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Abstract

Hepatocellular carcinoma (HCC) is a deadly form of liver cancer with limited treatment options.
The c-Myc transcription factor is a pivotal player in hepatocarcinogenesis, but the mechanisms
underlying c-Myc oncogenic activity in the liver remain poorly delineated. Mammalian target of
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rapamycin complex 2 (MTORC2) has been implicated in cancer by regulating multiple AGC
kinases, especially AKT proteins. In the liver, AKT1 and AKT2 are widely expressed. While
AKT?2 is the major isoform downstream of activated phosphoinositide 3-kinase and loss of
phosphatase and tensin homolog-induced HCC, the precise function of AKT1 in
hepatocarcinogenesis is largely unknown. In the present study, we demonstrate that mTORC2 is
activated in c-Myc-driven mouse HCC, leading to phosphorylation/activation of Akt1 but not
Akt2. Ablation of Rictorinhibited c-Myc-induced HCC formation /n vivo. Mechanistically, we
discovered that loss of AktZ, but not Akt2, completely prevented c-Myc HCC formation in mice.
Silencing of Rictor or Aktl in c-Myc HCC cell lines inhibited phosphorylated forkhead box o1
expression and strongly suppressed cell growth in vitro. In human HCC samples, c-MYC
activation is strongly correlated with phosphorylated AKT1 expression. Higher expression of
RICTOR and AKT1, but not AKT2, is associated with poor survival of patients with HCC. In c-
Myc mice, while rapamycin, an mTORC1 inhibitor, had limited efficacy at preventing c-Myc-
driven HCC progression, the dual mMTORC1 and mTORC?2 inhibitor MLNO0128 effectively
promoted tumor regression by inducing apoptosis and necrosis. Conclusion: Our study indicates
the functional contribution of mMTORC2/Akt1 along c-Myc-induced hepatocarcinogenesis, with
AKT1 and AKT2 having distinct roles in HCC development and progression; targeting both
mTORC1 and mTORC2 may be required for effective treatment of human HCC displaying c-Myc
amplification or overexpression.

Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related death

worldwide.() In the United States, the incidence of HCC has been on the rise over the past
decade.(? According to the American Cancer Society, it is estimated that in 2019 42,030
new HCC cases will be diagnosed and that 31,780 patients will die from HCC. When
unresectable, treatment options for HCC are very limited. Multikinase inhibitors, such as
sorafenib, are of limited efficacy.(®) Immunotherapy with checkpoint inhibitors is a
promising therapeutic strategy and may be effective in a subset of patients with HCC.*)
Clearly, more efficacious therapies are needed for HCC treatment.

Mammalian target of rapamycin (mTOR) is one of the essential complexes regulating tumor
cell proliferation, metabolism, and survival.®®) mTOR is assembled into two distinct
complexes: mTORC1 and mTORC2.(®) Raptor is the unique subunit of MTORC1, whereas
Rictor and mSin1 are the specific subunits for mTORC2. mTORC1 modulates cell growth
through S6 kinase/ribosomal protein S6 (RPS6) and 4E binding protein 1 (4EBP1)/
eukaryotic translation initiation factor 4E cascades, and it has been well characterized to
play a pivotal role in tumorigenesis,(”) whereas mTORC?2 has been shown to regulate AGC
proteins, including AKT, serum/glucocorticoid-regulated kinase (SGK), and protein kinase
C.® Among them, AKT is considered the prominent kinase modulating cell growth and
survival. In mammalian cells, three AKT isoforms have been identified: AKT1, AKT2, and
AKT3. In addition to AKT, recent studies have implicated SGK3, one of the SGK family
members, as a mediator of helical mutant forms of phosphatidylinositol-4,5-bisphosphate 3-
kinase catalytic subunit alpha (PIK3CA).(® Unlike mTORC1, the functional role of
mTORC?2 in hepatocarcinogenesis remains poorly characterized. In the liver, AKT1 and
AKT2, but not AKT3, are expressed.(10) Studies have shown that Akt2 is the pivotal Akt
protein transducing insulin signals in the liver as well as the main Akt oncogenic isoform

Hepatology. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xu et al.

Page 3

responsible for HCC formation in mice in the presence of activated PIK3CA mutant or loss
of the phosphatase and tensin homolog (Pten) tumor suppressor.(!1-13) The precise role of
Aktl in liver homeostasis is instead less defined, although it is clear that Aktl and Akt2 may
compensate each other during liver development and regeneration.(4:15) Intriguingly, in a
recent study, it was found that hepatic deletion of Akt and Akz2induces early onset of
spontaneous HCC and that mice are highly sensitive to chemically induced HCC formation.
(19) Obviously, further investigation is necessary to better delineate the functions of AKT1
and AKT2 during hepatocarcinogenesis.

