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Heat Stressand Thermal Ablation Induce Local Expression of Nerve Growth
Factor Inducible (VGF) in Hepatocytes and Hepatocellular Carcinoma:
Preclinical and Clinical Studies

Scott M. Thompson,* Danielle E. Jondal,* Kim A. Butters,* Bruce E. Knudsen,* Jill L. Anderson,*

Lewis R. Roberts,T Matthew R. Callstrom,* and David A. Woodrum*

*Department of Radiology, Mayo Clinic School of Medicine, Mayo Clinic, Rochester, MN, USA

tDivision of Gastroenterology and Hepatology, Mayo Clinic School of Medicine, Mayo Clinic, Rochester, MN, USA

The purposes of this study were to test the hypothesis that heat stress and hepatic thermal ablation induce
nerve growth factor inducible (VGF) and to determine intrahepatic versus systemic VGF expression induced
by thermal ablation in vivo and in patients. Hepatocytes and HCC cells were subjected to moderate (45°C) or
physiologic (37°C) heat stress for 10 min and assessed for VGF expression at 0-72 h post-heat stress (n3 3 exper-
iments). Orthotopic N1S1 HCC-bearing rats were randomized to sham or laser thermal ablation (3 W~ 90 s),
and liver/serum was harvested at 0-7 days postablation for analysis of VGF expression (n3 6 per group).
Serum was collected from patients undergoing thermal ablation for HCC (n=16) at baseline, 3-6, and 18-24 h
postablation and analyzed for VGF expression. Data were analyzed using ordinary or repeated-measures one-
way analysis of variance and post hoc pairwise comparison with Dunnett’s test. Moderate heat stress induced
time-dependent VGF mRNA (3- to 15-fold; p<0.04) and protein expression and secretion (3.1- to 3.3-fold,;
p<0.05). Thermal ablation induced VGF expression at the hepatic ablation margin at 1 and 3 days postablation
but not remote from the ablation zone or distant intrahepatic lobe. There was no detectable serum VGF follow-
ing hepatic thermal ablation in rats and no increase in serum VGF following HCC thermal ablation in patients
at 3-6 and 18-24 h postablation compared to baseline (0.71- and 0.63-fold; p=0.27 and p=0.16, respectively).
Moderate heat stress induces expression and secretion of VGF in HCC cells and hepatocytes in vitro, and ther-

mal ablation induces local intrahepatic but not distant intrahepatic or systemic VGF expression in vivo.
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INTRODUCTION

Image-guided, percutaneous thermal ablative therapies
are important, minimally invasive treatment options for
patients with early stage hepatocellular carcinoma (HCC)".
However, aggressive intrasegmental HCC recurrence has
been reported in 4%-15% of patients undergoing ther-
mal ablation depending on tumor location and is a nega-
tive prognostic factor®®. Recent preclinical studies have
shown that moderate heat stress (45°C~ 10 min) of HCC
cells and hepatocytes induces accelerated proliferation
of non-heat stressed HCC cells in an in vitro coculture
model and that hepatic radiofrequency and laser ablation
induce HCC tumor growth in biologically diverse mouse
and rat HCC models in vivo’®. Of note, hepatic thermal
ablation was shown to induce accelerated local intrahe-
patic but not distant intrahepatic HCC tumor growth in

an energy dose-dependent manner®. As such, these data
suggest that the degree of heat stress, ablation energy, and
proximity of residual HCC within the heat stress or abla-
tion microenvironment may be variables in mediating
growth of non-heat stressed HCC cells in vitro or HCC
growth in vivo.

