ORIGINAL MANUSCRIPT

Carcinogenesis, 2016, Vol. 37, No. 4, 408-419

doi:10.1093/carcin/bgw016
Advance Access publication February 10, 2016
Original Manuscript

Persistent effect of mTOR inhibition on preneoplastic
foci progression and gene expression in a rat model of

hepatocellular carcinoma

Heather Francois-Vaughan'f, Adeola O.Adebayo®?t, Kate E.Brilliant?,
Nicola M.A.Parry*, Philip A.Gruppuso'® and Jennifer A.Sanders®?’

Division of Pediatric Endocrinology, Department of Pediatrics, Rhode Island Hospital, Providence, RI 02903, USA,
’Department of Pathology and Laboratory Medicine, Brown University, Providence, RI 02905, USA, *Division of Hematology/
Oncology, Department of Medicine, Rhode Island Hospital, Providence, RI 02903 USA, “Midwest Veterinary Pathology, LLC,
Lafayette, IN 47909, USA and *Department of Molecular Biology, Cell Biology and Biochemistry, Brown University, Providence,

RI 02912, USA

“To whom correspondence should be addressed. Tel: +1 401 444 5802; Fax: +1 401 444 2534; Email: jennifer_sanders@brown.edu

'These authors contributed equally to this work.

Abstract

Hepatocellular carcinoma (HCC) is a heterogeneous disease in which tumor subtypes can be identified based on the
presence of adult liver progenitor cells. Having previously identified the mTOR pathway as critical to progenitor cell
proliferation in a model of liver injury, we investigated the temporal activation of mTOR signaling in a rat model of
hepatic carcinogenesis. The model employed chemical carcinogens and partial hepatectomy to induce progenitor marker-
positive HCC. Immunohistochemical staining for phosphorylated ribosomal protein S6 indicated robust mTOR complex

1 (mTORC1) activity in early preneoplastic lesions that peaked during the first week and waned over the subsequent

10 days. Continuous administration of rapamycin by subcutaneous pellet for 70 days markedly reduced the development
of focal lesions, but resulted in activation of the PI3K signaling pathway. To test the hypothesis that early mTORC1
activation was critical to the development and progression of preneoplastic foci, we limited rapamycin administration

to the 3-week period at the start of the protocol. Focal lesion burden was reduced to a degree indistinguishable from that
seen with continuous administration. Short-term rapamycin did not result in the activation of PI3K or mTORC2 pathways.
Microarray analysis revealed a persistent effect of short-term mTORC1 inhibition on gene expression that resulted in a
genetic signature reminiscent of normal liver. We conclude that mTORC1 activation during the early stages of hepatic
carcinogenesis may be critical due to the development of preneoplastic focal lesions in progenitor marker-positive

HCC. mTORC1 inhibition may represent an effective chemopreventive strategy for this form of liver cancer.

Introduction

Hepatocellular carcinoma (HCC) is the fifth-leading cause of
cancer deaths worldwide (1). At present, potentially curative
therapies, including surgical resection, liver transplantation
or local ablation, are only available to a small fraction of HCC
patients owing to the advanced stage of the disease at diagno-
sis (2). Like many other cancers, environmental factors, includ-
ing hepatitis infection, aflatoxin exposure, alcohol abuse and

obesity, are risk factors for the development of HCC (2). The
course of HCC development is a multistep process involving
liver injury and inflammation. As the severity of liver damage
increases, the adult hepatocytes undergo senescence and a
stem cell compartment is activated, resulting in the prolifera-
tion of progenitor cells within the liver (3). This eventually leads
to a heterogeneous population of patients, 30-50% of whom
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Abbreviations

Akt protein kinase B

DENA diethylnitrosamine

Erk extracellular signal-related kinase

GSEA gene set enrichment analysis

GST-P placental glutathione S-transferase

hpfs high-powered fields

HCC hepatocellular carcinoma

IPA ingenuity pathway analysis

LCM laser capture microdissection

mTORC1 mammalian target of rapamycin complex 1
mTORC2 mammalian target of rapamycin complex 2
4EBP-1 eukaryotic initiation factor 4E binding protein-1
2-AAF 2-acetylaminofluorene

PI3K phosphatidylinositol-4,5-bisphosphate 3-kinase
PHx partial hepatectomy

develop tumors that express progenitor cell markers (4). These
tumors are associated with a unique genetic signature, a higher
rate of recurrence and decreased survival compared to progeni-
tor marker-negative HCC (5-7). Better clinical treatments and
chemoprevention strategies are clearly needed for HCC patients
with advanced disease and for those at risk for the development
of liver cancer. Developing such strategies will require a mecha-
nistic understanding of the temporal role of the signaling path-
ways involved in the pathogenesis of HCC.

