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Abstract
Thesis: Characterization of the Effects of NRG-1 on HepG2 Cell Metabolism
Student: Tareian Cazares
Degree: Masters of Science
College: College of Science and Humanities
Department: Biology
Date: December 2015
Pages: 73
Neuregulin-1 (NRG-1) is an epidermal growth factor-like ligand that binds to the human
epidermal growth factor receptor 3 (HER3) resulting in increased glucose uptake, mitochondrial activity,
and insulin sensitivity in skeletal muscle. HER3 dimerizes with HER2 to stimulate activation of the AKT
and mitogen activated protein kinase (MAPK) pathways that are associated with increased glucose
metabolism, lipogenesis, protein synthesis, and altered apolipoprotein secretion. The liver is the primary
organ responsible for coordinating apolipoprotein secretion, lipogenesis, and glucose metabolism in
response to metabolic need. This thesis sought to identify if NRG-1 stimulated common hepatic processes
such as protein synthesis, apolipoprotein secretion, apolipoprotein uptake, de novo lipogenesis, and
glucose metabolism in hepatocytes. Experimentation on HepG2 cells, a transformed cell line derived from
hepatic carcinoma tissue, demonstrated that NRG-1 stimulates hepatic processes through activation of
AKT and MAPK pathways. This thesis found that NRG-1 increases intracellular glycogen concentrations,
protein synthesis, and glucose metabolism through AKT pathway stimulation. These studies also found
that NRG-1 decreased the secretion of ApoB100 and increased LDL uptake independent of AKT
suggesting the MAPK pathway might be involved in mediating this response. These findings provide
evidence that NRG-1 may play a role in hepatic regulation of LDL uptake, protein synthesis, glucose
metabolism, and apolipoprotein secretion in the presence of HER3 and HER2.
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Introduction
NRGs are epidermal growth factor-like ligands that bind HERs expressed in the liver, skeletal
muscle, and breast tissue.1-4 NRG-1, one of the four NRG isoforms, has been shown to increase insulin
sensitivity, stimulate glucose uptake, and increase mitochondrial activity in skeletal muscle similarly to
insulin.4-6 The metabolic pathways stimulated by NRG-1 and insulin, in skeletal muscle, also exist in the
liver. The liver regulates the production of lipids, uptake and secretion of lipoproteins, and maintenance
of glucose levels in coordination with tissues such as skeletal muscle and mammary tissue.7-9 The
stimulation of liver metabolism is partially regulated by signaling molecules, such as insulin, during times
of metabolic necessity.5,7 Dysregulation of hepatic metabolism may result in the manifestation of
dyslipidemia, type II diabetes, and cardiovascular disease.7,8 This thesis seeks to characterize the
metabolic effects of NRG-1 on hepatocytes and investigate the possible underlying regulatory
mechanisms.
There are four NRGs (NRG-1, NRG-2, NRG-3, and NRG-4) and four HERs (EGFR, HER2,
HER3, and HER4).1,10 Each NRG variant binds differentially to each HER variant.1,10 The specific and
robust responses initiated by HER family members are due to specific dimerization pairs induced upon
ligand binding.1,10,11 The functional aspects of HER family members are defined by their ability to bind a
ligand, exhibit tyrosine kinase activity, or if they can perform both phosphorylation and ligand
binding.1,2,10-12 HER2 is considered the preferential dimerization partner of HER3 and HER4 as it does not
have an active ligand binding domain.2,11,12 HER3 does not have tyrosine kinase activity, but can bind
ligands such as NRG-1.1,2,10,11 In contrast to both HER2 and HER3, HER4 has both ligand binding
abilities and kinase activity.1,2,10,11 The unique structural and functional aspects of HER family of
receptors provides the framework for a diverse and complex signaling network that promotes cell growth
and survivability when stimulated.1,2,10,11 This thesis will focus on NRG-1 signaling in the presence of
HER3 and HER2 in HepG2 cells as determined by experiments described later in this paper.
When stimulated by NRG-1, HER3 is able to dimerize with HER2 to produce an active
heterodimer with tyrosine kinase activity. The HER2/HER3 heterodimer has been shown to activate the
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AKT and MAPK pathways in breast cancer cells and skeletal muscle tissue.2,3,6 Activation of the AKT
and MAPK pathways is associated with increased cell survivability, glucose metabolism, cell growth, cell
proliferation, and cellular differentiation.13,14 The activity of HERs, specifically HER2, has also been
linked to increased activity of lipogenic enzymes such as fatty acid synthase (FASN) and acetyl-CoA
carboxylase α (ACCα) through the AKT pathway in breast cancer cells.3,15,16 HER2 influences the activity
of FASN and ACCα through transcriptional mechanisms mediated by sterol regulatory element binding
proteins (SREBPs) and post-translational modification such as direct phosphorylation.3,15 The potential
identification of NRG-1 as an insulin-independent regulator of glucose metabolism and a stimulator of de
novo lipogenesis positions it as a unique target for research into dyslipidemia and hyperglycemia. This
thesis seeks to determine whether NRG-1 stimulates the AKT and MAPK pathways in hepatocytes and
what effects stimulation of these pathways have on common metabolic activities regulated by
hepatocytes.
HER2/HER3 heterodimer promotes AKT and MAPK activity
One well characterized effect of HER2 and HER3 heterodimerization is activation of the
phosphatidylinositol-3-kinase (PI3K) and AKT signaling pathways.1,2 The PI3K/AKT signaling pathway
has been well documented to promote cell survivability and metabolism.14,17,18 Activation of AKT has
also been shown to increase transcription of genes involved in cholesterol and lipid metabolism through
the activity of SREBPs.18 After being drawn to the plasma membrane and activated by HER kinase