Because the mTOR cascade is found to be activated in a substantial percentage of human
tumor samples, significant efforts in developing mTOR inhibitors for cancer treatment have
been made.(16) The first generation of mTOR inhibitors, such as everolimus and
temsirolimus, only partially inhibited mTORC1 and displayed very limited antitumor
activity in clinical trials.17) In HCC, everolimus failed to improve overall patient survival.
(18) The second generation of mTOR inhibitors are adenosine triphosphate-competitive pan-
mTOR inhibitors, able to concomitantly suppress both mTORC1 and mTORC2,(19) and
show improved efficacy /n vitroas well as in preclinical models.(20)

c-Myec is a well-characterized oncoprotein and has been implicated in multiple tumor types.
(1) In human HCC, c-Myc is found to be frequently overexpressed, and high levels of c-
Myc are associated with poor prognosis.(22) In mice, overexpression of c-Myc alone leads to
formation of poorly differentiated HCC, sup porting c-Myc as a major driver oncogene in
hepatocarcinogenesis.(23.24) c-Myc is currently considered to be “undruggable.” Thus,
significant efforts are required to identify downstream effectors of the c-Myc oncogene,
whose inhibition is detrimental for the growth of c-Myc-driven tumors. In a recent study, we
demonstrated that c-Myc activates mTORCL by directly inducing the expression of selected
amino acid transporters.(22) In the present study, we characterize the functional role of
mMTORC2 in c-Myc-driven HCC.

Materials and Methods

PLASMIDS

The plasmids used in the project, including pT3-elongation factor 1 alpha (EF1a)-myeloid
cell leukemia 1 (MCL1), pT3-EFla-c-Myc, phosphorylated cytomegalovirus (pCMV)-
cyclization recombination (Cre), and pCMV/sleeping beauty transposase, have been
described in our previous publications.(22:25) Plasmids for in vivo studies were purified using
the Endotoxin Free Maxi Prep Kit (Sigma-Aldrich, St. Louis, MO).

HYDRODYNAMIC TAIL VEIN INJECTION AND MOUSE TREATMENT

Wild-type FVB/N mice, Akt mice,(28) Akt2"* mice,?") and Rictor™™ mice(?8) (all in
C57BL/6 background) were purchased from Jackson Laboratory (Bar Harbor, ME). Sgk3*/~
mice(@9) (in C57BL/6 background) were kindly provided by Dr. David Pearce from the
University of California, San Francisco. AK72%* mice were crossed together to generate
Akt2" mice; Sgk3*/~ mice were crossed together to generate Sgk3”~ mice and Sgk3*/*
control littermates. Hydrodynamic injection was performed as described, 39 and detailed
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information is available in Supporting Table S1. Mice were monitored for liver tumor
development as palpable abdominal masses and euthanized as described in Results.
MLNO0128 (1 mg/kg/day) and rapamycin (6 mg/kg/day) were prepared as described®?) and
administered by either oral gavage or intraperitoneal injection, respectively, 6 days a week.
Animal experiments were performed according to protocols approved by the Committee for
Animal Research at the University of California, San Francisco.

HUMAN LIVER TISSUE SPECIMENS

A collection of formalin-fixed, paraffin-embedded HCC samples (n = 108) was used in the
present study. Tumors were divided into groups of HCC with shorter survival/poorer
prognosis (n = 56) and longer survival/better prognosis (n = 52), characterized by <3 and >3
years’ survival following partial liver resection, respectively. The clinicopathological
features of patients with liver cancer are summarized in Supporting Table S2. HCC
specimens were collected at the Medical Universities of Greifswald (Greifswald, Germany)
and Sassari (Sassari, Italy). Institutional review board approval was obtained from the local
ethical committee of the Medical Universities of Greifswald and Sassari. Informed consent
was obtained from all individuals.

STATISTICAL ANALYSIS

Results

All data were analyzed using Prism 6 (GraphPad, San Diego, CA). Comparisons between
two groups were performed with a two-tailed unpaired #test. Comparisons among three or
more groups were performed with analysis of variance. £ < 0.05 was considered significant.
Data are expressed as mean * standard error of the mean for each group.

Additional materials and methods can be found in the Supporting Information.

