3( to LDHA protects LDHA from proteasome degra-
dation. Of note, we also investigated the mRNA levels of LDHA in
PLC cells stably knocking down 14-3-3{ and found that 14-3-3(
had no significant effect on LDHA transcriptional level (Fig EV4H).
More intriguingly, knockdown of 14-3-3 by shRNAs attenuated
the effect of CUEDC2 overexpression on LDHA protein levels
(Fig 47), suggesting that 14-3-3{ was the missing link in regulation
of LDHA by CUEDC2.

Next, we knocked down 14-3-3( in CUEDC2 overexpressing PLC
cells and analyzed the glucose uptake, lactate production, cell
growth, and apoptosis. As a result, knocking down 14-3-3( abol-
ished the enhanced glucose uptake and lactate production by
CUEDC2 overexpression in PLC cells (Fig 4K). Knocking down 14-3-
3( also blunted the inhibitory effect of CUEDC2 on cellular ROS
levels in PLC cells (Fig EV4I). Moreover, similar to GR knockdown,
14-3-3( shRNAs diminished the growth advantage induced by
CUEDC2 overexpression and increased apoptotic cell population
(Fig 4L and M), demonstrating that 14-3-3( was involved in

CUEDC2-regulated glycolysis and cancer cell survival. Thus, we
uncovered here a pathway by which CUEDC2 induced the activation
of LDHA and aerobic glycolysis in human cancer cells via protecting
the stability of 14-3-3( protein (Fig 4N).

GLUT3 and LDHA are critical for CUEDC2-regulated
tumor progression

To further assess the function of CUEDC2 in tumor growth in vivo,
we manipulated CUEDC2 expression in PLC cells and subcuta-
neously injected these cells into nude mice. PLC cells with forced
overexpression of CUEDC2 developed significantly larger tumors
(Fig 5A and B). Western blot analysis using the lysates of the tumor
tissues revealed that, consistent with our in vitro data, CUEDC2
significantly enhanced the expression of GLUT3 and LDHA in xeno-
graft tumors (Fig 5C).

To clarify whether GLUT3 or LDHA is involved in CUEDC2-regu-
lated tumor formation, we stably overexpressed GLUT3 or LDHA in
CUEDC2 knocking down PLC cells for xenograft experiments. The
results showed that knocking down CUEDC2 in PLC cells dramati-
cally retarded tumor growth, which was recovered in part by forced
overexpression of GLUT3 or LDHA (Fig 5D and E), suggesting that
both GLUT3 and LDHA are involved in CUEDC2-mediated tumor
growth in vivo. Western blot analysis using the lysates of the tumor
tissues confirmed the knockdown efficiency of shCUEDC2 and the
overexpression of GLUT3 or LDHA in xenograft tumors (Fig 5F).

Figure 5. GLUT3 and LDHA are critical for CUEDC2-regulated tumor progression.

© 2017 The Authors

A-C Equal numbers of PLC cells stably expressing EV or CUEDC2 were injected subcutaneously into nude mice (n = 5 for each group). Tumor growth was monitored
starting from 6 days after inoculation (A). Tumors were extracted and compared at the end of experiment (B). Protein levels of CUEDC2, GLUT3, and LDHA were
determined by Western blot using the lysates from tumor tissues (C).

D-F GLUT3 or LDHA was overexpressed in PLC cells stably expressing shCUEDC2. Equal numbers of cells were injected subcutaneously into nude mice (n = 6 for each
group). Tumor growth was monitored starting from 9 days after inoculation (D). Tumors were extracted and compared at the end of experiment (E). Protein levels
of CUEDC2, GLUT3, and LDHA were determined by Western blot using the tumor tissue lysates (F).

Data information: Data are presented as mean (& SD). In (A and B) n = 5 and in (D and E) n = 6 in each group. *P < 0.05 as compared to EV group in (A and B) and to
shCUEDC2 + EV group in (D and E), respectively. P was calculated by Student’s t-test. B-Actin served as loading control.
Source data are available online for this figure.
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Taken together, these data prove that both GLUT3 and LDHA are
critical for CUEDC2-regulated tumor growth in vivo.