activity, PI3K converts phosphatidylinositol-4,5-bisphosphate into phosphatidylinositol-3,4,5trisphosphate (PIP3).14,17 PIP3 is associated with the cell membrane and acts as an anchoring point for
AKT and phosphoinositide-dependent kinase 1 (PDK1).14 PDK1 is responsible for the partial activation
of the kinase domain of AKT.14 AKT is not completely active until an additional phosphorylation by the
mammalian target of rapamycin complex 2 (mTORC2).14 mTORC2 phosphorylation of AKT converts
AKT into a fully active state.14,18 The compound A6730 was used in this thesis to prevent the activation of
AKT.19 A6730 is an inactivator of AKT as it prevents AKT from associating with PIP3 at the cellular
membrane preventing mTORC2 and PDK1 from activating the kinase through phosphorylation.14,19 In
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this thesis A6730 is referred to as an inactivator of AKT as its mechanism of action is based on
preventing AKT activation completely rather than inhibiting its action on a substrate.
NRG-1 stimulates the activity of the MAPK pathway in addition to AKT pathway activation.1,2,10
MAPK1/3, formerly known as ERK1/2, are associated with increased cell adhesion, cell survivability,
apolipoprotein secretion, and cellular differentiation.13,20 MAPK1/3 is activated after HER2/HER3
heterodimerization stimulates Grb2 activity.2,20 Grb2 is then responsible for initiating a signaling cascade
involving Sos and Ras kinases that leads to stimulation of MAPKs.2,20 After activation, MAPKs are
responsible for the phosphorylation of several other kinases and transcription factors. 2,20
Activation of AKT results in increased glucose metabolism
AKT activity in the liver stimulates multiple pathways involved in glucose uptake and glucose
metabolism.14,18 AKT is also implicated in the liver specific activation of glycogenesis and the
suppression of gluconeogenesis.14,18,21 Phosphorylation of AKT has also been shown to stimulate glucose
uptake and the production of glycogen in the liver.14,17 The effects of AKT on glucose metabolism are
mediated through the activity of GLUTs, GSK3β, and glycolytic enzymes.4,6,9,14,17
In skeletal muscle, phosphorylated AKT increases glucose uptake through the promotion of
GLUT4 and GLUT1 activity.14,21,22 GLUTs are involved in the transport of glucose across the cell
membrane.14,22 AKT acts as a mediator for GLUT1 and GLUT4 translocation and also increases GLUT1
gene transcription.14,22 AKT stimulated translocation of GLUT transporters results in dramatic increases
in intracellular glucose concentrations that can be used in glycolysis and glycogenesis.6,7,17,22 Activation of
the AKT pathway also stimulates increased activity of hexokinase 2 (HK2) and 6-phosphofructo-2kinase/fructose-2,6-bisphosphatase (PFKFB2) which are involved in the metabolism of internalized
glucose by mediating their phosphorylation.14 HK2 is involved in the processing of intracellular glucose
into glucose-6-phosphate, the first step in glycolysis.14,21 The enzyme PFKFB2 catalyzes the committed
step of glycolysis which is the phosphorylation of fructose-6-phosphate into fructose-1,6-bisphosphate.21
In addition to promoting glycolysis, AKT acts as a promoter of glycogenesis which is the polymerization
of glucose into a multi-branched storage molecule known as glycogen.14,21 Glycogenesis is promoted
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through the inactivation of glycogen synthase kinase 3 beta (GSK3β).14,21,23 GSK3β is negative regulator
of glycogen synthase, an enzyme complex responsible for glycogenesis.14,21,23 GSK3β is targeted by AKT
and inactivation through phosphorylation results in increased glycogen synthase activity, and in turn,
glycogen synthesis.14,24 In this thesis the compound SB 216763 was used to inhibit the action of GSK3β
through competitive ATP inhibition.25
The process of gluconeogenesis is inhibited by AKT through phosphorylation of forkhead box
protein 01 (FOX01) which is a transcription factor responsible for the expression of genes involved in
gluconeogenesis and glycogenolysis.21,23,26 The transcription of glucose-6-phosphatase (G6Pase) and
phosphoenolpyruvate carboxykinase 2 (PCK) is inhibited by AKT-mediated degradation of FOX01.21,23
PCK2 is an enzyme that catalyzes the rate limiting step of gluconeogenesis and converts oxaloacetate into
phosphoenolpyruvate.21 G6Pase performs the reverse reaction catalyzed by HK2 resulting in the
production of glucose from glucose-6-phosphate, the final step of gluconeogenesis.21 Recently, NRG-1
has been implicated in the regulation of glucose in diabetic mice models that is associated with the
phosphorylation of FOX01 mediated by HER3 and AKT.27
AKT and MAPK pathways promote protein synthesis
Activation of the AKT and MAPK pathways promote cell metabolism and growth.14,24,26,28 AKT
is able to promote cell growth through the activation of mTORC1 which is responsible for processing
intracellular and extracellular signals that regulate metabolism, de novo lipogenesis, growth, and
proliferation.14,24,28 The mTOR protein is a serine-threonine kinase that is part of two multi-protein
complexes known as mTORC1 and mTORC2.24 AKT induces activation of mTORC1 by inhibition
through phosphorylation of tuberous sclerosis 2 (TSC2) and proline rich AKT substrate 40 kDa
(PRAS40) in response to stimuli.14,26,28 TSC2 is a protein that complexes with TSC1 and is a negative
regulator of Rheb, a GTPase bound to the mTORC1 complex.14,24,26 PRAS40 is also a negative regulator
of mTORC1 and inactivation through phosphorylation is required for mTORC1 activation.14
Upon activation of mTORC1, there is a significant increase in protein synthesis and
lipogenesis.14,26,29 One way in which protein synthesis is attenuated is through the phosphorylation of
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eIF4E-binding protein 1 (4E-BP1).29 The phosphorylation of 4E-BP1 results in its inability to bind eIF4E
and repress cap dependent translation of mRNA.29 mTORC1 activation also results in the increased
activity of S6K, a regulator of ribosomal protein S6 (rpS6) involved in protein synthesis.29 S6K
