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Abstract
Despite significant progression in the study of hepatocellular carcinoma (HCC), the role of the proteasome in regulating
cross talk between mTOR signaling and glycolysis in liver cancer progression is not fully understood. Here, we demonstrate
that deficiency of REGγ, a proteasome activator, in mice significantly attenuates DEN-induced liver tumor formation.
Ablation of REGγ increases the stability of PP2Ac (protein phosphatase 2 catalytic subunit) in vitro and in vivo, which
dephosphorylates PRAS40 (AKT1 substrate 1) and stabilizes the interaction between PRAS40 and Raptor to inactive
mTORC1-mediated hyper-glycolytic metabolism. In the DEN-induced animal model and clinical hepato-carcinoma samples,
high levels of REGγ in HCC tumor regions contribute to reduced expression of PP2Ac, leading to accumulation of
phosphorylated PRAS40 and mTORC1-mediated activation of HIF1α. Interestingly, mTORC1 enhances REGγ activity in
HCC, forming a positive feedback regulatory loop. In conclusion, our study identifies REGγ-PP2Ac-PRAS40 axis as a new
layer in regulating mTORC1 activity and downstream glycolytic alterations during HCC development, highlighting the
REGγ-proteasome as a potential target for personalized HCC therapy.

Introduction

Hepatocellular carcinoma (HCC) represents the sixth most
common cancer and the third major cause of cancer-related

mortality globally [1]. Although studies have reported
advances in the diagnosis and treatment of HCC, the inci-
dence and mortality still are increasing [2, 3]. To promote
personalized therapy of HCC, it is urgent to understand the
precise molecular mechanism for tumorigenesis and pro-
gression in HCC.

Cancer cells possess a high rate of glycolytic metabolism,
called the “Warburg effect” or “aerobic glycolysis” [4]. This
is to fulfill the bioenergetic and biosynthetic demands of
rapid proliferation and survival of cancer cells in hypoxic
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environments. Upregulating glycolysis leads to an increased
lactate production, which leads to acidification of the
microenvironment and cancer spread [5, 6]. One of the
major transcription factors regulating glycolytic response is
hypoxia-inducible factor-1α (HIF-1α), which promotes the
expression of a number of pivotal glycolytic enzymes and
glucose transporter1 (GLUT1), playing central roles in reg-
ulation of cancer-specific glucose metabolism [7–10]. In
addition to oxygen-dependent regulation, HIF-1α can also
be regulated at the translational level via PI3K/Akt/mTOR
pathway under normoxia [11, 12]. In human liver cancer
HepG2 cells, it has been reported that activation of PI3K/Akt
cascades could induce HIF-1α protein accumulation [13].

Activation of the PI3K/AKT/mTOR pathway and PTEN
(a dual protein/lipid phosphatase) loss have been found in
~50% of patients with HCC [14–16]. In line with this,
upregulation of the mTOR pathway is related to tumor
recurrence and poor prognosis in HCC [14]. The AKT
effector, mTOR, is a serine/threonine protein kinase and
exists as mTORC1 or mTORC2 complex in organisms. The
mTORC1 complex is sensitive to Rapamycin and includes
mTOR, Raptor (regulatory-associated protein of mTOR),
MLST8 (mammalian orthologue of LST8, also known as
GpL), PRAS40 (proline-rich Akt substrate, the molecular
weight is 40 kDa), and deptor (DEP domain containing
mTOR-interaction protein). Non-phosphorylated PRAS40
can bind with Raptor and inhibit the activity of mTORC1.
When PRAS40 is phosphorylated, it will no longer interact
with Raptor and fails to inhibit the activity of mTORC1
[17]. Recently, Yiqun et al. comprehensively examined the
PI3K/AKT/mTOR pathway in over 10,000 human cancers
and 32 cancer types profiled by TCGA, and found many
cancers exhibited high mTOR pathway activity without
associated canonical genetic or genomic changes, suggest-
ing a variety of post-transcriptional mechanisms for path-
way activation and regulation [18].

REGγ (also known as PA28γ, PSME3, and Ki) is a
member of the 11S family of proteasome activators. It has
been found to promote degradation of numerous target pro-
teins in an ubiquitin- and ATP-independent manner [19, 20],
with functions in multiple cellular processes, including cell
cycle [20, 21], autoimmunity [22], and carcinogenesis
[23–25]. Our recent discoveries that overexpression of REGγ
in HCC highly correlates with ki67 upregulated tumor
samples in bioinformatics analyses prompted us to investi-
gate the role of REGγ in hepatocellular carcinoma.

In our current study, we have discovered that REGγ
boosts DEN-induced liver cancer in mice through
mTORC1-HIF1α pathway, at least in part. PP2Ac is found
as the bridge molecule between REGγ and mTORC1 com-
plex, acting via dephosphorylation of PRAS40. Interest-
ingly, a high level of REGγ is observed when mTORC1, but
not mTORC2 is activated, reflecting a specific positive

feedback loop in HCC. Importantly, analyses of animal
tumor and clinical samples from HCC patients substantiate
the tumor promoting function of REGγ, providing new
insights for REGγ as a putative therapeutic target against
HCC in the future.