MTORC2 IS ACTIVATED IN c-Myc-DRIVEN HCC

First, we investigated whether mMTORC2 is activated in mouse c-Myc HCC. Our analysis
showed that Rictor, the unique subunit of mMTORC?2, was expressed in normal and tumor
tissues (Fig. 1). Levels of phosphorylated/activated p-Akt(S473/S474) were higher in c-Myc
HCC tumor tissues than normal liver tissues from wild-type mice, leading to more
pronounced levels of phosphorylated/inactivated forkhead box o1 (p-Foxol), a well-known
target of Akt as well as of the downstream mTORC1 cascade, as indicated by p-4EBP1 and
phosphorylated/activated S6 expression (Fig. 1). Intriguingly, a distinct expression pattern
was detected for phosphorylated/activated Aktl and Akt2 proteins, with p-Akt1(S473)
exhibiting up-regulation and p-Akt2(S474) down-regulation, in c-Myc HCCs when
compared with wild-type livers (Fig. 1). No differences were detected in total levels of Aktl
and Akt2 proteins between normal livers from wild-type mice and c-Myc hepatocellular
lesions (Fig. 1). SGK3 is another known target of mMTORC2 and may be the major kinase
downstream of PIK3CA mutants.(®) Unfortunately, we were unable to determine the
phosphorylated/activated form of Sgk3 due to the lack of a commercially available anti-p-
SGK3-specific antibody able to detect endogenous p-Sgk3 levels. However, we found that
the total amount of Sgk3 protein was higher in c-Myc HCC (Fig. 1).
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Subsequently, the mTORC2 status was determined in two c-Myc-derived HCC cell lines:
HCC3-4 and HCC4-4.32) We found high levels of p-Akt and p-Foxo1 in both cell lines.
The level of p-Aktl was high in both cell lines; however, unlike c-Myc mouse tissues, p-
Akt2 expression was also robust (Supporting Fig. S1A). The difference between tumor
tissues and /n vitro cell lines may be attributable to the cell lines being cultured in the
presence of fetal bovine serum, which contains high levels of growth factors and may lead to
the higher levels of p-Akt2 in HCC3-4 and HCC4-4 cells. Next, we investigated whether p-
Aktl expression was dependent on c-Myc expression. Thus, we silenced c-Myc in HCC3-4
and HCC4-4 cell lines. While total levels of the two Akt isoforms were not affected by c-
Myc suppression, p-Aktl, but not p-Akt2, levels were down-regulated in both cell lines
(Supporting Fig. S1B,C). Of note, silencing of c-Myc did not influence the levels of AktZ
and A2 mRNA in the same cells, indicating that c-Myc regulates Akt1 at the
posttranscriptional level (Supporting Fig. S1D,E).

In summary, our study demonstrates that c-Myc promotes mTORC2/Akt1 activation in
hepatocarcinogenesis.

HCC DEVELOPMENT IN c-Myc MICE IS mTORC2-DEPENDENT

To elucidate the role of mMTORC?2 in c-Myc-induced HCC, we silenced Rictor in two mouse
HCC cell lines derived from c-Myc-induced mouse HCC.(32) A significant decrease of c-
Myc HCC cell growth accompanied Rictor suppression (Supporting Fig. S2A,B). At the
biochemical level, as expected, short hairpin Rictor decreased the expression of p-Akt,
leading to down-regulation of p-Foxol. Intriguingly, short hairpin Rictor had little effect on
the mMTORC1 pathway effectors p-4EBP1 and p-S6. Concerning the Akt isoforms,
knockdown of Rictor consistently inhibited p-Akt1, but not p-Akt2, in c-Myc HCC cell lines
(Supporting Fig. S2C).

Next, we investigated whether ablation of Rictor affected c-Myc-induced HCC formation in
mice using conditional Rictor knockout (KO) mice. Rictor™ mice are in the C57BL/6
genetic background; our previous studies showed that hydrodynamic transfection of c-Myc
alone is unable to induce HCC formation in C57BL/6 mice.(5) Coexpression of c-Myc with
MCL1 consistently leads to HCC formation in C57BL/6 mice, and c-Myc/MCL1 liver tumor
lesions share highly similar histological, gene expression, and metabolic features with c-
Myc HCC induced in FVB/N mice.(2) Thus, we hydrodynamically injected c-Myc/MCL1
with pCMV (empty vector control; c-Myc/MCL1/pCMV) or with pCMV-Cre (c-Myc/
MCL1/Cre) into Rictor™ mice (Fig. 2A; Supporting Table S3). All c-Myc/MCL1/pCMV-
injected Rictor control mice developed a lethal burden of liver tumors and had to be
euthanized between 5 and 12 weeks postinjection. In contrast, none of the c-Myc/MCL1/
Cre-injected mice showed any sign of liver tumor development, even at 19 weeks
postinjection (Fig. 2B,C; Supporting Table S3). Histologically, poorly differentiated and
highly proliferative HCC nodules were detected throughout the liver of c-Myc/MCL1/
pCMV mice, whereas c-Myc/MCL1/Cre mouse livers appeared to be completely normal
with few proliferating cells (Fig. 2D). In summary, our data indicate that mTORC?2 is
required for c-Myc-induced HCC formation.
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Aktl IS THE MAJOR KINASE DOWNSTREAM OF mTORC2 IN c-Myc-DRIVEN HCC
DEVELOPMENT

Our data indicate that Akt1, but not Akt2, is strongly activated by phosphorylation in c-Myc
HCC (Fig. 1). We hypothesized that Akt1 is the major Akt isoform downstream of mTORC2
in c-Myc-driven hepatocarcinogenesis. We applied conditional Ak¢Z KO mice to investigate
whether Aktl is required for c-Myc-induced HCC /n vivo. For this purpose, we
hydrodynamically injected c-Myc/MCL1 with pCMV (empty vector control; c-Myc/MCL1/
pCMV) or pCMV-Cre (c-Myc/MCL1/Cre) into Akt2™"" mice (Fig. 3A). Consistent with our
hypothesis, all c-Myc/MCL1/pCMV-injected Akz2™/ control mice developed a lethal
burden of liver tumors and had to be euthanized between 5 and 12 weeks postinjection. In
contrast, none of the c-Myc/MCL1/Cre-injected mice showed any sign of liver tumors, even
at 19 weeks postinjection (Fig. 3B,C; Supporting Table S4). Histologically, poorly
differentiated and highly proliferative HCC nodules were detected in c-Myc/MCL1/pCMV
Akt1™f mice, whereas c-Myc/MCL1/Cre mouse livers were completely normal (Fig. 3D),
recapitulating the phenotype observed when c-Myc/MCL1/Cre constructs were injected into
Rictor mice.