phosphorylates rpS6 at two serine residues, SER235 and SER240, which results in the promotion of
translation.30 MAPK also phosphorylates rpS6 at SER240 which results in increased activity.30
Stimulation of cap dependent translation and ribosomal activity results in increased mRNA synthesis,
elongation, and translations.29
AKT activity promotes de novo lipogenesis
The AKT stimulated increases in glucose uptake and protein synthesis are necessary in order to
supply the resources for increased de novo lipogenesis.18,24,26,29 AKT regulates de novo lipogenesis
through the direct stimulation of enzymes involved in de novo lipogenesis, inhibition of negative
regulators of de novo lipogenesis, and the promotion of transcription of genes that encode proteins
involved in lipogenesis.3,18,24,26,29 A primary downstream effect of AKT activation is the release of
SREBPs that bind to the sterol regulatory element promoters of several genes encoding proteins involved
in fatty acid synthesis and cholesterol synthesis.21,28 The predominant SREBP isoform in the liver is
SREBP-1c.18,26 Recently, NRG-4 has been shown to modulate lipogenic activity in primary rat
hepatocytes through stimulation of HER4 and AKT.5
SREBP-1 regulates the transcription of mRNA encoding lipogenic enzymes such as FASN, ATPcitrate lyase (ACL), acetyl-CoA carboxylase (ACC), stearoyl-CoA desaturase 1 (SCD-1), and SREBP1.3,18,21 Endogenous activation of SREBPs occurs in response to cholesterol levels.28 SREBPs are located
on the endoplasmic reticulum when sterol levels are above 4-5% of total lipids in the endoplasmic
reticulum membrane.21,28 When sterol levels decrease, SREBPs are transported to the Golgi where the Nterminus of the SREBP precursor is cleaved and released into the nucleus.24,28 28 In breast cancer studies,
it has been shown that HERs directly activate FASN, the enzyme responsible for the production of
palmitate from acetyl-CoA and malonyl-CoA.10,24 Increased activation of the AKT and mTORC1
pathways has also been shown to increase expression of ACC and FASN in HER2 overexpressing breast
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cancers.3,15,16 The increase in ACC and FASN expression has been postulated to be due to mTORC1
mediated release of SREBPs.3,16
Stimulation of the AKT and mTORC1 pathway also promotes de novo lipogenesis through a
post-translational mechanism.24,26,28,31 AKT has also been shown to stabilize SREBPs in the nucleus by
suppressing GSK3β activity.21,24 When SREBPs initiate transcription, GSK3β translocates to the nucleus
and phosphorylates SREBPs which is then targeted for degradation.21,29 When AKT phosphorylates
GSK3β, the latter is inactivated resulting in diminished SREBP degradation.21,28 29 AKT-induced
decreases in GSK3β activity also result in increases in ACLγ activity.17 ACLγ is an enzyme that is
responsible for the conversion of citrate into acetyl-CoA, a substrate used in de novo lipogenesis.17 The
transcription of ACLγ mRNA is also under the control of SREBPs activated by AKT and mTORC1.26,32
AKT and MAPK pathways converge to alter ApoB100 secretion and LDL uptake
The activity of the AKT and MAPK pathways converge to regulate the secretion of ApoB100 and
uptake of LDL in hepatocytes.7,8,33 Increased activity of AKT is associated with decreased activity of the
FOX01 transcription factors that regulate transcription of enzymes involved in gluconeogenesis and
apolipoprotein lipidation.14,23 Under the transcriptional regulation of FOX01 are the microsomal
triglyceride transfer protein (MTTP) and apolipoprotein c III (ApoCIII).8,23 MTTP and ApoCIII are
involved in the lipidation and secretion of apolipoproteins from hepatocytes. In addition to AKT-mediated
decreases in MTTP and ApoCIII, MAPK pathway activity has also been implicated in the regulation of
apolipoprotein lipidation and secretion. MAPK activation is associated with decreased expression of
diglyceride acyltransferase I (DGAT1) and DGAT2 in HepG2 cells.13 Inhibition of MAPK results in
increased secretion of ApoB100 and DGAT1/2 mRNA abundance in HepG2 cells.13 This thesis will look
at the activation of the MAPK and AKT pathways in HepG2 cells and how they regulate the secretion of
ApoB100.
In addition to inhibiting the secretion of ApoB100, the activity of the MAPK and AKT pathways
converge to promote the uptake of low-density lipoprotein (LDL) through regulation of the LDL receptor
(LDLr) and proprotein convertase subtilisin/kexin type 9 (PCSK9).33,34 LDLr is responsible for clearance
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of circulating LDL and PCSK9 is a post-transcriptional regulator of LDLr.8,34 The activity of MAPK is
responsible for promoting the stability of LDLr mRNA through stabilizing transcription factors in the
nucleus.33 The activity of mTORC1, stimulated by PI3K, has also been implicated in increased levels of
LDLr and decreased levels of PCSK9.34 Recently, HER3 has been identified as a gene that is expressed
during times of high circulating LDL in baboons suggesting that NRGs are partially involved in the
clearance of LDL.35 This thesis seeks to explore the connection between NRG-1 activation of the AKT
and MAPK pathways, LDL uptake, and ApoB100 secretion in hepatocytes.
I have not been able to identify a direct connection between NRG-1 and de novo lipogenesis,
protein synthesis, lipid accumulation, LDL uptake, or ApoB100 secretion from the liver in the literature,
but the underlying pathways controlling these processes have been shown to be active in invasive breast
cancer, liver, and skeletal muscle tissue.3,5,6,13,15,26,33 Stimulation of the AKT and MAPK pathways is
associated with increased lipogenesis, protein synthesis, LDL uptake, and decreased ApoB100
secretion.7,8,13,20,23,26 I hypothesize that NRG-1 increases hepatic activity in HepG2 cells through the
activation of the AKT and MAPK pathways. This thesis seeks to define the relationship between NRG-1
and metabolic processes controlled by the liver and attempts to identify the underlying regulatory
mechanism.
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Figure 1. Schematic representation of NRG-1 signaling in HepG2 cells.