Results

REGγ promotes DEN-induced HCC in mice via the
mTORC1 pathway

To understand the role of REGγ in human HCC, we carried
out bioinformatics analyses of a dataset from TCGA data-
base. The results revealed not only an averaged over-
expression of REGγ in human HCC samples, but also a
positively-correlated upregulation of Ki67 in tumors, indi-
cating a potential function of REGγ in HCC (Fig. 1a). To
validate the impact of REGγ on HCC development and
growth, we generated the well-established DEN-induced
HCC model in REGγ+/+ and REGγ−/− mice. Histopatho-
logical data demonstrated that 5-month-old DEN-induced
REGγ knockout mice had delayed tumor development
(Supplementary Fig. S1a). After 9 months DEN induction,
the tumor number (Figs. 1b and c) and the tumor size
(Fig. 1d and Supplementary Fig. S1b) were much smaller in
REGγ−/− than in WT mice. Histopathological images
(Supplementary Fig. S1a) and detection of the liver cancer
markers [26], including Prom1 (also known as CD133),
Cd44 (Aldh1a1), and Afp (Fig. 1e) revealed that the liver
tumors in DEN-induced REGγ+/+ mice mimicked poorly
differentiated human HCC. Overall, these results suggest
that REGγ is a tumor promoter and its deficiency restrains
liver tumor growth.

The PI3K/AKT/mTOR and MEK/ERK pathways play
pivotal roles in the development of HCC [27]. To clarify the
mechanism by which REGγ primarily regulates HCC, we
compared the key components of these signaling pathways.
We observed that mTORC1 activity, but not ERK, p38 or
AKT, was obviously suppressed in DEN-induced REGγ-
deficient liver tumors (Fig. 1f and Supplementary Fig. S1c),
suggesting that a turning point between AKT and mTORC1
is regulated by REGγ. We obtained consistent results that
REGγ promoted mTORC1 activity in HepG2 cells by reg-
ulating p-S6K and p-4EBP1 (Supplementary Fig. S1d). To
further demonstrate REGγ could facilitate DEN-induced
HCC growth, we isolated and immortalized DEN-induced
REGγ+/+ and REGγ−/− mouse hepatoma cells that were
verified for the presence of liver tumor specific markers
(Supplementary Fig. S1e). Cell proliferation assays indi-
cated that REGγ+/+ hepatoma cells grew much faster than
REGγ−/− tumor cells, while the proliferation rate was nearly
equal in both REGγ+/+ and REGγ−/− hepatoma cells
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Fig. 1 REGγ deficiency attenuates DEN-induced HCC in mice via
mTORC1. a Bioinformatics analyzed the expression of REGγ and Ki67
in normal tissue (n= 50) and liver cancer (n= 373) samples from TCGA
dataset. ***p < 0.001 (two-tailed Student’s t-test) (left panel). The
expression correlation between REGγ and Ki67 was calculated by
employing Spearman method (right panel). b Representative photographs
showing liver tumor growth in REGγ+/+ and REGγ−/− mice 9 months
after DEN treatment. c, d Average number of tumors per mouse liver from
WT and REGγ−/− mice (c) and Liver tumor size (d) were quantitated (n=
12 each group). ***p < 0.001 (two-tailed Student’s t-test). e Quantitative

RT-PCR analysis of Prom1, Afp, CD44 genes expression in the liver
tumors. n= 5. Data represent means ± SEM. **p < 0.01 (two-tailed Stu-
dent’s t-test). f DEN-induced liver tumor cells from REGγ+/+ and REGγ
−/− mice were lysed and western blot was performed using indicated
antibodies. Sample in each lane was from an individual mouse. g, hWT or
REGγ−/− mice liver cancer cells and HepG2 cells were plated at a density
of 2 × 103 cells per well in 96-well plate and treated with or without
Rapamycin. Plates were read at different time points. Experiment was
repeated for three times. Data represent means ± SEM. **p < 0.01, ***p <
0.001 (two-tailed Student’s t-test).
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(Fig. 1g) when mTORC1 activity was blocked by Rapa-
mycin, a specific inhibitor of mTORC1. Similar growth
effects, including growth inhibition by Rapamycin, were

observed in HepG2 (shN) cells vs. HepG2 with REGγ
knockdown (shR) (Fig. 1h), suggesting that the mTOR
pathway is downstream of REGγ.
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REGγ affects HIF-1α accumulation via mTORC1 in
hepatocellular carcinoma

HIF-1α, and Myc are the leading transcription factors in
response to mTORC1, promoting onset Warburg effect in
cancers [28]. Western blotting experiments showed a
reduced HIF-1α expression in REGγ−/− liver tumor tis-
sues or in shR HepG2 cells (Fig. 2a). Immunohistologi-
cally, HIF-1α level was also lower in REGγ−/− normal
liver tissues than in WT (Supplementary Fig. S2a).
However, c-Myc protein and mRNA levels were not
reduced in REGγ-silenced HepG2 cells (Supplementary
Fig. S2b and S2c). Importantly, the mRNA level of HIF-
1α was significantly attenuated in REGγ knock-down
cells (Fig. 2b), even after the mTORC2 was blocked by
silencing Rictor, which is essential to mTORC2 activa-
tion. In contrast, silencing Raptor, a component required
for mTORC1 activity, led to indiscriminate expression of
HIF-1α in normal and REGγ knock-down cells (Fig. 2b),
demonstrating that REGγ regulates HIF-1α expression in
an mTORC1-dependent manner.