Previously, we found that c-Myc can induce HCC formation in Akz2 KO mice.(?2) The
experiments were performed using whole-body KO mice. Because Aktl may be up-
regulated in response to the loss of Akt2 during development, based on the experiments
previously conducted, we cannot exclude that Akt2 may still have a role in regulating c-Myc
oncogenic potential in the liver. To address this important issue, we used conditional A2
KO mice. Thus, c-Myc/MCL1 with pCMV (empty vector control; c-Myc/MCL1/pCMV)
and pCMV-Cre (c-Myc/MCL1/Cre) were hydrodynamically injected into A2 mice (Fig.
4A). We found that ablation of A2 moderately delayed c-Myc/MCL1 HCC development.
At 15 weeks postinjection, all c-Myc/MCL1/Cre-injected Akz2™"f mice developed liver
tumors, although the tumor burden was lower in c-Myc/MCL1/Cre mice than in c-Myc/
MCL1/pCMV mice (Fig. 4B-D; Supporting Table S5). At the biochemical level, we
confirmed the deletion of Akt2 in c-Myc/MCL1/Cre HCC lesions, but p-Akt(S473/S474)
and p-Akt1(S473) as well as p-Foxol levels remained high in the tumor tissues (Fig. 4E).

Finally, as SGK3 has been shown to be an mTORC?2 effector alternative to AKT proteins
and it is required for PIK3CA helical domain mutant PIK3CA tumorigenesis,(®) we assessed
the role of Sgk3 in c-Myc-driven carcinogenesis. As reported above, Sgk3 protein
expression was found to be up-regulated in c-Myc HCC samples (Fig. 1). Thus, we bred
Sgk3*/~ mice to generate Sgk3~~ mice, and their Sgk3*/* littermates were used as control.
Subsequently, c-Myc/MCL1 plasmids were hydrodynamically injected into Sgk3~~ and
Sgk3** mice. We found that all mice developed a lethal burden of liver cancer irrespective
of the Sgk3 genotype (Supporting Fig. S3 and Table S6). Thus, the results suggest that Sgk3
is not a major downstream effector of MTORC?2 in c-Myc-driven hepatocarcinogenesis.

To investigate the cellular and signaling pathways downstream of mTORC2/Akt1 in c-Myc-
driven HCC development, we silenced Aktl and/or Akt2 in two c-Myc mouse HCC cell
lines using specific small interfering RNAs. Consistent with the /in vivo results, we found
that small interfering Aktl (siAktl) strongly inhibited HCC3-4 and HCC4-4 cell growth,
whereas siAkt2 moderately decreased cell growth (Supporting Fig. S4A,B). At the cellular

Hepatology. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xu et al.

Page 7

level, this was due to the stronger effects of siAktl in inhibiting cell proliferation and
inducing apoptosis (Supporting Fig. S5). Equivalent results in terms of growth restraint were
obtained when HCC3-4 and HCC4—4 cells were subjected to treatment with the AKT1
selective inhibitor A-674563 and the AKT2-specific inhibitor CCT128930 (Supporting Fig.
S6). Noticeably, the same pattern of changes in proliferation and apoptosis was also detected
in Huh7, Hep3B (with low c-Myc expression), SNU182, and SNU449 (with high c-Myc
expression) human HCC cell lines, with the AKT1 inhibitor A-674563 inducing a much
more pronounced antigrowth effect only in the cell lines with elevated basal levels of c-Myc
(Supporting Fig. S7). Mechanistically, we found that, consistent with Rictor-silenced cells,
siAktl inhibited p-Foxol, but not the mTORC1 effector p-Rps6, in c-Myc HCC cells
(Supporting Fig. S4C,D). It is worth noting that silencing of Akt2 resulted in a strong
reduction of total Akt levels in mouse HCC cell lines, whereas knockdown of Aktl had
limited impact on total Akt levels (Supporting Fig. S4C,D). This is consistent with previous
data indicating that Akt2 consists of ~80% of total Akt proteins in the liver and Aktl
consists of ~15%. Nevertheless, in c-Myc HCC cell lines, Akt1 is highly activated and
responsible for most of the Akt activity.

Altogether, the data demonstrate that c-Myc-induced liver carcinogenesis requires an active
mTORC2/Aktl1 cascade. Foxol, but not mTORCL1, may be the major signaling event
downstream of Aktl in c-Myc HCC.

COORDINATED ACTIVATION OF c-MYC AND AKT1 IN HUMAN HCC

Next, we investigated c-MYC, RICTOR, AKT1, and AKT2 expression in human HCC
samples. Using The Cancer Genome Atlas data set,(33) we found that high c-MYC mRNA
expression had a trend to be associated with poor survival, although it did not reach
statistical significance (P = 0.058). Overexpression of RICTOR and AKT1 correlated with
worse outcome, whereas AKT2 expression levels did not associate with HCC patient
survival (Supporting Fig. S8).