This diagram represents the hypothesized signaling pathways that are affected by NRG-1 stimulation. In
brief, NRG-1 binding to HER3 initiates autophosphorylation of HER2/HER3 heterodimers. After HER
dimerization the AKT pathway and MAPK pathway are activated through kinase activity. NRG-1
stimulation is hypothesized to stimulate glycogen synthesis, glucose uptake, de novo lipogenesis, and
increased protein synthesis. Red arrows indicate an inhibitor relationship between two points. Green
arrows represent stimulatory relationships. Blue arrows represent transcriptional promotion. Yellow
circles are representative of phosphorylation.
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Methods
Construction of Hypothetical Signaling Pathway Schematic
This thesis has been guided by an evolving schematic representation of NRG-1 signaling in
HepG2 cells. The first drafts of the schematic represented information that was obtained through literature
review and through the use of the String-db.com protein association databases. The goal of the original
research was to identify essential metabolic pathways implicated in regulating lipoprotein metabolism and
liver metabolism. Literature searches were performed using Google Scholar, Pubmed, BSU Onesearch,
and OVID search engines and databases. The String-db.com search engine was used to further explore the
connections between proteins of interest after the identification of common proteins involved in
lipogenesis and the regulation of apolipoprotein metabolism. The keywords FASN, LDLr, AKT, PI3K,
SREBP, ACC, DGAT, PCSK9, and mTOR were queried using a low confidence setting and no more than
20 interactors with 20 blank nodes. From the network map that was generated, PowerPoint was used to
visually organize the data. Since the initial version, the pathway schematic has been updated to reflect the
results found in this study and the results of additional literature review.
Cell Culture
Cultures of HepG2 cells (HB8065, ATCC) were maintained in 150 cm2 tissue culture flasks
(356486, Corning) at 37°C with 5% CO2. During culture, cells were maintained in growth media
containing DMEM/F12 3:1 media (A14278EL; Life Technologies) supplemented with 10% (v/v) fetal
bovine serum (FBS; 16000-044; Life Technologies, and 1% (v/v) antibiotic (10,000 units/mg penicillin,
10 mg/ml streptomycin; 15140-122; Life Technologies). Cultures of primary mouse and primary rat
hepatocytes were maintained in Williams E complete media (A12176-01, Life Technologies) at 37°C
with 5% CO2. Prior to and during treatment cells, were serum starved in assay media containing 0.1%
(v/v) FBS and 1% (v/v) antibiotics. Cells were detached with TrypLE Express (12605-093, Life
Technologies) for 15 minutes at 37°C with 5% CO2.
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Drug Treatments and Compound Preparation
NRG-1 (RKQ02297; Reprokine) peptide was reconstituted in PBS with 0.1% (v/v) BSA (15260037; Life Technologies) which was diluted into DMSO (472301; Sigma-Aldrich) upon treatment. A6730
(A6730; Sigma), SB 216763 (S3442; Sigma), and rapamycin (R0395; Sigma) were prepared in DMSO as
20 mM stock solutions. Oleic acid (300 µM) was also used to stimulate apolipoprotein secretion in
several experiments. Oleic acid was prepared by dissolving oleic acid in 100% ethanol. The oleic acid
was then dried down using argon gas and reconstituted into assay media containing 1.5% (v/v) BSA.
Drug treatments were delivered in 0.5% (v/v) DMSO for each experiment. Optimal
concentrations of each compound used were determined empirically in previous studies. Concentrations
were also selected to reflect those concentration ranges used in the literature. Prior to NRG-1 stimulation,
HepG2 cells were pretreated with 0.5% (v/v) DMSO, A6730 (20 µM), SB 216763 (20 µM), or rapamycin
(1 µM) for 30 minutes. HepG2 cells were treated with either NRG-1 (10 nM), A6730 (20 µM), SB
216763 (20 µM), rapamycin (1 µM), 0.5% (v/v) DMSO, or NRG-1 in combination with each inhibitor.
When performing concentrations responses studies, HepG2 cells were treated with NRG-1 at 0.15 pM,
0.6 pM, 2.4 pM, 9.7 pM, 39 pM, 1.56 nM, 6.25 nM, 25 nM, or 100 nM. AD80 (20 µM; 9001421;
Cayman Chem) was also used in several experiments to inhibit protein synthesis. All compound
treatments were designed to make up 1% of the total solution with 0.5% of the solution containing
DMSO.
Measuring Relative Gene Expression using RT-qPCR
Relative gene expression was measured using Taqman-based hydrolysis probes and total RNA
from HepG2 cells. HepG2 cells were seeded at 1X105 cells per well in a 24-well plate in growth media
and incubated overnight at 37°C with 5% CO2. Prior to treatment, HepG2 cells were serum starved in
assay media for 16 hours. HepG2 cells were then pretreated with DMSO or inhibitors at desired
concentrations for 30 minutes prior to NRG-1 stimulation. HepG2 cells were then treated for 2, 4, and 20
hours. RNA was also isolated from primary rat and mouse hepatocytes that were cultured for 144 hours.
Primary hepatocytes were plated into a 12-well plate at 2X105 cells per well in Williams E media. RNA
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was isolated from triplicate wells every 24-hours post-isolation. For primary rat hepatocytes, RNA was
also extracted from freshly isolated cells as rat liver provides an abundant amount of hepatocytes
compared to mouse liver. All drug treatments were performed in triplicate. Total RNA was isolated using
the Qiagen RNeasy RNA isolation kit (Qiagen) according to manufacturer’s instructions. Due to RNase
activity, 0.01% (v/v) β-mercaptoethanol was added to the buffer RLT.
The Applied BioSystems high-capacity cDNA synthesis kit (4368813; Applied BioSystems) was
used to generate cDNA from 100 µg of RNA per manufacturer’s instructions in a 20 µl volume. The
cDNA was diluted 1:20 and 4 µl was amplified using the Assays on Demand Taqman Probes in 6 µl
Applied BioSystems PCR Master Mix (4304437; Applied BioSystems) in a 384-well plate (4309849,