Several biological mechanisms have been identified
as potential mediators of heat stress, and thermal abla-
tion induced HCC tumorigenesis including inflamma-
tory mediators cyclooxygenase-2 (COX-2), interleukin-6
(IL-6), and signal transducer and activator of transcription
3 (STAT-3), and phosphoinositide 3-kinase/mammalian
target of rapamycin/protein kinase B (PI3K/mTOR/AKT)
signaling and growth factors including hepatocyte (HGF/
c-MET) and epidermal growth factors’™®. Moreover,
studies have identified several growth factors whose
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mRNA expression is induced by moderate heat stress
in both HCC cells and hepatocytes including vascular
endothelial growth factor (VEGF), epidermal growth fac-
tor (EGF, HB-EGF), fibroblast growth factor (FGF-21),
and nerve growth factor inducible (VGF), several of
which are known mediators of liver regeneration®**,
VGF is a 68-kDa precursor polypeptide whose expres-
sion in neuronal and neuroendocrine cells is induced by
various neurotrophic (NGF, BDGF) and transcription fac-
tors [cyclic AMP responsive element-binding protein 1
(CREB)]***". However, few studies have examined the
role of VGF expression in cancer cells and its role in the
liver, and liver regenerative response is unknown'®*, As
such, these findings raise the following questions: i) Do
heat stress and hepatic thermal ablation induce VGF protein
expression and secretion? and ii) If so, is VGF expressed
locally within the liver and/or systemically?

The aims of the present study were to test the hypoth-
esis that heat stress and hepatic thermal ablation induce
VGF expression and to determine intrahepatic versus
systemic VGF expression induced by thermal ablation in
vivo and in patients.

MATERIALSAND METHODS
Cell Lines

Clone9, N1S1, Hep3B (ATCC, Manassas, VA), Huh7
(JCRB Cell Bank, Japan), and AS30D (DSMZ, Braun-
schweig, Germany) cell lines were cultured according to
supplier recommendations®.

Antibodies

Anti-VGF (ab69989) antibody was purchased from
Abcam (Cambridge, UK), and anti-b-actin antibody (sc-
1615) was purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). Peroxidase-labeled affinity purified
anti-rabbit 1gG (074-1506) and anti-goat 1gG (14-13-06)
antibodies were purchased from KPL (Gaithersburg, MD,
USA).

Cellular Heat Stress Protocol

Clone9, N1S1, AS30D, Hep3B, and HuH7 cell lines
were suspended in complete media in 1.5-mI microcentri-
fuge tubes and heat stressed for 10 min at 45°C (moder-
ate heat stress) resulting in incomplete cell killing, 50°C
(severe heat stress) resulting in complete cell Killing, or
37°C (physiologic) heat stress resulting in no cell kill-
ing in an isothermic water bath®. Treatment temperature
was monitored using an Omega HH41 digital thermo-
meter (Omega Engineering, Stamford, CT, USA) and
maintained to within £0.05°C. Adherent cell lines were
prepared following dissociation using nonenzymatic
cation-free HBSS/0.5% EDTA. Cells were harvested and
either plated in tissue culture plates or rinsed in 1 PBS
and snap frozen in liquid N, for molecular analyses.
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gRT-PCR

Total RNA was extracted with the RNEasy Kit
(Qiagen, Valencia, CA, USA), and cDNA was synthe-
sized using the iScript cDNA synthesis Kit (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) per the manu-
facturer’s instruction. cDNA was amplified with rat- or
human-specific VGF primers [rat VGF: 56 TGCCGGAC
TGGAACGAAGTA-3¢(forward), 56 CCGCGGCCGAA
TGTAGTTTG-3¢(reverse); human VGF: 56CGCCAGA
CCTCGACCGT-3¢ (forward), 56GACAGCTGGTGTC
ACGACG-3¢ (reverse)] and SsoAdvanced Universal
SYBR Green Supermix on a Bio-Rad CFX96 Real Time
Thermocycler System (Bio-Rad). Rat and human 18S were
used as housekeeping genes [rat 18S: 56 TGCCCCTCC
TGCCAGAACCA-3¢ (forward), 56GCTGCCTCTGGC
TCCCAACG-3¢(reverse); human 18S: 56CTCAACAC
GGGAAACCTCAC-3¢(forward), 56 GCGTCCACCAA
CTAAGAACG-3¢(reverse)]. Data from each gene were
normalized over 18S, and 1- to 10-h heat stressed data
were compared to baseline VGF expression within each
cell line to calculate fold change from baseline.