Aberrant expression of GLUT3 and LDHA correlates with that of
CUEDC2 in human hepatocellular carcinoma

As xenograft results demonstrated that GLUT3 and LDHA are critical
for oncogenic role of CUEDC2 (Fig 5), we next sought to determine
the physiological relevance of CUEDC2-regulated GLUT3 and LDHA
pathway in human malignancies. To this aim, we employed tissue
microarray and immunohistochemical analysis (IHC) to examine
the expression of CUEDC2, GLUT3, and LDHA in samples of human
hepatocellular carcinoma (HCC). Our data showed that the expres-
sions of CUEDC2, GLUT3, and LDHA were elevated in HCC samples,
while they had only negative or focal marginal expression in normal
hepatic tissues (Fig 6A). Moreover, statistical analysis using a
cohort of 213 clinic pathologically characterized HCC samples
revealed that the aberrant CUEDC2 expression was positively corre-
lated with that of GLUT3 (64%, 42/66) and LDHA (68%, 45/66)
(Fig 6B). Expression levels of CUEDC2, GR/GLUT3, and 14-3-3(/
LDHA were further analyzed in 14 pairs of HCC lesions and adjacent
non-cancerous tissues. The results showed that CUEDC2, GR/
GLUT3, and 14-3-3(/LDHA were highly expressed in HCC lesions
compared to the adjacent non-cancerous tissues; more importantly,
their expression patterns showed high correlation (Fig 6C). These
data indicate a potential role for CUEDC2 in regulating the expres-
sion of GR/GLUT3 and 14-3-3{/LDHA in human hepatocellular
carcinoma and reveal yet another oncogenic function of CUEDC2
via promoting Warburg effect during the development of human
cancers.

Discussion

Increased aerobic glycolysis, or Warburg effect, is regarded as an
emerging hallmark for cancers [1]. While there is no doubt that
insights into this characteristic alteration in cancer cells will hold
promise for potential cancer therapy, the underlying molecular
mechanisms remain largely unclear. In this regard, the present
study revealed an unexpected function of CUEDC2 in promoting
aerobic glycolysis in cancer cells, aside from the previously reported
roles of CUEDC2 in cell cycle, inflammation, macrophage function,
and resistance to endocrine cancer therapies [14,19]. The initial
observation that CUEDC2 expression was activated under nutrition
stress conditions and that metabolomic analysis using GC-MS
demonstrated CUEDC2 increased glycolytic flux led us to explore
the role of this oncogenic protein in facilitating Warburg effect. As

EMBO reports

expected, we verified the correlation between CUEDC2 expression
level and glucose uptake, lactate production, or oxygen consump-
tion rate in different types of cancer cells. Furthermore, knocking
down CUEDC2 in cancer cells impaired the aerobic glycolytic pheno-
type, while cells with forced expression of CUEDC2 favored
Warburg effect, indicating that CUEDC2 does generally facilitate
glycolysis in cancer cells. Considering the aberrant expression of
CUEDC2 in various cancer cells [17,18,22] (Fig 6A and C) and the
emerging importance of aerobic glycolysis for cancer development,
our findings are potentially significant for designing new strategies
for cancer therapy.

Importantly, we further establish GLUT3 and LDHA as the effec-
ters in CUEDC2-mediated glycolytic regulation in cancer cells. To
maintain the survival and rapid proliferation, cancer cells normally
elevate expression of glycolysis-related proteins and enzymes.
Recently, several oncogenic proteins and tumor suppressors were
found to regulate multiple enzymes that facilitate glycolytic metabo-
lism. For instance, Kawauchi et al [26] reported that activation of
transcription factor NF-xB by loss of p53 resulted in upregulation of
GLUTS3 and an increase in the rate of aerobic glycolysis. GLUT3 was
also identified as a YAP-regulated gene involved in glucose meta-
bolism in breast cancer cells [27]. As alterations of numerous onco-
genic proteins or tumor suppressors contribute to cancer initiation
and development, it stands to reason that cancer metabolism is regu-
lated by complicated network constituted by different means under
various contexts instead of a straightforward single pathway opera-
tion. Indeed, while we demonstrated that CUEDC2 regulated GLUT3,
we did not observe direct interplay between these two proteins.
Glucocorticoid receptor (GR) in enterocytes was recently reported to
be essential for GC (glucocorticoid)-induced glucose transport,
which consequently contributed to induction of hyperglycemia
in vivo [28]. A study using placenta of a diabetic rat indicated that
there might be a relationship between GR and GLUT1 expressions at
the cellular level [29]. Thus, it is very intriguingly for us to show for
the first time that GR played a pivotal role in CUEDC2-mediated
GLUTS3 transcription in cancer cells. Moreover, we provided direct
evidence that GR regulated the transcription of GLUT3 by binding to
its proximal promoter region. Furthermore, GR was essential for
CUEDC2 facilitated aerobic glycolysis and tumor cell proliferation
(Fig 3). Mechanically, the interaction between CUEDC2 and GR was
found to be necessary to protect GR from proteasome degradation
(Fig 3C and D). CUEDC2, known as an E3 ligase, has been demon-
strated to promote PR and ER protein degradation via the protea-
some pathway [15,18]; meanwhile, CUEDC2 was also observed to
bind to and stabilize SOCS3[30]. These reports suggested that
CUEDC2 might function both to promote protein degradation and to
protect protein stability, pending on different cases. In this study,