Applied Biosystems). Triplicate reactions were performed for each sample on the same plate and results
were normalized to β-actin mRNA for ΔΔCT analysis. Thermocycling was performed using an ABI 7900
HT Prism thermocycler.
[3H]-L-leucine Incorporation Study
The effects of NRG-1 on protein synthesis were measured via [3H]-leucine incorporation. The
incorporation of [3H]-leucine, an essential amino acid, is measured through liquid scintillation counting.
HepG2 cells were seeded at 2.2X104 cells per well in a 96-well plate in growth media and incubated
overnight at 37°C with 5% CO2. Prior to compound treatments, HepG2 cells were serum starved in assay
media for 16 hours. After overnight incubation, the assay media was aspirated and replaced with 100 µl of
leucine poor DMEM containing NRG-1, SB 216763, A6730, or rapamycin at concentrations and
combinations indicated in Drug Treatments and Preparations. Each condition was performed in
sextuplicate. Cells were incubated for 2 hours at 37°C with 5% CO2. After initial incubation, [3H]-leucine
(1 µCi/ml) was added to the media and the cells were incubated another two hours at 37°C with 5% CO2.
The cells were then washed twice with PBS and lysed with 100 µl of denaturing solution (Appendix B).
One part Milli-Q water was added to the cell lysate and the resultant precipitates were transferred to a 96well Millipore filter plate. The supernatant liquid was removed using a vacuum filter. The precipitate was
washed twice with denaturing solution and allowed to dry overnight. Finally, 50 µl of Microscint 20
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(6013620: Perkin Elmer) was added to each well and scintillation counting was performed by a Perkin
Elmer Topcount NXT HTS liquid scintillation counter.
Lipid Droplet Staining
Lipid accumulation was measured using the fluorescent dye Nile Red (N1142; Life Technologies)
which binds to neutral lipids in the cytosol. HepG2 cells were seeded in a black-walled and clearbottomed 96-well plate at 2.2X104 cells per well in growth media and incubated overnight at 37°C with
5% CO2. Prior to compound treatments, HepG2 cells were serum-starved in assay media for 16 hours.
The media was replaced the following day with media containing NRG-1 or inhibitors as indicated in
Drug Treatments and Preparation. Each condition was performed with and without oleic acid (300 µM)
supplementation. The cells were then incubated at 37°C with 5% CO2 for 48 hours. After removal of the
media, the cells were washed once with PBS. The cells were then stained with Nile Red (1 µM) in PBS
for 20 minutes. Cells were washed with PBS and 100 µl of PBS was added to each well. Nile Red
staining was measured on an EnVision fluorescent plate reader with an excitation wavelength of 488 nm
and an emission wavelength of 560 nm.
ApoB100 Sandwich ELISA
Apolipoprotein B100 secretion was measured using a sandwich ELISA. The procedure was
performed on media collected from HepG2 cells in the lipid accumulation studies. A 96-well 4HBX plate
(6381; Immulon) was coated with a polyclonal goat anti-apoB100 antibody (1.2 µg/ml; ab7616; AbCam).
The coated plate was incubated overnight at 4°C. Plates were washed with PBS containing 0.05% Tween20 before blocking with Odyssey blocking buffer (927-40100; Li-Cor) for 2 hours. After washing the
plate again, a standard curve of apoB100 (ab77903; AbCam) in ALerCHEK green specimen diluent
(c10201; ALerCHEK) at concentrations of 4.125 µg/dl, 8.25 µg/dl, 16.5 µg/dl, 33 µg/dl, 66 µg/dl, 132
µg/dl, and 264 µg/dl. Media was diluted 1:10 into 100 µl of ALerCHEK and added to the coated 4HBX
plate for an additional 2 hour incubation. After washing, 100 µl of goat anti-apoB100 conjugated to
horseradish peroxidase (300 ng/ml; ab27622; AbCam) was added to each well for 2 additional hours. The
plate was washed before one part stabilized hydrogen peroxide (DY999; R&D Systems) and one part
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TMB (DY999; R&D Systems) was added to each well in a final volume of 100 µl. After a 15 minute
incubation, 50 µl of H2SO4 (2N) was added to each well to stop the reaction. The absorbance was
measured on a Spectramax 190 ELISA plate reader at a 450 nm wavelength.
Western Analysis
HepG2 cells were seeded into a 12-well plate at 2.2X105 cells per well in growth media and
incubated overnight at 37°C with 5% CO2. Prior to compound treatments, HepG2 cells were serumstarved in assay media for 16 hours. Cells were then pretreated and treated with compounds as indicated
in Drug Treatments and Preparation for 30 minutes. Cells were lysed in XY lysis buffer (Appendix B).
Protein determinations were performed using the Pierce 660 reagent (22662; Thermo Scientific)
according to the manufacturer’s directions. Electrophoresis was performed on 10 µg of total protein for 1
hour at 200 volts. Transfer of proteins to a nitrocellulose membrane was performed using the iBlot dry
transfer system at 20 volts for 7 minutes. Blocking of the nitrocellulose membrane was performed at room
temperature for 1.5 hours in LI-COR Blocking Buffer. Primary antibodies for pPRAS40 (2997; Cell
Signaling Technologies), PRAS40 (2691;CST), S6 (2317; CST), pS6 SER 240 (5364; CST), pS6 SER
235 (4858; CST), PFK2B (13025; CST), pPFK2B (13064; CST), β-actin (3700; CST), GSK3β (9832;
CST), pGSK3β (8566; CST), pMAPK(4370; CST), AKT (2966; CST), and pAKT (4060; CST) were
diluted 1:1000. Secondary antibodies were diluted 1:5000 (Table A). Nitrocellulose membranes were
imaged on a LI-COR DTx imaging system.
Measuring Mitochondrial Dehydrogenase Activity
Mitochondrial dehydrogenase activity was assessed using the tetrazolium salt based reagent
WST-1 (11644807001; Roche). WST-1 is reduced by the activity of mitochondrial dehydrogenases
through an enzyme-linked reaction coupled to the cell membrane. WST-1 was diluted 1:10 into the
culture media of cells that had been treated for 48 hours during the lipid accumulation study. HepG2 cells
were incubated for an additional 30 minutes at 37°C with 5% CO2. Absorbance was measured on a
Spectramax 190 ELISA plate reader set at 450 nm.