Western Blotting

Whole-cell lysates or tissue homogenates were sepa-
rated by SDS-PAGE, electrophoretically transferred to
PVDF, and blotted for VGF (1:500) or beta-actin (1:1,000)
per the manufacturer’s instruction, and then incubated
with corresponding peroxidase-labeled secondary anti-
bodies (1:8,000), incubated with enhanced chemilumi-
nesence (ECL; Pierce, Thermo Fisher, Minneapolis, MN,
USA), exposed to film (Kodak/Carestream, Rochester,
NY, USA), and developed using a Kodak X-Omat M20
processor’.

Enzyme-Linked Immunosorbent Assay (ELISA)

Cell culture supernatant and rat and human serum
were analyzed for VGF expression using ELISA Kits
specific for rat or human VGF (LifeSpan BioSciences,
Inc., Seattle, WA, USA). VGF concentrations (ng/ml)
were compared to 24-h post-heat stress 37°C physiologic
control in vitro or baseline (preablation) in vivo and in
patients to calculate fold change.

Quantitative Mass Spectrometry (LC-MSMS)
and Phosphoproteomic Pathway Analysis

Per Cell Signaling Technology (CST; Danvers, MA,
USA) protocol, samples were analyzed using the PTM
Scan method as previously described”?’. Briefly, cellu-
lar extracts were prepared in urea lysis buffer, sonicated,
centrifuged, reduced with DTT, and alkylated with iodo-
acetamide. Total protein (15 mg) for each sample was
digested with trypsin and purified over C18 columns for
enrichment with the phosphotyrosine pY-1000 antibody
(#8803) and the multipathway reagent or digested with
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LysC for the Basophilic Motif Antibody Mix (#32948)*.
Enriched peptides were purified over C18 STAGE tips®.
Enriched LysC peptides were subjected to secondary
digest with trypsin and second STAGE tip prior to LC-
MS/MS analysis.

Replicate injections of each sample were run non-
sequentially for each enrichment. Peptides were eluted
using a 90- or 120-min linear gradient of acetonitrile in
0.125% formic acid delivered at 280 nl/min. Tandem
mass spectra were collected in a data-dependent manner
with a QExactive mass spectrometer running XCalibur
2.0.7 SP1 using a top-twenty MS/MS method, a dynamic
repeat count of one, and a repeat duration of 30 s. Real-
time recalibration of mass error was performed using
lock mass with a singly charged polysiloxane ion m/z=
371.101237%.

MS/MS spectra were evaluated using SEQUEST
and the Core platform from Harvard University®**,
Files were searched against the NCBI Rattus norvegi-
cus FASTA database updated on May 22, 2015. A mass
accuracy of +5 ppm was used for precursor ions and
0.02 Da for product ions. Enzyme specificity was lim-
ited to trypsin or LysC/trypsin, with at least one LysC or
tryptic (K- or R-containing) terminus required per peptide
and up to four miscleavages allowed. Cysteine carbox-
amidomethylation was specified as a static modification;
oxidation of methionine and phosphorylation on serine,
threonine, and tyrosine residues were allowed as variable
modifications. Reverse decoy databases were included
for all searches to estimate false discovery rates and fil-
tered using a 5% FDR in the Linear Discriminant mod-
ule of Core. Peptides were also manually filtered using
a £5-ppm mass error range and reagent-specific criteria.
For each antibody reagent, results were filtered to include
only phosphopeptides matching the sequence motif(s)
targeted by the antibodies included. All quantitative
results were generated using Progenesis V4.1 (Waters
Corporation) to extract the integrated peak area of the
corresponding peptide assignments. Accuracy of quanti-
tative data was ensured by manual review in Progenesis
or in the ion chromatogram files.

The protein interaction networks were generated from
the Ingenuity Pathway Analysis (IPA; Qiagen Inc., https://
www.giagenbioinformatics.com/products/ingenuity-path
way-analysis) as previously described”*. Core analyses
were run on the entire combined dataset as well as on a
subset of the data that showed changes in abundance with
treatment. Only direct interactions were used, with experi-
mental and high confidence predicted interactions allowed.
Protein nodes were color coded by the fold changes for
all the peptides identified from that protein to indicate
peptides that increased (green), decreased (red), did not
change (gray), or both increased/decreased (yellow) with
the indicated treatment.
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Hepatic Thermal Ablation in an Orthotopic
N1S1L HCC Model