Figure 6. Aberrant expression of GLUT3 and LDHA correlates with that of CUEDC2 in human hepatocellular carcinoma.

A Normal liver tissues and hepatocellular carcinoma specimens were subjected to immunohistochemical (IHC) staining of CUEDC2, GLUT3, and LDHA. The
representative images of IHC staining from the same pair of tissues are shown. Brown staining indicates positive immunoreactivity. Sections were counterstained

with hematoxylin. The region in each box was enlarged. Scale bars, 50 pm.

B Correlation between CUEDC2 and GLUT3 or CUEDC2 and LDHA expression levels in human hepatocellular carcinoma tissues was analyzed. n = 213. Statistical

significance was determined by the chi-square test; R: correlation coefficient.

C Protein levels of CUEDC2, GR, GLUT3, 14-3-3(, and LDHA in the paired human HCC tissues (T) and tumor-adjacent non-cancerous liver tissues (N) from 14 patients

were analyzed by Western blot. B-Actin served as loading control.

Source data are available online for this figure.

© 2017 The Authors
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our data demonstrated that CUEDC2 bound to GR to prevent its
degradation, leading to subsequent GLUT3 activation.

Notably, although LDHA was reported to be activated at tran-
scriptional level by the well-known oncogenic proteins HIF-1 and
cMyc [6,8,9,31,32], little is known regarding how LDHA is regulated
on protein level. Since our data showed that CUEDC2 protected
LDHA from proteasome degradation without direct interaction with
LDHA, we crossly compared the lists of candidate proteins binding
to LDHA and the CUEDC2-interacted ones, leading to the discovery
of 14-3-3( as an effecter of CUEDC2 in regulation of LDHA protein
stability. 14-3-3 family proteins, constituted of seven conserved
members in eukaryotic cells, are well known for promoting cell
survival by binding to a multitude of functionally diverse signaling
proteins, including kinases, phosphatases, and transmembrane
receptors [33-36]. Our further results proved that 14-3-3( was the
direct mediator of LDHA activation and metabolic reprogramming
triggered by CUEDC2 in cancer cells. Of note, while a recent study
reported that 14-3-3( regulated LDHA transcription in breast cancer
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cells [37], we could not confirm significant effect of 14-3-3( on
LDHA mRNA levels. Instead, we provided ample evidence to
demonstrate that 14-3-3( associated with LDHA to protect it from
proteasome degradation, as the protein level of LDHA was notably
decreased and its ubiquitination was significantly increased when
14-3-3¢ was knocked down by shRNAs (Fig 4H and I). Thus, while
numerous previous reports documented the pathways regulating
LDHA at transcriptional level, we identified a new post-translational
mechanism regulating LDHA protein that is controlled by CUEDC2/
14-3-3¢ axis (Fig 4N).