The mechanistic target of rapamycin (mTOR) is a nutrient
sensing, serine-threonine protein kinase with a key regulatory
role in protein translation, autophagy, metabolism, angiogene-
sis, cellular proliferation and growth. mTOR exists in two distinct
multiprotein complexes, mTORC1 and mTORC2 (8). mTORC1,
the canonical target of rapamycin, is regulated by growth fac-
tors, nutrient availability, cellular energy status and oxygen lev-
els. Its established targets include ribosomal protein S6 kinase
(S6K) and the eukaryotic initiation factor 4E (eIF4E)-binding pro-
tein-1, 4EBP-1 (9,10). These target proteins are involved in the
control of translation initiation, protein synthesis and growth.
mTORC1 is also involved in the regulation of RNA polymerase
I, gene expression, metabolism and angiogenesis, although
the molecular mechanisms have not been fully elucidated (11).
mTORC2 has been assigned roles in cellular functions such as
protein synthesis, metabolism and control of the actin cytoskel-
eton (12-15). Insulin stimulation promotes the phosphorylation
of Akt by mTORC2, indicating that growth factors regulate this
complex. However, the signaling pathway upstream of mTORC2
remains unknown (16). Although long considered to be rapam-
ycin-insensitive, recent data indicate that prolonged exposure
to rapamycin leads to dissociation and loss of function of the
mTORC2 complex (14,17).

mTORC1 is constitutively activated in a variety of cancers,
including advanced HCC (18,19). The aberrant activation of
mTORC1 observed in advanced HCC is believed to reflect its role
in tumor proliferation, growth and metabolism. However, the
temporal role of this pathway in HCC development and progres-
sion has not been extensively explored. Previous studies in our
laboratory indicate that mTORC1 is involved in the activation
and expansion of liver progenitor cells, termed oval cells, in the
rat (20). This observation led us to hypothesize that mTORC1
signaling is an early event in the development of progenitor-
marker positive HCC. To test this hypothesis, we utilized the
well characterized two-step experimental carcinogenesis model
established by Solt and Farber (21). In this model, tumors are
initiated by administration of diethylnitrosamine (DENA) and
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promoted by exposure to 2-acetylaminofluorene (2-AAF) com-
bined with partial hepatectomy (PHx). The evolution of HCC in
this model is similar to that observed in humans as preneoplas-
tic lesions progress to persistent focal lesions, adenomas and
HCC. Studies by Andersen and colleagues (22) concluded that
all the carcinomas produced by this protocol express cytokera-
tin 19, a progenitor cell marker, and that the genetic signature
of these tumors could be used to stratify human HCC patients
according to clinical outcome.

Materials and methods

Animals

Male Fischer F344 rats (aged 5-6 weeks) were obtained from Charles River
Laboratories (Wilmington, MA). Rats were placed on the 2-AAF/PHx proto-
col to induce oval cells as described previously (23). Where indicated, EGF
(0.5mg/g) and insulin (2.5mg/g), or saline vehicle were administered via
i.p. injection 15min prior to euthanasia. All animals were housed under
standard conditions with access to food and water ad libitum. Rodents
were euthanized by exsanguination under isoflurane anesthesia. All ani-
mal studies were performed in accordance within the guidelines of the
National Institutes of Health and the Rhode Island Hospital Institutional
Animal Care and Use Committee.

Hepatic carcinogenesis was induced according to the protocol described
by Solt and Farber (21). Briefly, F344 rats were administered an i.p. injec-
tion of diethylnitrosamine (DENA, Sigma, St. Louis, MO) at a dose of 200mg/
kg, implanted with a time-release 2-acetoaminofluorene pellet (Innovative
Research of America, Sarasota, FL) and subjected to 2/3 PHx as described
previously (23). Animals were euthanized at time points ranging from 24
to 70 days post-DENA injection. Rats were administered EdU (Invitrogen,
Grand Island, NY) 24 h prior to euthanasia as described previously (20).

Rats were randomly assigned to treatment groups at the time of PHx.
Animals were continuously administered rapamycin by a 40.5-mg, 90-day,
slow release pellet (Innovative Research), resulting in a dose of 2.5mg/
kg/day based on the average rat weight of 150g (Supplementary Figure 1,
available at Carcinogenesis Online). In a second experiment, animals were
administered a short course of rapamycin via a 9.45-mg, 21-day, slow
release pellet (Innovative Research), also resulting in a dose of 2.5mg/kg/
day based on the average rat weight (Supplementary Figure 1, available at
Carcinogenesis Online). Control animals received a placebo pellet equiva-
lent to their respective rapamycin group. All pellets were implanted sub-
cutaneously at the time of PHx.

Immunostaining and microscopy

Liver tissue was fixed in 10% neutral buffered formalin, paraffin-embed-
ded and sectioned for histological and immunohistological analysis. In
addition to hematoxylin and eosin (H&E) staining, immunohistochem-
istry was performed using antibodies directed toward ribosomal protein
S6, phospho-S65232%¢ and phospho-S6¢%¢02#, (Cell Signaling Technology,
Danvers, MA), placental glutathione S-transferase (MBL International,
Woburn, MA), cleaved caspase-3 (Cell Signaling Technology) and phospho-
Erk1/2 (Cell Signaling Technology). Dual immunofluorescent staining for
GST-P and EdU was carried out as described previously (20). TUNEL stain-
ing was performed on cryosections using the TACS XL kit according to the
manufacturer’s protocol (Trevigen, Gaithersburg, MD). TUNEL+ cells were
quantified from three 20x fields per animal. Dual immunohistochemical
staining for GST-P and CK19 (Leica Biosystems, New Castle Upon Tyne, UK)
was performed on acetone fixed cryosections. Immunohistochemically
stained slides were scanned using the Aperio ScanScope system (Aperio
Technologies, Vista, CA) and quantitative analysis performed on fit images
using NIH Image] software. RGB images were channel split and the blue
channel was used to threshold positive staining. Total area of the liver and
the area occupied by GST-P+ focal lesions were determined. All sections
were analyzed in a blinded fashion.