REGγ-dependent hepatoma cells proliferation and
glycolysis are affected by the mTORC1-HIF-1α
pathway

Next, we examined whether REGγ could regulate gly-
colysis and the Warburg effect to affect HCC develop-
ment. We performed principal component analysis (PCA)

of metabolomics and found clearly different clustering of
the glycolytic profiles between 293T WT and REGγ
knockout cells (Supplementary Fig. S2d). The pyruvate/
lactate ratio was dramatically increased in REGγ-defi-
cient cells comared to WT (Supplementary Fig. S2e),
indicating restricted glycolysis in REGγ-depleted cells.
Bioinformatics analysis of the TCGA liver cancer data-
sets showed that most glycolysis genes were upregulated
(Supplementary Fig. S2f) and REGγ was positively cor-
related with the expression of these glycolysis genes,
including HK2 (hexokinase 2), ALDOA (aldolase A),
PKM2 (pyruvate kinase M2), GAPDH (glyceraldehyde 3-
phosphate dehydrogenase), ENO1 (enolase 1), and PGM1
(phosphoglucomutase1) (Supplementary Fig. S2g).

To validate this regulation in REGγ-WT and REGγ-
silenced HepG2 cells or REGγ−/− mouse hepatoma cells,
we examined expression of glycolysis-related genes,
including GLUT1 (glucose transporter 1 or SLC2A1),
HK2, GPI1 (glucose-6-phosphate isomerase1), PFKL
(6-phosphofructokinase, liver type), ALDOA, TPI1
(triosephosphate Isomerase 1), GAPDH, ENO1, PGM1/2,
PKM2, and LDHA (lactate dehydrogenase A). Results
displayed dramatically decreased mRNA (Fig. 2c and
Supplementary Fig. S3a) and protein (Fig. 2d and Sup-
plementary Fig. S3b) levels for most of the genes in
REGγ-knockdown HepG2 and REGγ−/− hepatoma cells.
Accordingly, we detected significantly increased basal
oxygen consumption rates (OCRs, an indicator of oxida-
tive phosphorylation) and maximal respiratory capacity in
REGγ knock-down HepG2 compared to WT cells
(Fig. 2e). Whereas the extracellular acidification rates
(ECAR, an indicator of aerobic glycolysis) was reduced in
REGγ-deficient HepG2 cells (Fig. 2f). Thus, our results
indicate that REGγ may contribute to HCC metabolic
adaptation by regulating glycolysis-related genes.

To validate whether REGγ regulated the glycolysis in
an mTORC1- and HIF-1α-dependent manner, we treated
HepG2 cells with CoCl2, which can mimic hypoxia and
induce HIF-1α expression [29]. Results showed that gly-
colytic genes’ expression in REGγ knock-down cells was
significantly elevated to comparable level with WT cells
after treatment (Fig. 2g). Similar results were observed
after transfecting HIF-1α constructs into cells (Supple-
mentary Fig. S3c). Following treatment with Rapamycin,
or silencing the HIF-1α, all the HIF-1α, Glut1, and HK2
transcriptions in both shN and shR cells were diminished
to nearly the same level as in shR HepG2 cells (Fig. 2h).
Silencing Raptor instead of Rictor reached to similar
results (Supplementary Fig. S3d and S3e). In agreement,
Rapamycin significantly blocked glucose uptake (Fig. 2i)
and lactate production (Fig. 2j), predominantly in
REGγnormal cells. Accordingly, lactate production was
significantly reduced after knocking-down HIF-1α

Fig. 2 REGγ promotes glycolytic gene expression through
mTORC1-HIF-1α in hepatocellular carcinoma. a Expression of
HIF-1α in liver tumor tissue from REGγ+/+ and REGγ−/− mice, and in
HepG2 REGγ shN and shR cells was analyzed by western blotting. b In
HepG2 REGγ shN and shR cells, HIF-1α gene’s transcription was
measured by RT-qPCR technology after transfecting small interfering
RNAs (siRNAs) specific for mTORC1 subunit Raptor or
mTORC2 subunit Rictor for 36 hr. *p < 0.05, **p < 0.01 (two-tailed
Student’s t-test). c The mRNA levels of glycolytic genes in HepG2
REGγ shN and shR cells were detected by RT-qPCR. Data are shown as
mean ± SEM from three independent experiments. *p < 0.05, **p < 0.01
(two-tailed Student’s t-test). d Analysis of glycolytic gene expression in
HepG2 REGγ shN and shR cells by western blot. e, f Oxygen con-
sumption rate (OCR) and extracellular acidification rate (ECAR) in
HepG2 REGγ shN and shR cells were measured by Seahorse
Bioscience XF96 analyzer. Data were repeated 3 times, **p < 0.01 (two-
tailed Student’s t-test). g REGγ shN and shR HepG2 cells were treated
with CoCl2 followed by RT-PCR analysis of glycolytic gene expression.
Experiments were repeated two times. h HepG2 REGγ shN and shR
cells were transfected with siRNAs for 48 h or treated with Rapamycin
for 24 h. Then cells were collected for RT-qPCR analysis of HIF1α,
Glut1 and HK2 gene expression. *p < 0.05, **p < 0.01 (two-tailed
Student’s t-test). i, j REGγ shN and shR HepG2 cells were treated with
Rapamycin or mock. Glucose uptake and lactate production were
determined. Experiments were repeated three times. Data represent
means ± SEM. **p < 0.01 (two-tailed Student’s t-test).
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(Supplementary Fig. S3f). Overexpression of HIF-1α
increased glucose uptake, lactate production, and cell
proliferation to a similar level in normal and REGγ knock-

down cells (Supplementary Fig. S3g–i). These data indi-
cate that REGγ regulates glycolytic gene expression and
HCC via the mTORC1-HIF-1α axis.
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Ablation of REGγ inhibits mTORC1 via potentiating
dephosphorylation of PRAS40 by PP2Ac