It is very intriguing that our tissue microarray results revealed
high correlation between the aberrant expression of CUEDC2 with
that of GLUT3 and LDHA in human HCC samples (Fig 6A and B),
suggesting a significant relevance of CUEDC2-mediated aerobic
glycolysis in the development of human malignancies. Indeed, by
revealing an unexpected role of CUEDC2 as critical regulator of
aerobic glycolysis required for cancer cell survival and growth, our
results add insights to understanding the mechanisms of aerobic
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Figure 7. Working model: CUEDC2 regulates GLUT3 and LDHA to facilitate Warburg effect and tumorigenesis.
CUEDC2 facilitates Warburg effect by upregulating two key glycolytic molecules GLUT3 and LDHA via interacting with glucocorticoid receptor (GR) or 14-3-3¢ proteins,
respectively. This observation, together with previous findings that CUEDC2 regulates cell cycle, inflammation and cancer drug resistance, places CUEDC2 at the crossroad of

metabolism alteration and cancer progression.
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glycolysis and provide additional link between cell metabolism and
cancer progression. The novel findings from the present study,
together with the significant discoveries from previous studies,
placed CUEDC2 at the crossroad of cellular metabolism and tumori-
genesis (Fig 7). Further studies along this line will likely lead to
potential new strategy for cancer therapy.

Materials and Methods

Cell lines and cell culture

PLC, HeLa, MDA-MB-231, HEK293T, and HEK293 (ATCC) cell lines
used in this study were maintained in Dulbecco’s modified Eagle’s
medium (Gibco) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin—streptomycin. All cells were cultured in a humidi-
fied incubator at 37°C and 5% CO,.

Plasmid construction and establishment of stably transfected
cell lines

The coding sequence of CUEDC2, GLUT3, LDHA, GR, or 14-3-3(
was cloned into the lentiviral plasmid pSin-EF2a-Puro (Addgene,
#16580). shCUEDC2 in pSUPER-Puro vector was used in our previ-
ous publication and the target sequence is 5-CCAAGATGAGG
CAACTGGC-3'. Other shRNAs used in this study were in pLKO
vector (Sigma-Aldrich). Sequences of shRNAs used in this study
were listed below. shCUEDC2s in pLKO vector: 5-CAAGAAGCTGA
TCCGATAC-3’; 5-GAAGTCCTTCATCCTGCAG-3'; shGRs: 5-CCTGG
ATGTTTCTTATGGC-3'; 5-CGGTGGCAATGTGAAATTG-3'; shl4-
3-3(s: 5-GCAGAGAGCAAAGTCTTCT-3'; 5-GCTCGAGAATACAGA
GAGA-3'; shLDHA: 5-GATCTGTGATTAAAGCAGT-3'; shGLUT3: 5'-
CTTGGTCTTTGTAGCCTTC-3'. Stable cells were established as
previously reported [11]. Briefly, plasmid in pSin-EF2a-Puro
(Addgene), pLKO, or pSUPER viral vector was cotransfected with
virus packaging plasmids into HEK293T cells using Lipofectamine
2000 (Invitrogen). Viral supernatant was collected and added into
culture medium of PLC, HeLa, or MDA-MB-231 cells in the presence
of 8 ug/ml polybrene (Sigma-Aldrich). The infected cells were
selected by puromycin or G418 to establish stable cells.

Metabolism measurements

Experiments for real-time measuring ECAR and OCR were
performed using a Seahorse Bioscience XFp extracellular flux
analyzer (Seahorse Bioscience). Intracellular glucose and extracellu-
lar lactate were measured using the glucose or lactate assay Kkit
(BioVision), respectively, following the manufacturer’s instructions.
All values were normalized to protein concentration. For basal
oxygen consumption rate measurement, 500 million trypsinized
cells were suspended in culture medium in a 0.5 ml volume and
measured by an Oxytherm unit (Strathkelvin Instrument Ltd.).

Gas chromatography-mass spectrometry (GC-MS) analysis
of metabolites

PLC cells overexpressing empty vector (EV) or CUEDC2 were incu-
bated in the culture medium without glucose and FBS for 7 h,
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followed by supplement with 10% FBS and 25 mM of '*C-labeled
glucose (Cambridge isotope laboratory) and continued culture for
36 h. Metabolites were extracted from cells as previously described
[38]. Briefly, cells were rinsed by cold PBS and lysed in cold 50%
acetonitrile, with three rapid cycles of freeze-thawing between
liquid nitrogen and 37°C water bath. Then, the lysates were centri-
fuged and the supernatant was dried in termovap nitrogen sample
concentrator and resuspended in 80% CH3;OH/H,0 with ribitol
(0.2 mg/ml), followed by sonication and centrifugation. The super-
natant was dried again and then derivatized for GC-MS analysis.
Data were collected on an Agilent 6890N GC x GC-TOF-MS, a two-
dimensional gas chromatography time-of-flight mass spectrometry
coupled with a Pegasus HT time-of-flight mass spectrometer (Leco
Corporation, St Joseph, MI, USA).