Western blotting

Frozen liver was homogenized as described previously (24). The homogen-
ates were centrifuged at 1000x g for 15min and the resulting supernatant
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centrifuged at 9770x g for 20min. A BCA protein assay (Thermo Fisher
Scientific, Waltham, MA) was performed. Proteins were separated by SDS-
PAGE and transferred to Sequi-Blot PVDF Membrane (Bio-Rad, Hercules,
CA). Equal amounts of protein were loaded in each lane based on protein
concentration. Membranes were subjected to immunoblot analysis with
the following primary antibodies obtained from Cell Signaling Technology:
phospho-S6523¥2%  ribosomal protein S6, Phospho-Akt 53 Phospho-
Akt™3% Akt and Phospho-Erk1/2 ™m20¥m204 - Antibodies against Erk1/2
(Millipore, Billerica, MA) and 4E-BP1 (Santa Cruz Biotechnology, Dallas, TX)
were also used (24,25). Imaging and densitometry were performed using
Labworks 4.5 software (UVP, Upland, CA).

Microarray analysis

Regions of interest were microdissected from FFPE slides using the
Arcturus XT™ LCM System (Life Technologies, Grand Island, NY). RNA was
extracted using the FFPE RNeasy Kit (Qiagen, Redwood City, CA) and ana-
lyzed using Affymetrix Rat Gene ST 1.0 arrays (Affymetrix, Santa Clara,
CA). Microarray data are accessible through GEO Series accession number
GSE73039 (non-public reviewer link: http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?token=ybwzqqgsnxatdgp&acc=GSE73039) Heat maps and
dendrograms were generated using Gene Pattern (26). Venn diagrams were
prepared using freely available software from the Whitehead Institute at
MIT (http://jura.wi.mit.edu/bio). Gene set enrichment analysis (GSEA) on
the full spectrum of genes detected in the array was performed to identify
functional gene sets that were enriched in specific experimental groups
(27). Inflection points were calculated to determine a fold-change thresh-
old (28). Identification of differentially expressed genes using a false dis-
covery rate (FDR) of <0.05 (29) was performed with Partek Genomic Suite
version 6.6 (Partek, St. Louis, MO). Ingenuity pathway analysis (IPA; Qiagen,
ww.qiagen.com/ingenuity) was performed as described (30). Input for IPA
was significant genes (FDR < 0.05) with a fold-change beyond the inflection
point. IPA categories were considered significant when the P value was
below the mean minus two standard deviations for the P values obtained
from five control gene sets.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 2.01 (San
Diego, CA). Results were analyzed using an unpaired t-test or, for multiple
comparisons, one-way ANOVA with a post hoc Tukey test.

Results

Continuous rapamycin treatment significantly
reduces persistent focal lesion burden

Our previous identification of mTOR as a key regulator of the
oval cell response in rodents led us to hypothesize that mTOR
signaling would play a critical role in the development and pro-
gression of progenitor marker-positive HCC. Rapamycin or pla-
cebo control pellets were implanted in DENA-initiated rats at
the time of PHx. Rapamycin was administered throughout the
duration of the experiment (70 days). The gross appearance of
the liver was itself informative, with the placebo group exhibit-
ing nodules on the liver surface (Figure 1A). In contrast, none
of the six rats receiving rapamycin exhibited macroscopic nod-
ules. The presence of these large nodules accounted for a sig-
nificant increase in the liver:carcass weight ratio in the placebo
compared to the rapamycin group and to age-matched control
rats (Figure 1A). Immunohistochemical staining for GST-P, a
marker of neoplastic cells (31), revealed a significant reduction
in the total area of GST-P-positive lesions in rapamycin-treated
animals (Figure 1B). Previous studies had shown that the early
focal lesions in this model are heterogeneous for progenitor cell
markers (22,23,32). In order to determine the effect of rapamy-
cin on the phenotype of the cells within the lesions, dual stain-
ing for GST-P and CK19 was performed (Figure 1C). Our results
were similar to that of Andersen et al. (22), with focal lesions
displaying heterogeneous staining for CK19. This ranged from

lesions where the majority of cells were CK19+ to lesions that
were CK19-. Histopathological examination (Figure 1D) of the
liver from placebo-treated rats showed a nodular appearance
to the liver parenchyma. This was a result of prominent oval
cell hyperplasia that produced bridging between portal areas,
along with large numbers of preneoplastic foci. A proportion
of the focal lesions showed cellular and nuclear atypia char-
acteristic of early HCC. Scattered apoptotic hepatocytes were
present throughout the liver. There was no effect of rapamycin
on the percentage of cells undergoing apoptosis (0.6+0.3% in
rapamycin versus 1.0+0.6% for placebo) as assessed by TUNEL
labeling. Similar results were observed with cleaved caspase-3
staining. The liver histology of the rapamycin-treated rats was
relatively normal in appearance with only small preneoplastic
focal lesions.