We next addressed how REGγ regulates the mTORC1 path-
way. By analyzing the key components regulating mTORC1
[30], we found only phosphorylated PRAS40 was consistently
decreased in REGγ-shR liver cancer cells, whereas the phos-
phorylation of AMPK, PTEN, PDK1, and the mTORC1
components (Raptor and mTOR) was unaltered (Fig. 3a). A
general model is that PRAS40 could be phosphorylated by Akt
and then dissociated from Raptor, leading to mTORC1 acti-
vation [31]. Co-immunoprecipitation analysis revealed the
interaction of PRAS40 with Raptor was strengthened in REGγ
knockdown cells (Fig. 3b). As expected, overexpressing or
silencing PRAS40 (Fig. 3c and Supplementary Fig. S4a)
eliminated the discrepancy in mTORC1 activity between
REGγ shN and shR cells, indicating that REGγ modifies
mTORC1 activity in a PRAS40-dependent way.

Since REGγ deficiency had no influence on Akt phos-
phorylation (Supplementary Fig. S4b), we reasoned that
REGγ may regulate PRAS40 phosphorylation by phospha-
tases. By screening a phosphatase library [32, 33], we
identified several candidate phosphatases, including PP2A
catalytic subunit PP2Ac (the protein product of PP2Aβ),
PPP3CA, and PP5C (Supplementary Fig. S4c), among
which, only PP2Ac was considered as a potential substrate of
the REGγ-proteasome due to its faster degradation in
doxycycline-inducible WT REGγ-expressing cells, but not in
REGγ (N151Y)-mutant cells (Supplementary Fig. S4d).
Therefore we focused on PP2Ac in subsequent studies.
Dephosphorylation of PRAS40 by PP2Ac was initiated by
coexpressing PRAS40 and increasing amounts of PP2Ac
(Fig. 3d). Exogenously expressed PRAS40 and PP2Ac
interacted with each other (Fig. 3e). Moreover, PRAS40

could only be dephosphorylated by WT PP2Ac, but not by
the inactive mutation of PP2Ac (H118N) in vitro (Fig. 3f and
Supplementary Fig. S4e), reinforcing that PRAS40 is a
substrate of PP2Ac.

As expected, inhibition of phosphatase by okadaic acid
(OA) dramatically increased phosphorylation of PRAS40
(Fig. 3f and Supplementary Fig. S4f). However, reduction
of phosphorylated PRAS40 in shR-treated cells still could
be detected even in the presence of MK2206, an Akt inhi-
bitor (Supplementary Fig. S4f), suggesting that PP2Ac, but
not Akt mediates REGγ-dependent regulation of PRAS40.
Alternatively, overexpression of WT-PP2Ac decreased the
phosphorylated PRAS40 to a similar level in REGγ shN and
shR cells, while overexpression of mutant-PP2Ac (H118N)
had no obvious effect (Fig. 3g). Correspondingly, mTORC1
exhibited parallel activity, indicated by phosphorylated S6K
and 4EBP1 (Fig. 3g), validating the regulation of PRAS40
and mTORC1 by REGγ via PP2Ac.

REGγ promotes PP2Ac degradation

To elucidate how REGγ regulates PP2Ac, we analyzed PP2Ac
protein expression profiles and found markedly increased
PP2Ac in DEN-treated REGγ−/− mouse liver and in REGγ-
knockdown HepG2 cells (Fig. 4a and Supplementary Fig.
S5a). We also obtained the results of inverse correlation
between REGγ and PP2Ac in 293 doxycycline-inducible
REGγ-expressing cells (Supplementary Fig. S5b). Immuno-
fluorescence analysis displayed nuclear accumulation of
PP2Ac in DEN-induced REGγ−/− mouse liver cancer cells
(Supplementary Fig. S5c). Nevertheless, the PP2Ac mRNA
level was not changed in WT and REGγ−/− cells (Fig. 4b).
PP2Ac degraded much faster in REGγ shN than in REGγ shR
HepG2 cells (Fig. 4c). Similar dynamic changes were
observed in CHX-treated doxycycline-inducible REGγ
expression cells, but not in cells expressing a dominant-
negative mutation (N151Y) REGγ (Supplementary Fig. S5d
and S5e). Reciprocal co-IP analysis and GST pulldown assays
disclosed physical interactions between REGγ and PP2Ac
(Fig. 4d and e). Finally, in vitro cell-free proteolytic analysis
showed REGγ and 20S-mediated degradation of PP2Ac (Fig.
4f), substantiating that PP2Ac is a direct target of REGγ.