All animal studies were approved by the Institutional
Animal Care and Use Committee. The N1S1 orthotopic
HCC model was developed in male Sprague—Dawley rats
(400-500 g; Harlan/Envigo Laboratories, Indianapolis,
IN, USA)*. Immediately following N1S1 cell injection
(3" 10° cells) into the median hepatic lobe, rats were ran-
domized to hepatic laser ablation in the HCC cell-bearing
median hepatic lobe with an energy dose of 3 W for 90 s or
sham ablation using an FDA-approved 980-nm laser gen-
erator (Visualase, Houston, TX, USA) (n3 6 per experi-
mental group)* . The laser fiber was inserted but not
activated for sham-ablated animals.

Animals were euthanized on days 0, 1, 3, and 7 post-
ablation (n=6 per time point and ablation treatment).
Normal and ablated liver and tumor were sectioned
and formalin fixed and paraffin embedded (FFPE) for
immunohistochemical analysis, or snap frozen in liquid
N, for immunoblot analysis from tissue homogenates.
Blood was allowed to clot before centrifugation at 2,000
rpm for 10 min at 4°C. The serum was then extracted
and stored at —80°C.

Gross and Microscopic Pathology

Liver/tumor tissue was removed and cut into 2-mm
cross sections encompassing the ablation zone. All
specimens were FFPE. FFPE sections were stained with
hematoxylin—-eosin (H&E) or antibodies against VGF
(1:200) per the manufacturer’s instruction as previously
described®. All sections were reviewed in a blinded and
random fashion.

Clinical HCC Ablation Study

This study was approved by the Institutional Review
Board (IRB 13-000922). Patients undergoing clinically
indicated thermal ablation for HCC were considered for
this study. Written and verbal informed consents were
obtained from all study participants, and the signed
consent form was scanned into each patient’s electronic
medical record. Peripheral blood (10 ml) was collected
at three time points: 1) preablation baseline, 2) 3—-6 h post-
ablation, and 3) 18-24 h postablation. These time points
were selected based on previous studies examining the
kinetics of the priming and progression phase of the liver
regenerative response triggered by liver injury, which
demonstrated significant increases in growth factor and
cytokine expression within the first 24 h. A standardized
blood collection and processing protocol was utilized. A
nurse from the clinical research unit performed periph-
eral venipuncture to obtain whole blood in a red top tube.
Samples were allowed to clot at room temperature for a
minimum of 30 min, centrifuged at 3,000 revolutions per
minute (RPM) for 15 min at 4°C, and then the serum was
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Figure 1. Moderate heat stress induces nerve growth factor inducible (VGF) mRNA and protein expression in hepatocytes and
hepatocellular carcinoma (HCC) cells in vitro. (A—C) Fold change relative to baseline in VGF mRNA expression in (A) clone 9 hepa-
tocyte, (B) N1S1 HCC, and (C) Hep3B HCC cell lines at 0-10 h following moderate heat stress (45°C” 10 min). Data are presented
as mean+SEM of four independent experiments and were analyzed using one-way analysis of variance (ANOVA) followed by post
hoc pairwise comparison using Dunnett’s test compared to baseline (control group). (D) Western blotting of VGF protein expression
in hepatocytes and HCC cell lines at baseline (B) and 10-72 h following moderate heat stress (45°C~ 10 min). b-Actin was used as a
loading control. Representative blots from one of four independent experiments.

aliquoted into 1.5-ml microcentrifuge tubes and frozen Satistical Analysis

at —80°C. Statistical analyses were performed using Prism 7.0
Demographic, clinical, imaging, ablation procedure, (GraphPad Software, Inc., La Jolla, CA, USA). Differen-

and follow-up data were collected from the electronic ces between groups were compared using ordinary or