Prior studies have shown that prolonged rapamycin treat-
ment can resultin activation of phosphatidylinositol-4,5-bispho-
sphate 3-kinase (PI3K) and mTORC?2 signaling by suppressing an
S6K1-mediated feedback loop, purportedly leading to cell sur-
vival, tumor growth and ‘rapamycin resistance’ (33,34). However,
other studies have shown that prolonged rapamycin treatment
results in disruption of the mTORC2 complex and decreased Akt
signaling (14,17). In order to interrogate the effect of continu-
ous rapamycin treatment on PI3K and mTORC?2 signaling in our
model, we performed Western blotting of homogenates derived
from 70-day livers (Figure 1E). Rapamycin administration
resulted in a significant increase in PI3K signaling as assessed
by the induction of phospho-Akt™%, We did not observe a sig-
nificant effect of rapamycin on the mTORC2 site on Akt’3. The
absence of a significant effect may have been a consequence of
the high degree of variance that, in turn, may be related to the
low level of basal activity and heterogeneity of the tissue being
analyzed. Rapamycin has also been shown to induce Erk activa-
tion in some cancers (34,35). Western blotting for phosphoryl-
ated and total Erk1/2 did not demonstrate a significant effect
of rapamycin (Figure 1E). Furthermore, immunohistochemistry
revealed that P-Erk1/2 was predominantly localized to the oval
cells and was absent from the focal lesions (Supplementary
Figure 2, available at Carcinogenesis Online).

The mTOR pathway is activated during the
promotion of preneoplastic foci

Given the profound growth-inhibiting effect of mTOR inhibition
on focal lesions, we investigated the temporal activation of this
pathway during the early stages of carcinogenesis (Figure 2A).
There was a transient peak of S6 phosphorylation from 3 to
7 days posthepatectomy (days 24-28 of the protocol). S6 phos-
phorylation waned over the next week, returning to near basal
levels by day 35 and remaining at that low level on day 70. Small
preneoplastic foci were present as early as day 24 of the protocol.
Immunohistochemistry for GST-P clearly distinguished these foci
from the surrounding parenchyma (Figure 2B). There was a rapid
increase in the size of the lesions from days 24 to 31. The early
lesions were heterogeneous for the progenitor cell marker CK19
(Figure 2B). As the lesions developed in the week following PHx, a
greater proportion were CK19+ and the staining within the lesions
was more homogeneous on days 27 and 31 compared to day 24.
Immunohistochemistry for phospho-S652*2% was consistent
with mTOR activation in the preneoplastic foci relative to the
surrounding normal cells during the formation and early devel-
opment of the lesions (Figure 2C). In agreement with the immu-
noblot, the level of phospho-S6%¢23%2% in the foci was comparable
to the surrounding normal cells by day 31. Specificity of staining
was confirmed by incubating the slides in blocking peptide and
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Figure 1. The effect of chronic mTOR inhibition on focal lesions. Rats were placed on the Solt-Farber protocol, administered rapamycin via a 90-day slow release pellet
as described in the Materials and Methods section, and euthanized 70 days post-DENA administration. (A) Representative gross images of liver showing numerous
lesions in the placebo animals while liver from the rapamycin-treated animals was nearly normal in appearance. Liver weight to carcass weight ratios are shown as
the mean + 1 SD for age-matched control (Ctl) and Solt-Farber rats that received placebo (Plac) or rapamycin (Rapa). n > 3 per group. *P < 0.05. (B) Immunohistochemis-
try for the placental form of glutathione S-transferase (GST-P). Representative Aperio Scans were acquired at 0.8x. Scale bar: 2.5mm. The graph shows quantification
of GST-P-positive focal lesions relative to total area as a box and whiskers plot. n > 4 animals per group. *P < 0.05. (C) Dual immunohistochemistry for GST-P (brown)
and CK19 (purple). Cryosections were counterstained with methyl green and representative 10x images acquired. Scale bar: 100 pm. (D) H&E staining acquired at 2x
(top panel) and 40x (bottom panel). Top panel, Scale bar: 600 pm. Bottom panel, Scale bar: 25 pm. (E) Liver homogenates were prepared from Solt-Farber animals and
control adult rats (Ctl) injected with either EGF plus insulin or vehicle 15min prior to euthanasia. Samples were analyzed by immunoblotting with antibodies against
phospho-Akt™=%), phospho-Akt©#73), total Akt, phospho-Erk1/2(™m2021204 and total Erk1/2. Densitometric analysis of the basal activity are shown in the graphs as mean
+ 1SD for the ratio of phospho:total for each protein. n = 6 animals per group. Densitometry was analyzed using an unpaired t-test. *P < 0.05 versus the placebo group.