REGγ accelerates liver tumorigenesis primarily via a
PP2Ac-PRAS40/mTORC1-HIF1α axis

To determine the role of the REGγ-PP2Ac-PRAS40/
mTORC1-HIF-1α regulatory axis in liver tumorigenesis, we
inspected the expression of the key molecules in mouse liver
cancer cells and in DEN-induced liver cancer tissues. In REGγ-
deficient cells (Fig. 5a) and tissues (Supplementary Fig. S6a),
higher PP2Ac was associated with reduced phosphor-PRAS40
and suppressed mTORC1 activity, along with attenuated

Fig. 3 Depletion of REGγ restricts mTORC1 signaling by facil-
itating PP2Ac-mediated dephosphorylation of PRAS40. a Western
blotting was performed using indicated antibodies in HepG2 REGγ
shR or shN cells. Experiments were repeated at least 3 times. b HepG2
REGγ shR or shN cells were collected and lysed. The lysates were
immunoprecipitated with anti-PRAS40 antibody and detected by
western blot using indicated antibodies. c HepG2 REGγ shR or shN
cells were transfected with PRAS40 plasmid, then the cell lysate was
subjected to western blot analysis. Data shown were representative of
three repeats. d PRAS40 plasmid was transfected into 293T cells with
empty vector or with increasing amounts of PP2Ac plasmid. Western
blot was employed for analysis. Data shown were representative of
three repeats. e Co-transfecting the indicated plasmids into 293T cells
for 36 h, and then cell lysates were subjected to immunoprecipitation
with conjugated anti-Flag beads. Data shown are representative of
three repeats. f HA-PRAS40 or Flag-PP2Ac immunoprecipitated from
293T cells were incubated as indicated, and western blotting was
performed with indicated antibodies. Data shown are representative of
three independent experiments. g HepG2 REGγ shR or shN cells were
transfected with empty vector or PP2Ac or the mutant PP2Ac
(H118N), followed by western blotting detection with indicated anti-
bodies. Experiments were repeated three times.
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expression of HIF-1α and glycolytic genes. Importantly,
silencing PP2Ac in REGγ−/− mouse liver cancer cells sig-
nificantly ablated the OCR rates and increased the ECAR rates,

results comparable to those in REGγ+/+ cells (Fig. 5b and c). In
agreement, knocking down of PP2Ac narrowed the prolifera-
tion gap between REGγ−/− and REGγ+/+ mouse liver cancer
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cells (Fig. 5d). Silencing PP2Ac rescued, although partially, the
proliferation in REGγ-deficient cells (Fig. 5d). These results
verify that PP2Ac indeed mediates REGγ action on the mTOR
pathway in liver cancer cells to affect metabolic adaptation and
cell growth.

In line with the impact of PP2Ac on cell growth, over-
expression of PRAS40, significantly restricted proliferation in
REGγ-shN cells to levels equivalent to REGγ-shR cells (Fig.
5e). In contrast, knocking down PRAS40 in REGγ-shR cells
led to increased expression of glycolytic genes and cell pro-
liferation compared with control shR cells, which was greater
than in REGγ-shN cells (Fig. 5e and Supplementary Fig. S6b).
Given the report that Thr 246 and Ser 183 in PRAS40 are the
key phosphorylation sites required for association with Raptor
to regulate mTORC1 activity [34], we constructed the
PRAS40 mutations (T246A/S183A and T246D/S183D) to
determine their action in the context of REGγ manipulation.
WT PRAS40 and PRAS40 (T246A/S183A) indeed interacted
with Raptor better than PRAS40 (T246D/S183D) mutations
(Supplementary Fig. S6c). In agreement, overexpression of
WT PRAS40 or PRAS40 (T246A/S183A), but not PRAS40
(T246D/S183D), markedly suppressed mRNA levels of HIF-
1α and other glycolysis-related genes to comparable levels in
both REGγ shN and shR cells (Fig. 5f).

To determine the pathogenic impact of REGγ in DEN-
induced HCC, and clinical relevance of our discoveries,
we analyzed the correlation among REGγ, PP2Ac,
PRAS40/mTORC1 and HIF-1α in DEN-induced REGγ+/+

and REGγ−/− mouse liver cancer tissues (Fig. 5g and Sup-
plementary Fig. S6d) as well as in specimens from human
liver cancers (Fig. 5h and Supplementary Fig. S6e and S6f).
As predicted, in REGγ-enriched region, PP2Ac was reduced,
while expression of phosphorylated PRAS40 and HIF1α
were potentiated, implicating regulatory control by a REGγ-
PP2Ac-PRAS40/mTORC1-HIF-1α axis in HCC.

Reciprocal positive regulation between REGγ and
mTORC1

Lastly, mTORC1 was found to promote the expression of
REGγ (Fig. 6a, b). Since TSC2 is a negative regulator of
mTORC1 [35], we determined REGγ expression in
TSC2−/− MEF cells and found REGγ was largely enhanced,
and could be repressed in a dose-dependent manner by
Rapamycin (Fig. 6a). Glucose starvation led to suppressed
mTORC1 activity and low expression of REGγ in mouse
liver cancer cells (Fig. 6b). CHX-treated TSC2−/− cells not
only displayed a higher level of REGγ than in WT cells, but
also demonstrated a faster decay of PP2Ac and an increased
level of p-S6K (Fig. 6c and d) in TSC2−/− cells, reflecting a
mTORC1-REGγ interplay. Rapamycin also inhibited REGγ
expression in a time-dependent manner (Fig. 6e). Only
when mTORC1, but not mTORC2, activity was blocked,
REGγ expression would be attenuated (Fig. 6f). Alter-
natively, overexpressing PRAS40 (Figs. 6g and 3c) or
knocking down PRAS40 (Fig. 6h and Supplementary Fig.
S6b) in hepatic cancer cells also suppressed or triggered
REGγ expression. Altogether, our data establish a REGγ-
PP2Ac-PRAS40/mTORC1-HIF1α regulatory axis and
reinforce a positive feedback loop between REGγ and
mTORC1 in liver cancers.