As c-MYC is known to be regulated at the protein level and p-AKT1/2 levels are both
indicators for their activation status, we investigated c-MYC, p-AKT1, and p-AKT2 protein
expression in a large collection of human HCC specimens (n = 108) using
immunohistochemistry (Fig. 5A). Nuclear immunoreactivity for c-MY C was detected in 44
(40.7%) HCC specimens. Of note, while 39 of 44 HCCs (88.6%) displaying c-Myc nuclear
accumulation concomitantly showed strong immunoreactivity for p-AKT1, only 7 of the 44
(15.9%) c-Myc-positive HCCs exhibited intense p-AKT2 immunostaining (Fig. 5B). Also,
of the seven HCC specimens displaying robust immunolabeling for c-Myc and p-AKT2,
only two were p-AKT1 negative. Furthermore, although the overall number of HCC samples
with up-regulation of p-AKT1 and p-AKT2 staining was similar (50/108, 46.3%, and
55/108, 50.9%, respectively) (Fig. 5C), most of the p-AKT1-positive samples also showed c-
MY C up-regulation (39/48, 81.2%), while the vast majority of p-AKT2-positive samples
(48/55, 87.3%) were negative for c-MY C nuclear accumulation (Fig. 5D). Thus, the
immunohistochemical pattern observed in human HCC lesions recapitulates the crosstalk
between c-Myc and AKT1 (but not AKT2) in mice. When evaluating the relationship with
patients’ prognosis, strong immunoreactivity for c-MYC, p-AKT1, and p-AKT2 was found
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in 32 of 44 (72.7%), 34 of 50 (68%), and 14 of 55 (25.4%) HCCs with the poorest outcome,
respectively, suggesting that c-MYC overexpression and AKT1 activation may have
prognostic value (Fig. 5E). No association between the levels of c-MYC, p-AKT1, or p-
AKT?2 and other clinicopathologic features of the patients, including age, gender, etiology,
presence of cirrhosis, tumor size, and tumor differentiation, was detected (Supporting Table
S2).

Next, we transiently transfected c-MYC into Huh7 human HCC cells. We found that forced
expression of c-MYC led to up-regulation of p-AKT1, but not p-AKT2, in Huh7 cells, in
accordance with mouse data (Fig. 5F). Furthermore, no differences were detected in AKT1
and AKT?2 expression at both protein (Fig. 5F) and mRNA (Fig. 5G) levels.

In summary, our study indicates coordinated activation of c-MYC and AKT1 in human
HCC.

THE DUAL mTORC1/2 INHIBITOR MLN0128 INDUCES HCC REGRESSION IN c-Myc MICE

Recently, we demonstrated that intact mTORCL1 is required for c-Myc-dependent
hepatocarcinogenesis.(?2) Here, we provide evidence that mTORC?2 is indispensable for c-
Myc liver tumor formation. We compared the therapeutic potential of rapamycin, a partial
mTORCL inhibitor, with MLNQ128, a pan-mTOR1/2 inhibitor, for the treatment of late-
stage c-Myc HCC. Specifically, we hydrodynamically injected c-Myc into FVB/N mice (n =
39) and monitored mouse liver tumor development through abdominal palpation. We
harvested the cohort of mice when the mice showed mild abdominal enlargement (n = 9).
The average liver weight of the mice was around 4.5 g, and this cohort was used as a
“pretreatment” cohort. The remaining mice were randomly divided into three groups and
treated with vehicle (n = 9), rapamycin (10), or MLNO0128 (n = 11) for up to 3 weeks (Fig.
6A). Following the guidelines from the Institutional Animal Care and Use Committee
protocol, mice were harvested if they became moribund or demonstrated significant
abdominal masses. Of note, HCC lesions continued to grow in all mice treated with vehicle
or rapamycin. Most of the mice needed to be euthanized ~1 to 2 weeks post-drug treatment
(Fig. 6B,C). In striking contrast, all MLNO0128-treated mice appeared to be healthy. During
the 3-week treatment course, among the 11 mice treated with MLNO0128, only one showed
significant tumor growth (Fig. 6B,C). Using total liver weight as the measurement of tumor
burden, we found that the overall liver weight was significantly higher in vehicle-treated and
rapamycin-treated cohorts compared with the pretreatment cohort (Fig. 6D), suggesting that
mice in the two cohorts underwent tumor progression and growth. Rapamycin-treated mice
showed a lower tumor burden than vehicle-treated mice, suggesting its limited efficacy in
preventing HCC progression. In contrast, MLN0128 treatment significantly decreased the
tumor burden when compared to the vehicle and rapamycin cohorts and, importantly, lower
tumor burden than the pretreatment group (Fig. 6D; Supporting Table S7). These findings
indicate that MLN0128 treatment causes liver tumor regression in c-Myc mice.