pretreatment with lambda protein phosphatase (Supplementary that mTOR activity during this early phase was critical to the
Figure 3, available at Carcinogenesis Online). development and progression of preneoplastic focal lesions. We

. L. further hypothesized that limited inhibition during this period
Short-term rapamycin treatment significantly of activation would have a persistent effect beyond the period
reduced persistent focal lesion burden of rapamycin administration. Similar to what was observed in
The effectiveness of chronic rapamycin treatment on focal rats treated continuously with rapamycin, there was a signifi-
lesion burden and the narrow early window of mTOR activation cant decrease in focal lesion burden in the short-term rapam-

during the promotion of preneoplastic foci led us to hypothesize ycin-treated rats (Figure 3A). The placebo group displayed a
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Figure 2. mTORC1 signaling during the initiation and early progression of focal lesions. (A) Representative Western blots for phosphoribosomal protein S6%23%2% and
total S6 performed on total liver homogenates derived from control (Ctl) or rats placed on the Solt-Farber protocol and euthanized at various days post-DENA admin-
istration. The graph shows densitometric data as the mean + 1 SD for the ratio of phospho-S6 to total S6. n = 3 per group. *P < 0.05 versus the control group. (B) Dual
immunohistochemistry for GST-P (brown) and CK19 (purple). Cryosections were counterstained with methyl green and representative 10x images acquired. Scale bar:
100 pm. (C) Immunohistochemical staining for GST-P and phospho-S6%2*%2% was performed on consecutive sections from Solt-Farber animals. Sections were counter-
stained with hematoxylin. Shown are representative Aperio Scans acquired at 10x. Scale bar: 150 pm.

significant increase in liver weight to carcass weight ratio com-
pared to age-matched control rats. This increase was prevented
by short-term rapamycin administration (Figure 3A).

The proliferative activity of the focal lesions and surround-
ing areas was assessed by dual staining for GST-P and EdU
(Figure 3B). The proliferation index in the focal lesions and sur-
rounding areas was low with no difference between the pla-
cebo and rapamycin-treated groups (1.77+0.24% in placebo
versus 1.36+0.38% in rapamycin). Similar to the chronic treat-
ment group, the focal lesions displayed marked heterogeneity
in CK19 staining with no apparent difference between placebo
and rapamycin-treated animals (Figure 3C). Histopathological
examination revealed similar results to those observed with
chronic rapamycin treatment (Figure 3D). The placebo group
had a nodular appearance to the liver parenchyma, with oval

cell hyperplasia that resulted in bridging between portal areas.
Compared with rats in the placebo group, the nodular appear-
ance in the livers of the rapamycin-treated group was less
prominent, with decreased oval cell hyperplasia. Similar to
the continuously treated group, short-term rapamycin admin-
istration did not result in increased hepatocyte apoptosis as
assessed by TUNEL labeling (1.2+0.4% in the rapamycin group
versus 0.8+0.7% for placebo).

Short-term mTORC1 inhibition and modulation of
signaling pathways involved in cell proliferation

and growth

To assess whether short-term rapamycin treatment resulted in
persistent changes in the activity of mTOR, PI3K and ERK signal-
ing, we performed immunohistochemistry and Western blotting
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Figure 3. The effect of short-term rapamycin administration during the early period of mTOR activation on the subsequent development of focal lesions. Rats were
implanted with 21-day slow release rapamycin or placebo pellets on day 21 of the Solt-Farber protocol and euthanized 70 days post-DENA administration. (A) Immu-
nohistochemistry for GST-P. Shown are representative images of Aperio scans acquired at 0.7x. Scale bar: 2.5mm. The left graph illustrates the quantification of lesion
burden represented as mean + 1 SD. n > 6 per group. *P < 0.05. The right graph shows the ratio of liver to carcass weight for age-matched control rats (Ctl), and placebo
(Plac) or rapamycin-treated (Rapa) Solt-Farber rats. n > 3 per group. *P < 0.05. (B) Cryosections were stained with an antibody against GST-P (red) and a marker of DNA
synthesis EAU (green). Slides were counterstained with DAPI (blue) and images acquired at 20x. Scale bar: 100 pm. (C) Cryosections were stained with an antibody
against GST-P (brown) and CK19 (purple). Slides were counterstained with methyl green and images acquired at 20x. Scale bar: 100 pm. (D) H&E staining acquired at 2x
(top panel) and 40x (bottom panel). Top panel, Scale bar: 600 pm. Bottom panel, Scale bar: 25 pm.

for downstream targets of these signaling pathways (Figure 4A-
C). Samples were obtained from animals killed on day 70 of the
protocol; i.e. 4 weeks after the end of the period of rapamycin
administration. Staining of consecutive sections for GST-P and
phospho-S6 revealed minimal heterogeneous phospho-S6 stain-
ing in the focal lesions and surrounding liver in placebo-treated
animals, while short-term treatment with rapamycin led to a
reduction in phospho-S6 staining in the focal lesions and sur-
rounding parenchyma (Figure 4A). Western blotting for phos-
pho-S6 revealed a trend toward a reduction in phospho-S6 in the
rapamycin-treated animals (Figure 4C). The basal level of 4E-BP1
phosphorylation in placebo-treated animals was extremely low;
we were unable to detect the fully hyperphosphorylated form.
Rapamycin treatment did not result in a change in the phospho-
rylation status of 4EBP-1 (Figure 4B).