22

Measuring Intracellular Glycogen Concentrations
HepG2 cells were seeded into a 12-well plate at 2.2X105 cells per well in growth media and
incubated overnight at 37°C with 5% CO2. Prior to glycogen assay, HepG2 cells were serum-starved in
assay media for 16 hours. Cells were then treated with NRG-1 (10 nM) or PBS for an additional 16 hours.
The cells were then washed with PBS and scraped from the bottom of the plate with a cell scraper and
125 µl of water. The cells were then boiled for 5 minutes and centrifuged at 1X104 x g to remove cellular
debris. The concentration of glycogen was then determined using a glycogen assay kit (MAK016; Sigma)
per the manufacturer’s instructions. Samples were diluted 1:2 in the provided hydrolysis buffer prior to
analysis.
Measuring LDL uptake
The level of LDL uptake was measured using LDL particles labeled with Bodipy dye. HepG2
cells were seeded into black-walled and clear-bottomed 96-well plates at 4X103 cells per well in
lipoprotein deficient growth media (Appendix B) and incubated overnight at 37°C with 5% CO2. The
following day, the cells were treated with NRG-1 (10 nM), PCSK9 (30 ug/ml), or PBS in lipoprotein
deficient growth media for 2 hours in a total volume of 150 µl. After two hours 5 µl of Bodipy-LDL (20
µg/ml) was added to each well and incubated for an additional 4 hours. After treatment, cells were fixed
with 150 µl of Prefer fixative (410; Anatech) for 20 minutes at room temperature. The cells were washed
twice and then permeabilized with 0.1% Triton-X100 (X100-5ml; Sigma) in PBS for 15 minutes. After
permeabilization, 50 µl of propidium iodide (10 µg/ml) in PBS was added to each well. The plate was
sealed with black film and imaged on an Acumen Explorer.
Statistical Analysis
Statistical significance was determined using a Student’s two-tailed t test, two-way ANOVA, and
one-way ANOVA. Fichers LSD method was used to determine significant differences amongst treatment
groups. The one-way ANOVA was used to analyze the results from western blotting, HER mRNA
expression, mitochondrial activity assays, lipid accumulation assays, LDL uptake assays, and ApoB100
ELISAs. Data from the aforementioned studies was analyzed as three independent experiments. The two-
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way ANOVA was used to analyze mRNA expression over time. Data used in the two-way ANOVA was
pooled from all experiments. The threshold for significance was p ≤ 0.05. Data was considered to be
trending towards significance at p≤0.1.The data were presented as mean ± SEM.
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Results
1. Selection of Cell Model for Study
1.1 HER mRNA abundance in primary hepatocytes and HepG2 cells
In order to study the effects of NRG-1 on key metabolic events controlled by the liver, it was
important to identify which cell model provided the most reliable and robust response. The models that
were available for study were primary mouse hepatocytes, primary rat hepatocytes, and HepG2 cells.
HER protein is difficult to detect using Western blotting, so Taqman based RT-qPCR was used to
measure the expression of HER mRNA in each in vitro model. The results of the mRNA expression
studies indicated that HER2, HER3, and HER4 mRNA were found in primary mouse and primary rat
hepatocytes (Figure 2; Figure 3). The cycle threshold (CT) values for HER2, HER3, and HER4 in
primary rat hepatocytes indicate that HER3 is the most abundantly expressed and HER2 is the second
most abundant (Figure 2, Table 1). HER4 mRNA in primary rat hepatocytes was often at the limits of
detection and on one occasion, mRNA was undetectable (Table 1). In primary mouse hepatocytes, HER3
mRNA was the most abundant followed by HER2 and HER4, respectively (Figure 3, Table 2). HER2 and
HER3 mRNA were detected in HepG2 cells, but HER4 mRNA was below the limits of detection (Figure
4; Table 3). HER3 mRNA was more abundant than HER2 mRNA in HepG2 cells (Figure 4, Table 3).
Without the availability of protein expression data, it was hypothesized that HepG2 cells would be the
most stable model to work with as HER mRNA expression was stable in the transformed cell line. HER
expression was unstable in primary hepatocytes indicating that the cells did not have a predictable pattern
of HER mRNA expression. These findings do not necessarily indicate that the protein expression levels
differed, but did provide insight into the relative abundance of transcripts over time in the primary
hepatocytes.
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Figure 2. Relative HER mRNA abundance in primary rat hepatocytes. Relative mRNA abundance
was measured using Taqman based RT-qPCR. Relative expression was compared to freshly isolated
hepatocytes. (A) The expression of HER2 mRNA increases over 144 hours of observation compared to
freshly isolated hepatocytes. (B) HER3 mRNA trended downward over 144 hours of observation and
were below the levels detected in freshly isolated hepatocytes at every time point. (C) HER4 mRNA
trended downward over 144 hours of observation and was undetectable at 48 hours of observation. Data
were normalized to GAPDH mRNA. The data were presented as mean ± SEM (n=3, n represents replicate
wells, *p<0.05).

Culture Time

HER2

HER3

HER4

GAPDH

34.7
26.0
36.7
22.3
Freshly Isolated Cells
29.2
26.7
36.4
21.3
24 Hours
27.8
26.7
#
20.9
48 Hours
27.3
26.8
36.9
20.8
72 Hours
26.8
27.5
36.4
20.9
144 Hours
Table 1. Average CT values for HER and GAPDH mRNA in primary rat hepatocytes. The average
cycle threshold values for HER2, GAPDH, HER3, and HER4 mRNA were detected using Taqman based
RT-qPCR.
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Figure 3. Relative HER mRNA abundance in primary mouse hepatocytes. Relative mRNA
expression was measured using RT-qPCR. Relative expression is compared to 24 hours of culture. (A)
HER2 mRNA was stable for 72 hours and then trended upwards by 144 hours. (B) The expression of
HER3 mRNA trended towards increasing over the period of 144 hours. (C) HER4 mRNA showed similar
trends in abundance as HER3, but to a much greater degree. Data were normalized to GAPDH mRNA.
The data were expressed as mean ± SEM (n=3, n represents replicate wells, *p<0.05).