Grossly, numerous tumor nodules were detected in the liver of mice from pretreatment,
vehicle treatment, and rapamycin treatment cohorts (Fig. 6E). In striking contrast, except for
the one mouse with a high tumor burden, only a few small tumor nodules were observed in
livers from MLNO0128-treated mice (Fig. 6E). Histologically, poorly differentiated HCC
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lesions characterized the livers of mice from the pretreatment, vehicle-treated, and
rapamycin-treated groups (Fig. 6E). In striking contrast, only small tumor lesions occurred
in MLNO128-treated mice (Fig. 6E). All tumor nodules in all cohorts were confirmed to
express the ectopically transfected c-Myc oncogene and were highly proliferative, as shown
by Ki-67 immunostaining (Fig. 6E).

At the biochemical level, we investigated the AKT/mTOR pathway in nonnecrotic lesions
from vehicle-treated, rapamycin-treated, and MLNO0128-treated mice (Fig. 7C). Rapamycin
treatment was associated with inhibition of p-Rps6 expression, without affecting p-
Akt(S473/S474) and p-4Ebp1 levels. In contrast, MLN0128 effectively inhibited p-Rps6,
p-4Ebpl, and p-Akt(S473/S474) (Fig. 7C), leading to decreased expression of proliferating
cell nuclear antigen and survivin (Fig. 7C). In our previous studies, blocking the 4Ebpl
cascade could not completely inhibit c-Myc HCC development in vivo.(22) Thus, the
therapeutic efficacy of MLNO0128 is likely mediated by its ability to inhibit mMTORC2/Akt1
as well as 4Ebp1 in this murine HCC model.

Importantly, 10 of 11 MLN0128-treated mice displayed few tumor liver lesions, whereas all
pretreatment cohort mice exhibited numerous tumor lesions (Fig. 6E; Supporting Table S7),
suggesting that MLNO128 induced the regression of most lesions. To further investigate this
hypothesis, we treated tumor-bearing mice with vehicle, rapamycin, or MLNO0128 for 3 days
and harvested the mice (Fig. 7A; Supporting Table S8). We found that macroscopically, in
MLNO0128-treated mice, some lesions turned a dark color (Fig. 7A). Histologically, the
lesions were shown to be replaced by large necrotic areas (Fig. 7B). Surrounding the
necrotic regions, most tumor cells stained positive for cleaved caspase-3, while losing Ki-67
staining. The results are consistent with the fact that MLNQ128 treatment led to tumor cell
death, necrosis, and, eventually, tumor regression.

To further investigate the observed phenotype, we injected the mice with c-Myc/MCL1
constructs. MCL1 is a well-characterized antiapoptosis protein. Notably, when c-Myc/
MCL1 mice were treated with vehicle, rapamycin, or MLNO0128 and apoptosis was inhibited
(by MCL1), MLNO0128 was still able to reduce the tumor burden in mice, although at much
lower efficiency (Supporting Fig. S9 and Table S9).

In summary, the present data indicate that pan-mTOR inhibition, but not partial mMTORC1
suppression, is effective at inducing tumor regression in c-Myc HCC.

Discussion

c-Myc is a well-characterized oncogene for multiple tumor types, including HCC. In our
recent investigation, we showed that mTORC1 induction in HCC developed in c-Myc mice.
(22) In the present study, we found that mTORC2 is activated in c-Myc liver tumors, as
indicated by elevated p-Akt(S473) expression. Using genetic approaches, we demonstrated
that mMTORC2 is essential for the initiation of c-Myc-driven hepatocarcinogenesis. The
results add important data supporting the major role of mTORC2 in inducing liver tumor
development and progression. Intriguingly, we discovered that Aktl, but not Akt2, is
activated in c-Myc HCC. The precise mechanisms by which Aktl, but not Akt2, is induced
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by c-Myc are not clear. As activated phosphoinositide 3-kinase (PI13K) is a well-
characterized upstream regulator of AKT, we treated two mouse c-Myc HCC cell lines with
the PI3K inhibitor wortmannin. We found that wortmannin did not affect c-Myc HCC cell
growth or p-Aktl expression (Supporting Fig. S10A,B). Wortmannin treatment indeed
decreased p-Akt2 expression in these cells (Supporting Fig. S10B). We also cultured the
cells in serum-free medium. We found that it resulted in a decrease of HCC cell growth and
p-Aktl expression (Supporting Fig. S10C,D). These findings suggest that c-Myc-induced p-
Aktl activation might be triggered by extracellular signals, independent of PI3K. However,
it remains to be determined whether the same mechanisms apply /7 vivo. Nonetheless, we
found that AKT1 total proteins and mRNA levels were not affected by c-Myc modulation in
mouse and human HCC cell lines, thus indicating a posttranscriptional regulation.
Specifically, our data support a crucial role played by c-Myc in either favoring
phosphorylation of AKT1 or suppressing the cellular inhibitors of AKT1 activity. Some of
these inhibitors have been identified, including pleckstrin homology-like domain family A
members 1-3 (PHLDA1-3), protein phosphatase 2A (PP2A), and pleckstrin homology
domain leucine-rich repeat protein phosphatases (PHLPPs).(34) Whether c-Myc impairs the
activity of PHLDA1-3, PP2A, and/or PHLPPs, thus inducing the unrestrained activation of
AKT1, remains to be determined.