Discussion

REGγ has been reported to promote cancers [36] via distinct
mechanisms including cell cycle [20, 21], survival [37], and
genomic instability [38]. In the present study, we demonstrate
the function and molecular mechanisms of REGγ in DEN-
induced HCC to potentiate glycolytic metabolism and cancer
growth. We propose a working model, in which activation of
mTORC1 signaling promotes increased expression of REGγ,
that in turn expedites PP2Ac decay in an ATP- and Ubiquitin-
independent manner, as well as accumulation of phosphory-
lated PRAS40. Releasing the inhibitory p-PRAS40’s asso-
ciation from Raptor leads to activation of mTORC1, and
subsequently induces elevated expression of glycolysis-
related genes that ultimately accelerates cell proliferation
and tumorigenesis. Conversely, lack of REGγ stabilizes
PP2Ac protein, leading to dephosphorylation of PRAS40 that
fails to dissociate from mTORC1 complex. Ultimately, atte-
nuated mTORC1 activity results in inhibition of glycolysis
and tumor progression in DEN-treated hepatocytes (Fig. 7).
Thus, our results establish a positive feedback regulatory loop
between REGγ and mTORC1 signaling pathway in DEN-
induced hepatocellular carcinoma.

Besides PI3K/Akt/mTOR and HIF-1α, Myc and MEK/
ERK are also involved in the regulation of glucose
metabolism in tumor cells to satisfy bioenergetic and

Fig. 4 REGγ negatively regulates PP2Ac by expediting its degra-
dation. a DEN-induced WT or REGγ−/− mice liver tissues were lysed
and subjected to western blotting analysis using indicated antibodies.
Experiments were repeated at least 3 times. b Total RNA was
extracted from WT or REGγ−/− mice and PP2Ac mRNA was analyzed
by real-time RT-PCR. Experiments were repeated three times or more.
c HepG2 REGγ shN or shR cells were treated with CHX (cyclohex-
imide, 100 μg/mL) for indicated time and followed by western blotting
analysis. Representative images were from three repeats (left panel).
Statistical analysis results are shown on the right panel. *p < 0.05 (two-
tailed Student’s t-test). d 293T cells were transiently transfected with
indicated plasmids for 36 h, and then cell lysates were subjected to
immunoprecipitation with conjugated anti-Flag beads and detected by
indicated antibodies. Representative images were from one of three
repeats. e GST or GST-PP2Ac protein was pre-incubated with GST
beads for 2 h, then purified REGγ was added for binding overnight at
4 °C. The samples were loaded for western blot analysis. f In vitro-
translated PP2Ac, or p21 (as positive control) were incubated with
purified REGγ and 20S proteasome alone or combined as indicated,
followed by western blotting analysis.
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biosynthetic requirements [28, 39]. We demonstrated
that REGγ enhanced glycolysis through facilitating
PP2Ac degradation (Figs. 4 and 5). Although PP2A was

known to dephosphorylate Akt, MEK, and ERK1/2, to
blunt their activity [40], we didn’t observe any reduction
of phosphorylated Akt, MEK or ERK1/2 in REGγ-
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deficient hepatocellular carcinoma cells, perhaps due to loss
of cross-talks between mTORC1 and mTORC2 (the latter
contributes to phosphorylating some AGC kinases like Akt
and SGK). Intriguingly, phosphorylation of PRAS40 was
diminished in REGγ-deficient cells (Fig. 3). Our studies
reinforce an anti-tumor function for PP2A, reminiscent of
PTEN as a tumor suppressor to inhibit the canonical PI3K/
Akt/mTOR signaling cascade. How PP2A regulation affects
cross-talks between mTORC1 and other pathways remains
to be further determined.

HIF1α executes a multitude of functions in HCC. For
example, it can upregulate several glycolytic genes to help
produce ATP and provide an energy source for the growth
of HCC. It also upregulates growth factors, such as VEGF
to promote tumor proliferation [41]. In our present study,
we established the correlation between REGγ-HIF1a-gly-
colysis and hepatocellular carcinoma cell proliferation.
More evidence is needed to verify that downstream changes
in glycolysis are responsible for the hepatocellular carci-
noma cell proliferation or tumor growth. Recently, Guo
et al. have reported that REGγ plays oncogenic roles in
pancreatic cancer by inhibiting the degradation of c-Myc
and enhancing glycolysis [25]. However, Li et al. demon-
strated that REGγ could proteolyze c-Myc in HeLa and
MCF cells as well as in Drosophilia [42]. In our study, we
did not observe significant changes in c-Myc between
REGγ WT and REGγ-depleted HCC cells (Supplementary.
Fig. S2b and S2c), suggesting that the interplay between
REGγ and c-Myc may be context-dependent.