medical record. repeated-measures one-way analysis of variance (ANOVA)
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followed by post hoc pairwise comparison with Dunnett’s
test. For t-tests, since sample sizes for comparisons were
similar, if standard deviations were not more than double
another standard deviation within the same group, equal
variance was assumed, otherwise unequal variance was
assumed.* Two-sided p<0.05 was considered statisti-
cally significant.
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Figure 2. Hepatic thermal ablation induces local intrahepatic
VGF expression at the ablation margin but not in the distant intra-
hepatic lobe or sham ablated liver in vivo. (A) Representative
gross pathologic photograph of the hepatic ablation zone shows
the anatomic locations in the liver where tissue was harvested
for Western blotting. #0=Normal liver adjacent to the laser fiber
in the sham ablation group (not pictured); #1=normal, non-
ablated liver in the median hepatic lobe approximately 10 mm
from the ablation zone; #2 =the hepatic ablation margin includ-
ing both ablated and non-ablated livers; #3=normal, non-
ablated liver in the distant intrahepatic liver in the left hepatic
lobe. (B) Representative Western blots from tissue harvested
from laser and sham ablation groups at 0-7 days postablation
(n=4 independent animals—biological replicates—per Western
blot) show a time-dependent increase in VGF expression at the
ablation margin (#2) beginning 1 day postablation and decreas-
ing from 3 to 7 days postablation. There is no VGF expression
in normal liver remote from the ablation zone (#1) or in normal
liver in the distant liver (#3) or in the sham ablation group (#0).
b-Actin was used as a loading control.
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RESULTS

Moderate Heat Sress Induces VGF Expression
and Secretion in Hepatocytes and HCC Cells

Moderate heat stress induced a time-dependent
increase in VGF mRNA expression compared to baseline
in hepatocytes (3.4- to 7.4-fold; p=0.03) (Fig. 1A) and
HCC cells (3.8- to 15.3-fold; p=0.04) (Fig. 1B and C)
at 7-10 h post-heat stress. Similarly, moderate heat
stress induced a time-dependent increase in VGF protein
expression compared to baseline in hepatocytes and HCC
cells beginning at 10 h post-heat stress and decreasing
over the next 72 h (Fig. 1D). Additionally, moderate heat
stress induced increased VGF protein secretion into the
supernatant compared to the 37°C control group at 24—
48 h post-heat stress in the N1S1 HCC cell line (3.1-fold,;
p<0.05) and at 72 h in the Hep3B HCC cell line (3.3-
fold; p<0.05).

Hepatic Thermal Ablation Induces Local Intrahepatic
VGF Expression In Vivo

Hepatic thermal ablation induced increased VGF
protein expression at the hepatic ablation margin begin-
ning at 1 day postablation and decreasing by 3 and
7 days postablation (Figs. 2 and 3). However, there
was no increased VGF protein expression in normal
liver remote from the ablation zone or in the distant

H&E

Figure 3. Hepatic thermal ablation induces VGF expression at
the hepatic ablation margin. Representative photomicrographs
(magnification; 20" ) from hematoxylin and eosin- (H&E; left
column) and VGF-immunostained sections (right column)
at 0-3 days postablation show VGF immunostaining at the
hepatic ablation margin beginning at 1 day postablation (white
arrowheads).
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intrahepatic lobe in the thermal ablation group or in the
liver in the sham ablation group at any time point (Fig. 2).
Immunohistochemistry showed increased VGF staining
at the thermal ablation margin beginning at 24 h post-
ablation with decreasing VGF staining as distance from
the ablation zone increased (Fig. 3).

Thermal Ablation Does Not Induce Increased
Expression of VGF in Serumin a Preclinical HCC
Model or in Patients Undergoing Radiofrequency
or Microwave Ablation for HCC

There was no detectable serum VGF (0 ng/ml) in rats
in the hepatic ablation or sham ablation groups at any
time point postablation.

Demographic, clinical, ablation, serum VGF, and
follow-up data for 16 patients undergoing radiofrequency
or microwave ablation are summarized in Table 1. There
was no significant change in serum VGF following HCC
thermal ablation in patients at 3-6 and 18-24 h postablation
compared to baseline (0.71- and 0.63-fold; p=0.27 and

NGF|
¥
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p=0.16, respectively). At an average follow-up of 27.0
months (range: 7.1 to 42.3 months), four patients (25%)
developed local HCC tumor recurrence, six patients
(37.5%) developed new intrahepatic HCC, and four
patients (25%) died. Additionally, four patients (25%)
underwent orthotopic liver transplantation, with no evi-
dence of disease in three and allograft recurrence in one.