Western blotting for phospho-Akt™=% and phospho-Aktse 3
revealed low levels of phosphorylation of these sites that was
comparable to that seen in age-matched control rats (Figure 4C).
Rapamycin did not have a significant effect on the basal level
of phosphorylation at either of these sites. However, animal-
to-animal variation was again substantial, and trends were
toward greater activity in the rapamycin group. Nonetheless,
basal activities remained low, and our data were consistent with
the conclusion that short-term rapamycin treatment does not
result in substantial activation of the feedback loop to PI3K or

changes in mTORC2 signaling. The level of phospho-Erk1/2 in
the Solt-Farber animals was similar to control rats, and short-
term rapamycin treatment was not associated with changes in
Erk1/2 phosphorylation (Figure 4C and Supplementary Figure 2,
available at Carcinogenesis Online).

Given the low basal level of both p-Akt and p-Erk1/2, we
administered EGF plus insulin to determine whether short-
term treatment with rapamycin had led to changes in upstream
signaling that would dampen the ability of these pathways to
respond to mitogenic stimulation (Figure 4C). We found that
there was no difference in the response to EGF and insulin
stimulation in the placebo versus rapamycin-treated animals,
leading us to conclude that there is not a lasting impact of
short-term mTORC1 inhibition on PI3K/AKT, mTORC2 or Erk1/2
signaling.

Short-term mTORC1 inhibition leads to persistent
changes in gene expression

Persistent focal lesions uniformly positive for GST-P were micro-
dissected from placebo and short-term rapamycin-treated liver
and analyzed by microarray. Samples isolated from normal
adult liver and animals placed on a protocol to induce oval
cells were also analyzed. Unsupervised hierarchical clustering
using the 5% of the genes with the highest coefficient of vari-
ation across all samples (Supplementary Figure 4A, available
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at Carcinogenesis Online) revealed segregation of experimental
models; however, the rapamycin and placebo animals did not
segregate from one another. This analysis revealed an outlier in
the rapamycin-treated group. Additional microarray analyses
performed on lesions from that animal demonstrated similar
results (Supplementary Figure 4B, available at Carcinogenesis
Online). This animal was not an outlier based on any of the
other biochemical or physiologic parameters that were meas-
ured, leading us to conclude that the array results reflected the

heterogeneity of the genetic signature of the focal lesions and
response to rapamycin. The raw expression values from the
three arrays on this one animal were averaged for subsequent
analyses.

GSEA identified gene sets that differed in the focal lesions
from rapamycin and placebo animals. This method of analy-
sis is effective at identifying functionally significant changes
in gene expression that are associated with relatively small
changes in the expression level of numerous genes in a
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particular experimental condition. A number of KEGG gene sets
including Ribosome, Lysosome, Ubiquitin Mediated Proteolysis,
Glutathione Metabolism, Renal Cell Carcinoma, and Cell Cycle
were enriched in the placebo group (Figure 5A). These sets were
accounted for by changes in genes encoding ribosomal pro-
teins, ubiquitin conjugating enzymes, metabolic enzymes and
oncogenes. Conversely, the majority of KEGG gene sets enriched
in the rapamycin group related to the regulation of fatty acid
metabolism and were accounted for by changes in key regula-
tory enzymes and phospholipases. Changes in hormone recep-
tors, neuropeptides and interleukins accounted for the other
gene sets enriched in the rapamycin group.

We also compared the focal lesions in the Solt-Farber groups
to normal liver. We identified the genes whose expression was
significantly different in two comparisons, placebo versus nor-
mal (P/N) and rapamycin versus normal (R/N), based on a fold-
change beyond the inflection point (1.8 for P/N and 2.6 for R/N
comparison). This resulted in the inclusion of 1348 genes in the
P/N and 326 genes in the R/N comparison (Figure 5B). Of the 326
genes identified in the R/N comparison, 172 were unique to that
dataset; 154 of the 326 overlapped with the genes identified in
the P/N comparison. Excluding the outlier in the R/N comparison
had little effect on the Venn diagram (Supplementary Figure 5,
available at Carcinogenesis Online). We interpreted these results
as indicating that the focal lesions in the rapamycin-treated

A.
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animals more closely resembled normal liver than those in the
placebo animals.