The molecular mechanisms for the development of HCC
are complicated. Major alterations in HCC include upre-
gulation of Ras/Raf/MEK/ERK and PI3K/Akt/mTOR

signaling, aberrant expression of RTK (such as VEGFR,
PDGFR, and MET), and reprogrammed energy metabolism
[43]. Although sorafenib, an inhibitor both for Raf/MEK/
ERK and VEGFR/PDGFR, has been approved as one of the
few available anti-HCC drugs [44], the improvement of
overall survival rates in HCC patients is still limited [45]. In
recent years, several drugs including everolimus, an mTOR
inhibitor, have failed in the third phase clinical trials
[45, 46], possibly due to the heterogeneity of HCC. Pre-
vious study displayed that REGγ is required for the viru-
lence of HCV core protein. HCV core protein transgenic
mice with REGγ ablation are not susceptible to core
protein-induced diseases, including HCC [47, 48]. Our
results highlight new functions of the REGγ-proteasome in
glycolytic metabolism and decipher molecular pathogenic
mechanism of REGγ in DEN-induced HCC, providing
novel insights to development of new biomarkers and tar-
gets for personalized therapy against HCC.

Materials and methods

Mice and HCC induction

The origin and feeding of REGγ−/− mice with C57BL/6
genetic background were described previously [22]. Age
and gender-matched mice were randomly allocated to
experimental groups without blinding. A single intra-
peritoneal injection of DEN (diethylnitrosamine) to 15-
day-old mice at a dose of 10 mg/kg body weight was given
to induce liver tumors in male mice. Mice were sacrificed
8–9 months later, and tumors bigger than 1 mm in diameter
on the liver surface were counted. Tumors bigger than 5 mm
across were dissected for biochemical and molecular ana-
lyses. The sample size (at least 5) of our experiments was
determined by our previous experience.

Cell culture

293T and HepG2 cell lines were obtained from the ATCC.
293T REGγ knockout cells, 293 inducible REGγ (WT) or
REGγ (N151Y) expressing cells were established in our
laboratory [33]. TSC2−/− MEF cells were kindly provided
by Dr. Wei Liu. Cells were authenticated by a short tandem
repeat (STR) profiling and routinely tested for Mycoplasma
contamination. Cells were cultured in DMEM (GIBCO)
containing 10% FBS and 50 mg/ml penicillin/streptomycin
(Invitrogen), 37 °C with 5% CO2.

Bioinformatics analysis

We downloaded the expression matrixes and related clinical
information of liver cancer in TCGA (The Cancer Genome

Fig. 5 REGγ promotes HCC via a PP2Ac-PRAS40/mTORC1-
HIF1α/glycolysis axis. a Western blotting detected the indicated
proteins in WT or REGγ−/− mice liver cancer cells. Representative
results were from two repeats. b, c In WT or REGγ−/− mice liver cancer
cells, the oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR) were measured by Seahorse Bioscience XF96 analyzer
after transfection with indicated siRNA. Experiments were repeated 3
times. Statistical results are shown on the bottom panel. *p < 0.05, **p
< 0.01 (two-tailed Student’s t-test). d WT or REGγ−/− mice liver cancer
cells were plated at a density of 2 × 103 cells per well in 96-well plate
after transfection with indicated siRNA. Plates were read at different
time points. Experiments were repeated for three times. Data represent
means ± SEM. *p < 0.05, **p < 0.01 (two-tailed Student’s t-test).
e HepG2 REGγ shN or shR cells were transfected with PRAS40
plasmids, or PRAS40-specific siRNA, then cells were plated in 96-well
plate and measured the proliferation at indicated time points. Data
shown are representative of two independent experiments. Data repre-
sent means ± SEM. *p < 0.05, **p < 0.01 (two-tailed Student’s t-test).
f HepG2 REGγ shR or shN cells were transfected with PRAS40, or
PRAS40 mutant plasmids, followed by analysis of indicated glycolytic
gene expression. g, h IHC analysis of indicated proteins in DEN-
induced liver tumors from REGγ+/+ or REGγ−/− mice (n= 8 pairs) (g)
or in specimens from liver cancer patients (n= 21) (h) (Magnification:
×40. Bar= 50 μm, T: tumor region, P: paracancerous region).
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Atlas) database from GDC (https://portal.gdc.cancer.gov/).
The dataset contained a total of 373 liver cancer samples
and 50 normal tissues. Differential expression analysis of

interested genes was conducted using Student’s t-test. We
calculated the expression correlation between two genes by
Spearman method.
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Extracellular acidification rate and oxygen
consumption rate assays

ECAR and OCR were measured using Glycolysis Stress
Test Kit and Cell Mito Stress Test Kit (Agilent Technolo-
gies), respectively. Briefly, cells were plated in appropriate
growth medium the day prior to the assay and allowed to
adhere overnight. For ECAR, the glycolytic inhibitor 20 nM
2-DG were sequentially added into each well at the indicated
time points, and for OCR, Oligo (oligomycin), the reversible
inhibitor of oxidative phosphorylation, FCCP (p-tri-
fluoromethoxy carbonyl cyanide phenylhydrazone), a potent
uncoupler of oxidative phosphorylation, and the mitochon-
drial complex I inhibitor rotenone plus the mitochondrial
complex III inhibitor AA (Antimycn A) were sequentially
injected. Data were analyzed by Seahorse XF-96 Wave
software. ECAR is reported in mpH/minute and OCR in
pmols/minute. ECAR and OCR were normalized to cell
count following the assay.