Culture
Time
24 Hours
48 Hours
72 Hours
144 Hours

HER2

HER3

HER4

GAPDH

31.1
31.8
31.2
31.8

27.4
26.7
26.4
27.5

35.5
32.9
31.9
33.7

18.5
18.6
18.6
20.8

Table 2. Average CT values for HER and GAPDH mRNA in primary mouse hepatocytes. The
average cycle threshold values for HER2, HER3, and HER4 mRNA were detected using Taqman based
RT-qPCR.
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Figure 4. Relative gene expression of HERs in HepG2 cells. Total RNA was isolated from HepG2 cells
under growth conditions. Taqman based RT-qPCR was used to measure the expression of HER2, HER3,
and HER4. HER 4 mRNA was below the limits of detection. HER 2 and HER 3 mRNA were detected in
HepG2 cells. Relative mRNA expression of HER3 was found to be significantly greater than HER2
mRNA expression. The data were expressed as mean ± SEM (n=3, n represents replicate wells, *p<0.05).

HER4
HER3 HER2 GAPDH
Below the limits
19.4
23.1
14.8
CT
of detection
Table 3. Average CT values for HER and GAPDH mRNA in HepG2 cells. The average cycle
threshold values for HER2, HER3, and HER4 mRNA were detected using Taqman based RT-qPCR.
HER4 mRNA was below the level of detection in HepG2 cells.
Gene
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1.2 HepG2 cells respond more robustly to NRG-1 treatment than primary hepatocytes
Preliminary experiments were performed in each model to determine the degree of stimulation
achieved with NRG-1 (10 nM). Western analysis was performed on cell lysates to determine whether
NRG-1 stimulated AKT and rpS6 phosphorylation. NRG-1 has been shown to stimulate the AKT
signaling pathway in previous experiments in other tissue types. The incorporation of [3H]-L-leucine into
newly synthesized peptides was also assayed to measure increases in protein synthesis in primary
hepatocytes and HepG2 cells. This assay was chosen because of its reliability and because activation of
the AKT pathway is also associated with activation of mTORC1 and rpS6, major inducers of protein
synthesis. The results of the wWstern analysis indicated that AKT and rpS6 were phosphorylated in
HepG2 cells (Figure 5C/D). Phosphorylation of AKT increased in both primary hepatocytes and HepG2
cells, but the response was much more robust in HepG2 cells (Figure 5). The phosphorylation of rpS6 did
not increase in primary hepatocytes to the same degree as in HepG2 cells (Figure 5).
NRG-1 did not increase the incorporation of [3H]-L-leucine into newly synthesized peptides in
primary hepatocytes from rat or mouse (Figure 5). The use of AD80 as a protein synthesis inhibitor
indicated that the assay was able to detect changes in protein synthesis and that the lack of stimulation
was due to the treatment having no effect (Figure 5). NRG-1 increased the incorporation of [3H]-Lleucine into in HepG2 cells (Figure 5). Due to the more stable expression of HERs and the more robust
responses seen with HepG2 cells, studies in primary hepatocytes were suspended pending further
investigation.
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Figure 5. Relative phosphorylation of AKT and rpS6 in primary hepatocytes and HepG2 cells. The
phosphorylation of AKT and rpS6 was measured by Western blotting. (A) In primary rat hepatocytes,
NRG-1 increased the phosphorylation of AKT compared to the DMSO control. (B) Primary rat
hepatocytes treated with NRG-1 did not increase S6 phosphorylation. (C) Primary mouse hepatocytes
treated with NRG had increased levels of phosphorylated AKT compared to the control. (D) There was no
significant difference in S6 phosphorylation in primary mouse hepatocytes. (E) HepG2 cells treated with
NRG-1 exhibited significantly higher levels of phosphorylated AKT compared to the DMSO treated and
primary hepatocytes. (F) The phosphorylation of S6 was also significantly higher in HepG2 cells treated
with NRG-1 compared to the control and primary hepatocytes. The data for HepG2 HER mRNA
expression were expressed as mean ± SEM (n=3; n represent replicate wells, *p<0.05).
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Figure 6. Incorporation of [3H]-l-leucine into newly synthesized peptides. The relative incorporation
of [3H]-l-leucine into newly synthesized peptides was used as a measure of the amount of protein
synthesis occurring. (A) In primary rat hepatocytes, NRG-1 had no detectable effect on the incorporation
of [3H]-l-leucine into peptides, but AD80 inhibited the synthesis of protein. (B) Primary mouse
hepatocytes did not respond to NRG-1 treatment, but AD80 inhibited the amount of protein synthesis
seen. (C). In HepG2 cells, NRG-1 treatment increased the incorporation of [3H]-l-leucine compared to the
DMSO control. AD80 decreased the amount of protein synthesized in HepG2 cells. The data were
expressed as mean ± SEM (n=6, n represents replicate wells, *p<0.05).
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2. Pathway Activation
2.1 NRG-1 stimulates AKT and MAPK phosphorylation
Western analysis was performed on HepG2 cells that had been treated with NRG-1 to test the
hypothesis that NRG-1 stimulates AKT phosphorylation. The results of the Western analysis indicated
that the phosphorylation of AKT increased 24-fold with NRG-1 treatment compared to the DMSO control
(Figure 7A). These findings support my hypothesis that NRG-1 stimulates activation of the AKT pathway
in hepatocytes. Western analysis was also performed on HepG2 cells that were treated with an AKT1/2
inactivator, A6730, in conjunction with NRG-1 stimulation. Inactivation of AKT1/2 reduced the basal
levels of AKT phosphorylation in HepG2 cells by 61±42% , but was not statistically significant (Figure
7A). The overall levels of AKT phosphorylation were 25±6% less than the DMSO control in HepG2 cells
that were treated with both NRG-1 and the AKT1/2 inactivator (Figure 7A). The 12-fold difference in
phosphorylation with and without AKT1/2 inactivation indicates that both basal and NRG-1 dependent