Using conditional AktZ and Akt2 KO mice, we demonstrated that Akt1, but not Akt2, is
required for c-Myc-driven hepatocarcinogenesis. In contrast, previous studies have shown
that Akt2 is the major AKT isoform required for activated PI3K(12) or loss-of-Pten(3)-
induced HCC formation /n vivo. Together, our data provide solid evidence that different
AKT isoforms may have distinct roles downstream of oncogenic signals and that they may
play distinct roles in hepatocarcinogenesis. Importantly, a recent study revealed that
combined deletion of Aktl and Akt2 in the mouse liver led to spontaneous HCC formation
due to liver damage and inflammation.(!0) Thus, the use of pan-AKT inhibitors for cancer
treatment might not be ideal and even dangerous. In contrast, isoform-specific AKT
inhibitors could be developed and tested for cancer therapy. Mechanistically, our study
suggests that Foxol, rather than mTORCL1, might be the major signaling cascade
downstream of mMTORC2/Akt1 in c-Myc-dependent hepatocarcinogenesis (Supporting Fig.
S11). Indeed, Foxol has been implicated as the major signaling molecule in loss of Akt1/
Akt2-driven HCC formation,(19) as well as Akt1/Akt2-dependent liver regeneration.(14)
Clearly, additional experiments, which are beyond the scope of the present study, are
required to further investigate the precise signaling cascades downstream of mMTORC2/AKT
during hepatocarcinogenesis and the precise role of FOXOL in this process.

While multiple studies have investigated the therapeutic potential of dual mMTORC1/2
inhibitors in HCC, all of these studies were limited to using HCC cell lines /n vitroor in
xenograft models.(35:36) |t is well known that those cell line-based studies rarely translate
into clinically relevant efficacies. Therefore, the use of genetic murine models is important
to provide critical preclinical data to support the investigation of the drugs during cancer
treatment. In the present study, we evaluated the therapeutic potential of rapamycin and the
dual mMTORC1/2 inhibitor MLNO0128 in the c-Myc preclinical HCC model. We found that
rapamycin had limited efficacy, similar to what has been reported in human HCC clinical
studies.(1®) In contrast, MLN0128 treatment led to profound tumor regression in c-Myc
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HCC. Mechanistically, MLN0128 effectively inhibited p-Rps6 and p-4Ebp1 downstream of
MTORC1, as well as p-Akt(S473/S474) downstream of mTORC?2 (Fig. 7C), leading to
decreased tumor cell proliferation and increased apoptosis. Thus, our investigation suggests
that dual mMTORC1/2 inhibitors might be useful for the treatment of human HCCs with c-
Myc amplification and/or overexpression. Currently, dual mTORCZ1/2 inhibitors are in
clinical trials for advanced-stage solid tumors,3”) including HCC. For instance, CC-223, a
dual mMTORC1/2 inhibitor similar to MLNO0128, is now being tested in a phase 2 clinical trial
in HBV-positive advanced HCC subjects (NCT03591965). It remains to be determined
whether these dual mMTORC1/2 inhibitors are efficacious in clinics. However, it is important
to note that most of these trials are conducted in an unselected patient population. In our
study, we suggest that dual mTORCZ1/2 inhibitors may be effective in HCC patients with c-
MY C amplification and/or overexpression. However, our investigation also suggests that the
antitumor properties of MLNO0128 were greatly limited if an antiapoptosis gene was
coexpressed. In another study, it was shown that HCCs with mutations in tuberous sclerosis
complexes 1 and 2 may be sensitive to mTOR inhibitors.(38) Altogether these studies support
the need of establishing reliable biomarkers to select patients who may benefit from dual
mTORC1/2 inhibition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The mTORC2 pathway is activated in c-Myc-induced HCC. Representative western blotting
from normal liver tissues and c-Myc-injected mouse HCC tissues. Abbreviations: Gapdh,
glyceraldehyde 3-phosphate dehydrogenase; NL, normal liver; t-, total.
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FIG. 2.
MTORC2 is required for c-Myc-driven HCC formation. (A) Study design. (B) Tumor

incidence curve. (C) Liver weight and liver/body ratio of Rictor mice injected with c-
Myc/MCL1/pCMV or c-Myc/MCL1/Cre constructs, respectively. **** £< 0.0001. (D)
Gross images of livers, hematoxylin and eosin, c-Myc, and Ki-67 staining in Rictor™f mice
injected with c-Myc/MCL1/pCMV or c-Myc/MCL1/Cre constructs at specific weeks
postinjection. Magnifications X100 (hematoxylin and eosin, c-Myc), scale bar, 200 um;
%200 (Ki-67), scale bar, 100 um. Abbreviations: H&E, hematoxylin and eosin; w.p.i., weeks
postinjection.
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FIG. 3.
Aktl is required for c-Myc-driven HCC formation. (A) Study design. (B) Tumor incidence

curve. (C) Liver weight and liver/body ratio of Akt2#" mice injected with c-Myc/MCL1/
pCMV or c-Myc/MCL1/Cre constructs, respectively. ****P< 0.0001. (D) Gross images of
livers, hematoxylin and eosin, c-Myc, and Ki-67 staining in Ak22™" mice injected with c-
Myc/MCL1/pCMV or c-Myc/MCL1/Cre constructs at specific weeks postinjection.
Magnifications x100 (hematoxylin and eosin, c-Myc), scale bar, 200 pm; %200 (Ki-67),
scale bar, 100 um. Abbreviations: H&E, hematoxylin and eosin; w.p.i., weeks postinjection.
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Delayed c-Myc-driven HCC formation in Akt2 conditional KO mice. (A) Study design. (B)