Genes were selected for IPA based on a FDR < 0.05 and a fold-
change beyond the inflection point (Supplementary Table 1A,
available at Carcinogenesis Online). No genes met these stringent
criteria in the placebo/rapamycin comparison. These criteria
resulted in identification of 533 genes for P/N and 69 genes for
R/N (Supplementary Table 1B and C). Many of the significant
canonical pathways (Figure 6A) identified in the placebo group
related to bile acid synthesis and drug metabolism and were
accounted for by cytochrome P450 enzymes and solute carri-
ers (Supplementary Table 2A and B, available at Carcinogenesis
Online). These pathways were either suppressed or not signifi-
cant in the rapamycin versus normal comparison. There were
many predicted upstream regulators identified in the P/N com-
parison (Figure 6B). Among these were ligand-dependent nuclear
receptors (PPARa, Nr1l2, Nri1I3, RORA, RORC, Nr1H4), enzymes
(ACOX1, FECH, GPD1), transcription factors (HNF1A, MAFG,
MAFK) and cytokines (IL1B, TNF). The list of genes accounting for
these factors included a broad spectrum with cytochrome p450
enzymes and genes involved in lipid metabolism overrepre-
sented (Supplementary Table 2C and D, available at Carcinogenesis
Online). PPARa, HNF10, NR113 and HNF4o were predicted to be
inhibited while MAFF, MAFG, MAFK, TNF and NFE2L1 were pre-
dicted to be activated in the placebo compared to normal liver.
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Figure 5. Transient mTORC1 inhibition results in persistent effects on gene expression. (A) GSEA results for KEGG comparing placebo versus rapamycin shown as FDR
q-value for gene sets enriched in placebo (black bars) and rapamycin (gray bars) treated focal lesions. (B) Venn diagram of differentially expressed genes (fold change >
inflection point) from two comparisons: placebo versus (P/N) normal and rapamycin versus normal (R/N).
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As with canonical pathways, the list of regulators identified
in the R/N comparison were significantly fewer in number (3 in
rapamycin versus normal compared to 31 in placebo versus nor-
mal). Three upstream regulators, NR112, NR1I3 and NFE2L2, were
also identified in the P/N comparison, but were of lower signifi-
cance in the R/N comparison secondary to there being fewer
contributing genes in the latter.

Discussion

We have shown previously that mTORC1 signaling is critical for
the oval cell response in two models of liver injury in the rat
(20). Analogous progenitor cells in humans are found in indi-
viduals with severe liver disease caused by a variety of etiolo-
gies, and their abundance correlates with disease severity (36).
Studies on the pathogenesis of liver cancer have demonstrated
that 55% of small-cell dysplastic foci, the earliest premalignant
lesions in humans, consist of progenitor cells and that 30-50%
of HCC exhibit progenitor cell markers (4,37,38). Based on our
observation that rapamycin attenuates the oval cell response
to liver injury (20), we extended our studies to investigate the
role of mTOR signaling in the development and expansion of

preneoplastic lesions in a rodent model of progenitor-marker
positive HCC. mTORC1 was robustly activated in the developing
preneoplastic foci during the week immediately following PHx.
The activity of this pathway returned to the basal levels seen in
age-matched control rats during the second week following PHx.
Given the role of mTORC1 in the proliferation of oval cells and
the temporal activation of this pathway during the development
and early expansion of preneoplastic lesions, we hypothesized
that this early activation of mTORC1 was critical to the growth
and progression of these lesions.

In a direct comparison of continuous versus early adminis-
tration of rapamycin, we found that both protocols resulted in
the inhibition of macroscopic foci and a significant decrease in
microscopic focal lesion burden. In both cases, livers of animals
that received rapamycin appeared relatively normal compared to
the placebo group, which displayed a nodular appearance owing
to the proliferation of oval cells. These results lead us to conclude
that mTORC1 activation is a critical early event that leads to the
development and growth of preneoplastic foci. Other investiga-
tors have similarly observed a salutary effect of rapamycin when
given early in carcinogenesis protocols distinct from the one we
employed. In experiments carried out by Stelzer and colleagues,