Glucose uptake and lactate assay

Cells were treated as described in the figure legends. For
glucose uptake, 1 × 104 cells were plated into 96-well plate
and incubated for 12 h. Then cells were washed three times
with PBS and starved for glucose by preincubating with
100 ml Krebs-Ringer-Phosphate-HEPES buffer containing
2% BSA for 40 min. 10 mM 2-DG was added and incubated
for 20 min. Cells were lysed with 90 μl of extraction buffer,
frozen/thawed once, heated at 85 °C for 40 min and added
10 μl of neutralization buffer. Then lysates were cen-
trifugated at 12,000 rpm for 3 min, the supernatant was used
for determination of glucose uptake at 412 nm in a reader.
Values were normalized to cell number. For lactate pro-
duction measurement, 1 × 105 cells were seeded into plate

and incubated in full medium for 12 h. The media were
removed and cells were incubated in DMEM without FBS.
After incubation for 1 h, the supernatant was collected. The
reaction mixture was incubated for 30 min at RT in dark and
measured at 450 nm in a reader. Results were normalized to
cell number.

In vitro phosphatase assay

GST-PRAS40, GST-PP2Ac and GST-PP2Ac (H118N)
were expressed and purified from Escherichia coli. GST-
PP2Ac and GST-PP2Ac (H118N) with or without ATP and
AKT were incubated with GST-PRAS40 in buffer (20 mM
HEPES, 20 mM MgCl2, 0.03% β-mercaptoethanol) for
30 min at 30 °C with every five minutes gentle shaking. The
reactions were stopped by adding 2× protein loading and
followed by boiling for 5 min. Flag-PP2CB and PRAS40 were
expressed in HEK293T cell followed by OA (okadaic acid)
treatment. Then Flag-PP2Ac protein was immunoprecipitated
using anti-Flag beads from cell lysates and eluted with 3x Flag
peptide. PRAS40 was immunoprecipitated by PRAS40
antibody-coupled beads and washed three times with 1×
phosphatase buffer (50mM HEPES (pH 7.5), 100mM NaCl,
2 mM dithiothreitol, 0.01% Brij 35,1mM MnCl2). The elute
was divided into equal parts. One aliquot was treated with OA
(okadaic acid), the others were mock treated. After incubation
with PP2Ac at 30 °C for 10, 20, and 30min with gentle
shaking, the reactions were stopped and boiled for 5 min.

Histologic analysis and immunohistochemistry

The liver tissues were fixed in 4% neutral formalin over-
night and then were dehydrated and embedded in paraffin
before cutting into different sections (4–5 μm thick). The
sections were subsequently de-paraffined and stained with
hematoxylin and eosin (H&E) or analyzed by immunohis-
tochemistry (IHC) [22]. After incubation with anti-REGγ
(1:800), anti-Ki67 (1:100), anti-PP2Ac (1:100), anti-
PRAS40 T246 (1:100) and anti-HIF-1α (1:200) overnight
at 4 °C, sections were incubated with biotinylated secondary
antibody for 30 min at RT and then were rinsed and added
streptavidin–horseradish peroxidase conjugates for 10 min.
After staining with DAB solution, the slides were counter-
stained with hematoxylin and were dehydrated for mount-
ing. 21 paraffin-embedded human liver cancer specimens
from Changzheng Hospital and 56 human liver tumor
samples in a tissue microarray from Shanghai Cancer
Institute were included in our clinical related analysis.

Statistical analysis

All in vitro experiments were repeated at least three times.
Prism software (GraphPad Software) was used for statistical

Fig. 6 mTORC1 positive feedback regulates REGγ expression in
HCC. a Cell lysates from WT or TSC2−/− MEF cells were subjected to
Western blotting analysis using indicated antibodies. Representative
results were one of three repeats. b Mice liver cancer cells were cul-
tured with normal or low glucose for 24 h. Western blotting analysis
was performed to measure indicated protein expression. Experiments
were repeated 3 times. c Western blotting analysis of the indicated
proteins in TSC2−/− and WT MEF cells treated with mock or CHX for
indicated time. Representative results were from three repeats.
d Quantitative analysis of PP2Ac degradation and p-p70S6K expres-
sion in TSC2−/− and WT MEF cells. Data represent means ± SEM. *p
< 0.05, **p < 0.01 (two-tailed Student’s t-test). e HepG2 cells were
treated with Rapamycin for indicated time. Western blotting analysis
was performed to measure indicated protein expression. f HepG2 cells
were transfected with siRNA specific-formTORC1 subunit Raptor or
for mTORC2 subunit Rictor. Then REGγ expression were analyzed by
Western blot. g HepG2 REGγ shR or shN cells were transfected with
Pras40 plasmid and analyzed by Western blotting. Data shown are
representative of three independent experiments. h HepG2 cells were
transfected with control siRNA, or si-PRAS40 48 h, then REGγ pro-
tein level was inspected by western blot.
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analysis. The data were shown as either a scatter plots or bar
graphs with mean ± S.E.M. Statistical significance between
two samples was determined when the P value was less than
0.05 with two-tailed Student’s t-test. The variance between
the groups was similar.
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