Tumor incidence curve. (C) Liver weight and liver/body ratio of Akz2™" mice injected with
¢c-Myc/MCL1/pCMYV and c-Myc/MCL1/Cre constructs, respectively. *P < 0.05. (D) Gross
images of livers, hematoxylin and eosin, c-Myc, and Ki-67 staining in A2 mice injected
with c-Myc/MCL1/pCMV or c-Myc/MCL1/Cre constructs at specific weeks postinjection.
Magnifications x100 (hematoxylin and eosin, c-Myc), scale bar, 200 um; x200 (Ki-67),
scale bar, 100 um. (E) Representative western blotting from Akz2%" mouse liver tissue or
Akt2" mouse liver tissue injected with c-Myc/MCL1/pCMV or c-Myc/MCL1/Cre.
Abbreviations: Gapdh, glyceraldehyde 3-phosphate dehydrogenase; H&E, hematoxylin and
eosin; t-, total; w.p.i., weeks post injection.
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FIG.5.
Coordinated activation of c-MYC and AKT1 in human HCC. (A) Representative expression

patterns of c-MYC, activated p-AKT1, and p-AKT2 in human HCC as detected by
immunohistochemistry. Upper panels: HCC case showing up-regulation of c-Myc, p-AKT1,
and p-AKT2 in the tumor part compared with nontumorous surrounding liver (lower right
corner). Middle panels: HCC case displaying concomitant induction of c-MYC and p-
AKT1, whereas p-AKT2 immunoreactivity is absent. Lower panels: HCC exhibiting low
levels of c-MYC and p-AKT1 in the presence of strong immunoreactivity for p-AKT2.
Magnifications x100 (hematoxylin and eosin, c-MYC, p-AKT1, and p-AKT2), scale bar,
200 um. (B) Percentage of high and low p-AKT1 or p-AKT2 expressing HCC samples in c-
MY C-positive HCC specimens. **** < 0.0001. (C) Percentage of high and low p-AKT1 or
p-AKT2 expressing HCC samples in all HCC specimens. (D) Percentage of high and low c-
MY C expressing HCC samples in p-AKT1-positive or p-AKT2-positive HCC specimens,
respectively. **** P < 0.0001. (E) Percentage of patients with good and poor prognosis in c-
MY C-positive, p-AKT1-positive, or p-AKT2-positive HCC samples. ****P < 0.0001. (F,G)
Forced overexpression of c-MYC gene in the Huh7 human HCC cell line triggers activation
of AKT1, but not of AKT2, phosphorylation, without affecting total protein (F) and mRNA
(G) levels of AKT1. ****P < 0.0001. Abbreviations: GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; H&E, hematoxylin and eosin staining; N.S, no significance.
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FIG. 6.

MLNO0128, but not rapamycin, effectively induces regression of late-stage, progressed c-Myc
mouse liver tumors. (A) Study design. (B) Gross images in vehicle-treated, rapamycin-
treated, and MLNO128-treated FVB mice injected with the c-Myc construct. (C) Survival
curve. (D) Liver weight and liver/body ratio of c-Myc-injected mice treated with vehicle,
rapamycin, or MLN0128 for 3 weeks. Data are presented as mean + standard error of the
mean. **P< 0.01, ***P< 0.001, ****P < 0.0001. (E) Gross, hematoxylin and eosin, and c-
Myc and Ki-67 staining images in vehicle-treated, rapamycin-treated, and MLNQ0128-treated
mouse livers injected with the c-Myc construct. Magnifications x100 (hematoxylin and
eosin, c-Myc), scale bar, 200 pm; x200 (Ki-67), scale bar, 100 um. Abbreviations: H&E,
hematoxylin and eosin; MLN, MLNO0128; Rapa, rapamycin; Sac, Sacrifice; \eh, vehicle.
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FIG.7.
MLNO0128 induces necrosis in progressed c-Myc HCC. (A) Gross images in vehicle-treated,

rapamycin-treated, or MLN0128-treated FVVB mice injected with the c-Myc constructs for 3
days. (B) Hematoxylin and eosin, c-Myc, Ki-67, and CC3 staining images in 3-day vehicle-
treated or MLN0128-treated mouse livers injected with c-Myc. (C) Representative western
blotting from FVB mice liver tissues and 3-day vehicle-treated, rapamycin-treated, or
MLNO128-treated mouse livers injected with c-Myc. Magnifications x100 (hematoxylin and
eosin, c-Myc, cleaved caspase-3, and Ki-67), scale bar, 200 um. Abbreviations: CC3,
cleaved caspase-3; Gapdh, glyceraldehyde 3-phosphate dehydrogenase; H&E, hematoxylin
and eosin; MLN, MLNO0128; Pcna, proliferating cell nuclear antigen; Rapa, rapamycin; t-,
total; Veh, vehicle.
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