HPV transgenic mice were treated topically with the tumor pro-
moter, dimethylbenz[a]CGantracene, to induce squamous cell
carcinoma. Administration of rapamycin (5mg/kg/day) prior to
the appearance of overt tumors resulted in delayed tumor devel-
opment and significant reduction in tumor size (35). In another
series of studies on a murine model of hereditary tyrosinemia,
the rapamycin analogue, RAD001, suppressed the proliferation
of hepatocytes with DNA damage resulting in delayed tumor
development (39). Mice with liver-specific gain of function of
mTORC1 induced by ablation of the negative upstream regulator,
Tsc1, develop spontaneous HCC (40). In this model, the chronic
activation of mTORC1 led to ER stress and changes in autophagy
resulting in liver damage, regeneration and the development of
liver tumors of hepatocyte origin. Administration of rapamycin
prevented liver damage and the development of hepatoma and
HCC. However, rapamycin treatment of older mice with estab-
lished tumors did not affect tumor burden, number or grade (40).
Similar to other studies, we found that long-term treatment
with rapamycin resulted in the activation of PI3K signaling. We
did not obtain evidence for a significant effect on TORC2 signal-
ing to Akt. Furthermore, rapamycin treatment did not result in
activation of Erk1/2 signaling as has been described for other
tumors (34,35). Short-term rapamycin treatment was not associ-
ated with a significant increase in phosphorylation of the Akt
site associated with PI3K activation. However, there was con-
siderable animal-to-animal variability in all of these analyses.
We attribute this to two factors. The first is that basal activity
of these pathways is low relative to the stimulated activity seen
with administration of EGF plus insulin. Second, our immu-
nostaining results using phospho-specific antibodies all demon-
strated marked heterogeneity in the apparent activity of these
pathways across the liver tissue. We conclude that secondary
activation of PI3K and mTORC?2 signaling is unlikely to be occur-
ring in response to short term rapamycin administration. We did
not find evidence that Erk1/2 was activated during preneoplastic
foci development, suggesting that this pathway does not play
a role in the early stages of carcinogenesis in the Solt-Farber
model. Similarly, we did not observe changes in 4E-BP1 phos-
phorylation. The latter is consistent with studies conducted on
regenerating rat liver that showed 4E-BP1 phosphorylation was
rapamycin insensitive (41). Studies from our lab have shown that
the phosphorylation status of 4E-BP1 does not correlate with
hepatic cap-dependent translation initiation in the rat (25,42).
The persistence of focal lesions in the short-term rapamycin
treatment group led us to question whether these ‘rapamycin
resistant’ foci had a more aggressive phenotype or were sim-
ply smaller versions of the foci in the placebo group. Microarray
analysis revealed that short-term mTORC1 inhibition resulted in
persistent effects on gene expression. GSEA showed enrichment
of genes encoding ribosomal proteins, ubiquitin-mediated prote-
olysis and pathways related to cellular proliferation and growth
in the foci from placebo animals relative to rapamycin-treated
animals. These results parallel the phenotypic differences in the
focal lesions, suggesting that mTOR plays a key role in regulat-
ing the growth and metabolism of the altered cells in the foci.
The gene sets showing the greatest enrichment in the rapamy-
cin foci contained olfactory receptors, which are generally asso-
ciated with neuronal tissues. However, these receptors are also
expressed in the normal adult liver, although their functional sig-
nificance is unknown (43,44). Further analysis of the changes in
gene expression in the focal lesions from our two experimental
groups compared to normal liver revealed many fewer changes
in the rapamycin treatment group. IPA identified numerous
pathways and upstream regulators involved in the regulation of
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bile acid synthesis, lipid metabolism and hepatocyte growth and
differentiation in the placebo focal lesions. The predicted activa-
tion state of the core regulatory factors, PPARa, HNF1la, TNF and
HNF4q, in the placebo compared to adult liver was consistent
with their reported role in liver injury and carcinogenesis (45-47).
Previous studies have also identified a link between changes in
bile acid synthesis and hepatic carcinogenesis (48). These path-
ways were either not identified as significant or their significance
was suppressed in the rapamycin to normal comparison.

The most direct interpretation of our data is that short-term
mTORC1 inhibition results in lesions that more closely resemble
normal liver. We speculate that the persistent effect of short-
term mTORC1 inhibition on gene expression may result from
enhanced cellular differentiation or alterations in the cellular
origin of the focal lesions. Our previous studies showed that
rapamycin severely dampens the oval cell response (20). It is
possible that short-term mTORC1 inhibition in the early phase
of carcinogenesis in the Solt-Farber model results in lesions
that arise from more well-differentiated hepatic cells. Given the
broad but subtle effect of mTORC1 inhibition on gene expres-
sion, it is also possible that TORC1 is involved in epigenetic regu-
lation of gene expression.

Our results along with those of Menon et al., suggest that
mTOR is critical in the initiation and early progression of HCC,
butis not a critical pathway for the growth of established tumors.
This suggests that mTOR inhibitors may be effective chemopre-
ventive agents for progenitor marker-positive HCC. The SiLVER
study assessing the use of the rapalogue, sirolimus, versus non-
mTOR inhibitor immunosuppression in patients undergoing
liver transplantation found that there was no significant differ-
ence in recurrence-free survival or overall survival (OS) beyond
S years (49). However, there was a significant benefit of sirolimus-
based immunosuppression in recurrence-free survival and OS
in younger patients within Milan criteria in the first 3-5 years.
There was no difference in adverse events reported between the
two groups. Although our histological and gene expression stud-
ies did not reveal any adverse effects of rapamycin on liver func-
tion, additional experiments designed to specifically interrogate
this outcome are warranted as the use of mTOR inhibitors have
been associated with increased levels of transaminase, hyper-
lipidemia, hyperglycemia and hypophosphatemia (50).

In conclusion, our findings reveal a direct role for mTOR in
the development and expansion of preneoplastic foci in a rat
model of progenitor-marker positive HCC. The persistent effect
on focal lesion burden without compensatory changes in the
PI3K, Erk1/2 or mTORC2 signaling pathways after a brief period
of exposure to rapamycin raises the possibility that mTOR could
be targeted as a chemopreventive strategy for HCC and other
cancers.

Supplementary material

Supplementary Tables 1 and 2 and Figures 1-7 can be found at
http://carcin.oxfordjournals.org/
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