Intracellular ROS measurement

Trypsinized cells were stained with 2 uM of CellROX DeepRed (Life
Technologies) in PBS containing 5% FBS at 37°C for 30 min. Intra-
cellular ROS production was analyzed by FACSVerse flow cytometer
(BD Bioscience). Gain and amplifier settings were held constant
during the experiment.

Real-time PCR analysis

Total RNA was prepared using TRIzol agent (Invitrogen), and one
microgram of total RNA was used to synthesize cDNA using Super-
Script III Reverse Transcriptase (Invitrogen). RT-PCR was
performed using iQ SYBR Green Supermix by the iCycler Real-time
System (Bio-Rad). Annealing temperature of each primer pair was
optimized by temperature gradient PCR. The relative expression of
individual transcript was normalized to 18S. Primer sequences are
listed in Appendix Table S2.

Western blot analysis

Equal amount of proteins were separated with SDS-PAGE, trans-
ferred onto nitrocellulose membranes (GE healthcare), and blocked
with 5% milk. Primary antibodies against the following proteins
were used CUEDC2 (from our group), GLUT1 (21829-1-AP),
GLUT3 (20403-1-AP), HK2 (22029-1-AP), GPI-1 (15171-1-AP), PFKL
(15652-1-AP), ALDB (18065-1-AP), TPI-1 (10713-1-AP), GAPDH
(10494-1-AP), ENO1 (11204-1-AP), LDHA (21799-1-AP), PDKI1
(10026-1-AP), SDHA (14865-1-AP), IDH2 (15932-1-AP), GR
(24050-1-AP), and 14-3-3( (14881-1-AP) (from Proteintech). HRP-
conjugated anti-rabbit (170-6515, Bio-Rad) or anti-mouse (170-6516,
Bio-Rad) secondary antibodies were used, and membranes were
developed using the Western ECL Substrate (Bio-Rad).

Immunoprecipitation assay

Cells were lysed in lysis buffer (20 mM Tris—HCI pH 8.0, 150 mM
NaCl, 2 mM EDTA, 1% NP-40, 1 mM DTT, 1x protease inhibitor
cocktails). After sitting on ice for 1-2 h, the lysates were centrifuged
at 4°C. For phosphatase treatment, the cell lysate was then incu-
bated with or without PP2A (Calbiochem, D00168287) overnight at
4°C. Proteins in supernatant were quantified, and equal amount of
proteins in supernatant were incubated with anti-FLAG M2 or
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anti-HA for 4 h, followed by incubation with protein A/G-Sepharose
beads for 1 h at 4°C. After incubation, beads were washed three
times with lysis buffer, followed by further washing with ice-cold
PBS and boiling in 2x loading buffer. Protein samples were resolved
by SDS-PAGE.

Ubiquitination assay

HEK293T cells were cotransfected with pSin-HA-ubiquitin and pSin-
FLAG-LDHA, pSin-FLAG-GR or pSin-FLAG-14-3-3( in the presence
or absence of shCUEDC2 or sh14-3-3( as indicated. After incubating
for 42 h, proteasome inhibitor MG132 was added in culture medium
for additional 6 h, followed by PBS wash and protein lysis. Equal
amount of protein lysates were immunoprecipitated with anti-FLAG
M2 antibody (Sigma-Aldrich) and subjected to SDS-PAGE, followed
by blotting with anti-HA antibody (Proteintech).

Immunofluorescence microscopy

For immunofluorescent (IF) staining, cells were fixed with 4%
paraformaldehyde, blocked with PBS containing 5% BSA, and incu-
bated with anti-GR (1:100, 24050-1-AP, Proteintech). Anti-rabbit
secondary antibody conjugated with Texas Red was used. The
nuclear was stained by DAPI (Sigma). The fluorescent images were
captured using Zeiss 710 laser scanning confocal microscopy (Zeiss).