Moderate Heat Stress Induces CREB1 Transcription
Factor Activation

IPA of quantitative mass spectrometry data showed
that moderate heat stress induced nerve growth factor
(NGF) signaling, AKT and ERK proteins, and CREB1
transcription factor activation (z-score=2.5, p=0.005),
a known transcription factor for VGF (Fig. 4).

DISCUSSION

Our data show that moderate (45°C) heat stress of
HCC cells and hepatocytes induces rapid transcription,
translation, and secretion of VGF in vitro and a time-

INGF|
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& @

M g e

Figure 4. Moderate heat stress induces nerve growth factor (NGF) signaling including downstream activation of AKT and ERK as
well as cyclic AMP responsive element-binding protein 1 (CREBL1) transactivation. The protein interaction network was generated
from the Ingenuity Pathway Analysis (IPA; Qiagen Inc., https://www.giagenbioinformatics.com/products/ingenuity-pathway-analysis).
IPA of quantitative phosphoproteomic data identifies activation of numerous NGF pathway signaling proteins (green, increased phos-
phorylation; red, decreased phosphorylation; gray, neutral; yellow, both increases and decreases).
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dependent increase in VGF expression at the liver abla-
tion margin in vivo, but not in the distant hepatic lobe or
serum. Moreover, proteomic and bioinformatics analyses
identified NGF/ERK signaling and CREBL1 transcrip-
tion factor activation as candidate mechanisms mediat-
ing heat stress-induced VGF expression. Taken together,
these findings suggest that thermal ablation-induced VGF
expression may be mediated by ERK/CREBL1 signaling
and localized within the liver near the ablation zone.
VGF expression can be induced by a number of neu-
rotrophins including NGF. Of note, it has been reported
that the VGF gene contains a putative silencer element
in the promoter region, which prevents expression in
nonneuronal cells.® However, our findings suggest that
hepatocytes and HCC cells express VGF under basal
conditions, and VGF expression is further induced by
moderate heat stress in vitro and hepatic thermal abla-
tion in vivo. Moreover, following protein translation, the
VGF polypeptide precursor undergoes posttranslational
cleavage into multiple biologically active neuroendocrine
secretory peptides including TLQP-21 and AQEE-30,
which have been shown to play a role in the regulation of
energy balance and metabolism, synaptic strengthening,
and antidepressant activity®*"*“_ These VGF neuroen-
docrine secretory peptides have been shown to partici-
pate in intercellular communication and signal via the
PI3K/mTOR/AKT and mitogen-activated protein kinase
(MAPK) pathways™*"*3, Prior studies have identified
both moderate heat stress and thermal ablation-induced
ERK signaling at the ablation margin in two biologically
distinct HCC models and PI3K/mTOR/AKT signaling as
a candidate mediator of thermal ablation-induced HCC
growth in vivo®*. However, few studies have examined
the role of VGF in cancer cells including breast, lung, and
neuroendocrine cancers but not HCC, and its roles in the
liver and liver regenerative response are unknown'®234,
Although speculative, the findings of early upregulation
and secretion of VGF within the first 10-24 h following
heat stress and hepatic thermal ablation and subsequent
decrease over the next 3-7 days postablation coincide
with the initiation, proliferation, and termination phases
of liver regeneration®. Taken together, our findings not
only suggest a potential neurotrophin-independent mech-
anism of heat stress and thermal ablation-induced VGF
expression in nonneuroendocrine cells but also provide a
rationale for further studies investigating a potential role
of VGF in liver regeneration and HCC tumorigenesis.
Of note, there was no increased VGF in the serum fol-
lowing thermal ablation despite increased VGF expres-
sion near the hepatic ablation zone. Prior preclinical and
clinical studies examining hepatectomy or thermal abla-
tion-induced growth factor expression have yielded con-
flicting results regarding growth factor expression, which
may in part be related to time course and tissue or blood
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compartment measured* . Consequently, changes in
thermal ablation-induced growth factors in the liver near
the ablation zone may not be reflected systemically in the
serum, which may limit the use of serum growth factor
levels as biomarkers and require targeted evaluation of
tissue near the ablation margin. Nonetheless, given that
the VGF polypeptide precursor undergoes posttransla-
tional cleavage into biologically active neuroendocrine
secretory peptides including TLQP-21 and AQEE-30, it is
possible that the VGF ELISA assays used in these studies
do not have cross-reactivity for these VGF cleavage prod-
ucts, thereby potentially resulting in false-negative find-
ings in the serum. As such, further studies are needed to
specifically assay for these VGF cleavage peptides using
peptide-specific ELISA assays or advanced proteomics
techniques such as quantitative mass spectrometry®,
Recent studies have identified several biological mech-
anisms as candidate mediators of thermal ablation-induced
HCC growth including inflammatory signaling—IL-6,
COX-2, and STAT-3 signaling—hepatocyte growth factor
signaling (HGF/cMET), epidermal growth factor signal-
ing (EGF/EGFR), and PI3SK/mTOR/AKT signaling™™.
Additionally, Jondal et al. identified numerous growth
factor families whose expression is induced by moderate
heat stress in both HCC cells and hepatocytes including
vascular endothelial (VEGF), epidermal (EGF, HB-EGF),
fibroblast (FGF-21), insulin-like (IGF-2), and transform-
ing (TGF-a and -b) growth factor®. As such, heat stress
and hepatic thermal ablation may fundamentally induce
a liver regenerative response mediated by a complex
interplay between inflammatory and growth factors,
thereby stimulating local liver regeneration and growth
of any residual HCC cells within the vicinity of the abla-
tion zone. Clinically, aggressive HCC recurrence follow-
ing thermal ablation has been reported intrasegmentally,
which supports local intrahepatic growth mechanisms
as mediating thermal ablation-induced HCC growth®.
There are limitations to these studies. These present
experiments identified VGF as a growth factor induced
by moderate heat stress and hepatic thermal ablation but
do not establish mechanistically VGF as a mediator or
liver regeneration or thermal ablation-induced HCC tum-
origenesis. Further studies are needed to determine not
only the regulation of heat stress and thermal ablation-
induced VGF expression in hepatocytes and HCC cells
but also the functional role of VGF in liver regeneration
and thermal ablation-induced tumorigenesis. One of the
key challenges is that, currently, there are no small mol-
ecule inhibitors or neutralizing antibodies for inhibiting
VGF. As such, development of genetic models utilizing
VGF gain- and loss-of-function techniques will be criti-
cal tools for further studies on the biological role of VGF.
Additionally, the in vivo experiments were limited to one
orthotopic HCC model utilizing laser ablation. However,
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further studies are needed in additional preclinical HCC
models utilizing different ablation devices in order to bet-
ter understand the generalizability of these findings®*°.
Next, heat stress induced VGF mRNA but not protein
expression in the AS30D HCC cell line, thereby high-
lighting a potential limitation and pitfall of trying to
extrapolate biological information from gene expres-
sion alone rather than protein expression and function.
As such, further studies are needed to better understand
the posttranscriptional regulation of VGF protein transla-
tion in different HCC cell lines. Furthermore, only serum
VGF levels were measured in patients. However, given
the findings of thermal ablation-induced local intrahe-
patic VGF expression in a rat HCC model, further studies
need to validate these findings in patients with biopsy of
the ablation margin at 24-72 h postablation. Furthermore,
prior gene expression screening studies identified sev-
eral growth factors induced by heat stress beyond VGF,
including VEGF-A, FGF-21, and HB-EGF, which war-
rant further investigation. Last, further studies are needed
to validate CREBL1 transactivation as a mediator of heat
stress-induced VGF expression with both biochemical
methods and functional assays in both in vitro and in vivo
models.

In conclusion, moderate heat stress and hepatic ther-
mal ablation induce local but not distant intrahepatic or
systemic VGF expression and may in part be mediated
by CREBL1 transcription factor activation. These experi-
ments identify a potential noncanonical neurotrophin-in-
dependent mechanism of heat stress and hepatic thermal
ablation-induced VGF expression in nonneuroendocrine
cells. Last, VGF warrants further investigation as a poten-
tial growth factor involved in the liver response to injury
and regeneration as well as HCC tumorigenesis.
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