ChIP assay

PLC cells were cross-linked with 1% formaldehyde for 10 min at
room temperature followed by addition of 125 mM glycine to inacti-
vate formaldehyde. Cell were collected and sonicated. Chromatin
extracts containing DNA fragments with an average size of 200-
500 bp were immunoprecipitated with IgG or anti-FLAG (Sigma-
Aldrich) overnight at 4°C, followed by sequential washing with low-
salt buffer, high-salt buffer, LiCl buffer, and TE buffer. Samples were
eluted with TE buffer in the presence of protease K, and the reverse
cross-linking was performed by incubating the samples overnight at
65°C, after which DNA was purified using PCR Purification Kit,
followed by quantitative PCR analysis. Primer sequences used in
ChIP assay are listed in Appendix Table S2.

Transfection and luciferase assay

Renilla reporter pRL-TK and pGL2-promoter empty vector or pGL2-
promoter-GREs were cotransfected with or without pSin-FLAG-GR
vector into HEK293 cells. Forty-eight hours after transfection, cells
were lysed and luciferase activity was assessed using the dual-luci-
ferase reporter assay system (Promega). All experiments were
repeated at least three times. Primer sequences used for subcloning
GRE sequences into luciferase reporter plasmids are listed in
Appendix Table S2.

Animal experiments
All animal studies were conducted with approval from the Animal
Research Ethics Committee of the University of Science and Tech-

nology of China. Male BALb/c nude mice were purchased from SJA
Laboratory Animal Company of China, which were randomly
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assigned to experimental groups. For xenograft experiments, equal
numbers of the established PLC stable cells were injected subcuta-
neously into nude mice. 6 or 9 days after injection, tumor volumes
were measured every 3 days with a caliper and calculated using the
equation: volume = length x width? x 0.52.

Tissue microarray and immunohistochemical analysis

After screening hematoxylin and eosin-stained slides for optimal
tumor content, tissue microarray slides were constructed (Shanghai
Biochip Company, Ltd.). Two cores were taken from each formalin-
fixed and paraffin-embedded (FFPE) HCC samples by using punch
cores that measured 0.8 mm in greatest dimension from the center
of tumor foci. Samples were deparaffinized and rehydrated. After
retrieving antigens by applying Unmask Solution (Vector Laborato-
ries) in a steamer for 30 min, the sections were treated with 1%
hydrogen peroxide in methanol for 30 min to block endogenous
peroxidase activity. After 1 h pre-incubation in 10% goat serum to
prevent non-specific staining, the samples were incubated with an
antibody to CUEDC2 (from our group, 1:200 dilution), GLUT3
(20403-1-AP, Proteintech, 1:150 dilution), or LDHA (21799-1-AP,
Proteintech, 1:50 dilution) at 4°C overnight. The sections were incu-
bated with SignalStain Boost Detection Reagent for 30 min at room
temperature. Color was developed with the SignalStain DAB Chro-
mogen diluted solution (all reagents were obtained from Beijing
ZSGB-Bio Company, Ltd.). Nuclei were lightly counterstained with
hematoxylin. Quality assessment was performed on each batch of
slides by including negative control (the primary antibody was
replaced by PBS) to preclude non-specific signal. Samples known to
express high levels of CUEDC2 protein were used as positive
control. The widely accepted German semi-quantitative scoring
system in considering the staining intensity and area extent was
used. Each specimen was assigned a score according to the intensity
of cytoplasmic staining (no staining = 0; weak staining = 1, moder-
ate staining = 2, strong staining = 3) and the extent of stained cells
0% =0, 1-24% =1, 25-49% =2, 50-74% = 3, 75-100% = 4).
The final immunoreactive score was determined by multiplying the
intensity score with the extent of score of stained cells, ranging from
0 (the minimum score) to 12 (the maximum score). We defined 0
score as negative, 1-6 score as weak positive expression, and >8
score as strong positive expression, respectively. Correlations
between CUEDC2 and GLUT3, CUEDC2, and LDHA protein levels in
human hepatocellular carcinoma were analyzed. Statistical signifi-
cance was determined by the chi-square test; R: correlation coeffi-
cient. Human hepatocellular carcinoma tissues and paired adjacent
tissues for Western blot analysis were obtained from Yat-sen
University Cancer Center (Guangzhou, China).

Statistical analysis

The data are presented as mean + SD. Student’s t-test was used to
calculate P-values. Statistical significance is displayed as *P < 0.05.

Expanded View for this article is available online.
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