phosphorylation of AKT occurs through the same mechanism. The use of a GSK3β or mTORC1 inhibitor
had no statistically significant effect on NRG-1 stimulated increases in AKT phosphorylation (Figure
7A). These findings suggest that inhibition of mTORC1 and GSK3β is independent of NRG-1 stimulated
phosphorylation of AKT providing further evidence that mTORC1 and GSK3β lie downstream of NRG-1
stimulated phosphorylation of AKT.
Phosphorylation of MAPK1/3 was also measured using Western blot. NRG-1 increased the
phosphorylation of MAPK two-fold compared to the DMSO control in HepG2 cells (Figure 7B).
Inactivation of AKT1/2 and inhibition of mTORC1 had no effect on NRG-1-stimulated increase in
MAPK1/3 phosphorylation (Figure 7B). The inhibition of GSK3β had no effect on NRG-1 treatment, but
trended towards increasing (Figure 7A). Inhibition of mTORC1 trended towards decreasing MAPK
phosphorylation, but inhibition had no effect on NRG-1 treatment (Figure 7B). These findings suggest
that NRG-1 stimulated phosphorylation of MAPK1/3 is independent of the AKT pathway, but further
experimentation is required to determine the effects of GSK3β and mTORC1 on MAPK1/3
phosphorylation.
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Figure 7. NRG-1 stimulates AKT and MAPK phosphorylation in HepG2 cells. HepG2 cells were
analyzed by Western blotting. Relative expression was compared to the DMSO control. (A) HepG2 cells
treated with NRG-1 had increased levels of AKT phosphorylation compared to the DMSO control. In
HepG2 cells treated with both NRG-1 and an inactivator of AKT1/2 the phosphorylation of AKT did not
increase compared to the DMSO control. Inhibition of GSK3β and mTORC1 had no effect on NRG-1
stimulated increases in phosphorylated AKT. (B) The phosphorylation of MAPK1/3 increased two-fold
with NRG-1 treatment. NRG-1 increased phosphorylation of MAPK1/3 despite AKT1/2, GSK3β, and
mTORC1 inhibition. The data were expressed as mean ± SEM (n=3, *p<0.05, #p≤0.1). See Appendix A
for representative image of blot.
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3. Protein Synthesis
3.1 NRG-1 stimulates mTORC1 pathway activation
Western blotting was performed on HepG2 cells treated with NRG-1 to determine whether the
mTORC1 pathway was stimulated. The activation of mTORC1 occurs after negative regulators of
mTORC1 are inhibited through phosphorylation. The phosphorylation state of PRAS40, a negative
regulator of mTORC1 and an AKT1/2 substrate, was measured in order to determine whether mTORC1
activity was promoted. Upstream of mTORC1 activation are S6K and rpS6 both implicated in promoting
protein synthesis.29 In these experiments, the phosphorylation of rpS6 was used as a measure of mTORC1
activity.
When HepG2 cells were stimulated with NRG-1, the phosphorylation of PRAS40 increased 2.5fold (Figure 8A). This finding is consistent with my hypothesis that NRG-1 increases mTORC1 activity
partially through the phosphorylation of PRAS40. The levels of PRAS40 phosphorylation in HepG2 cells
treated with the AKT1/2 inactivator trended towards decreasing below the levels observed in the DMSO
control (Figure 8A). Additionally, PRAS40 phosphorylation was suppressed 83±2% with AKT1/2
inactivation with NRG-1 treatments (Figure 8A). These finding provides evidence to support my
hypothesis that PRAS40 phosphorylation occurs after NRG-1-stimulated phosphorylation of AKT.
Inhibition of mTORC1 resulted in no statistically significant change in basal PRAS40 levels, but did
suppress NRG-1 stimulated increases in PRAS40 phosphorylation (Figure 8A).
NRG-1 also stimulated increased phosphorylation of rpS6 at SER240 and SER235 compared to
the control (Figure 8). This indicates that NRG-1 plays a role in stimulating the phosphorylation of
SER240 and SER235 on rpS6. The inhibition of AKT1/2, mTORC1, and GSK3β decreased the levels of
rpS6 phosphorylation of SER240 and SER235 (Figure 8). These findings imply AKT pathway plays a
more predominant role in the phosphorylation of SER240 and SER235 in the basal state. These results
provide evidence to support my hypothesis that NRG-1 increases rpS6 phosphorylation through an AKT
dependent pathway. Additionally, GSK3β inhibition decreased the level of rpS6 phosphorylation at
SER235 but not SER240 with NRG-1 stimulation. This suggests GSK3β plays a role in phosphorylation
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of SER235, but not SER240. mTORC1 inhibition resulted in an almost complete suppression of rpS6
phosphorylation at SER235 and S240 in both the basal state and NRG-1 stimulated state (Figure 8). These
findings suggest that mTORC1 plays a critical role in mediating the phosphorylation of rpS6 at both
SER235 and SER240. Overall, these experiments provide evidence to support my hypothesis that NRG-1
stimulates mTORC1 pathway activity through inhibition of PRAS40 resulting in increased rpS6
phosphorylation.
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Figure 8. NRG-1 stimulates mTORC1 pathway activation. HepG2 cells treated with NRG-1 and
AKT1/2, GSK3β, and mTORC1 inhibitors were analyzed by Western blotting. Relative expression was
compared to the DMSO control. (A) HepG2 cells treated with NRG-1 had increased levels of PRAS40
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*

phosphorylation compared to the DMSO control. Inactivation of AKT1/2 trended towards decreasing the
levels of PRAS40 phosphorylation. The AKT1/2 inactivator significantly decreased the levels of PRAS40
phosphorylation when used in combination with NRG-1. GSK3β inhibition had no effect when used in
combination with NRG-1. (B) NRG-1 treatment increased the phosphorylation of rpS6 at SER240 in
HepG3 cells. The AKT1/2, GSK3β, and mTORC1 inhibitors decreased the levels of rpS6 phosphorylated
at SER240. The AKT1/2 and mTORC1 inhibitor decreased the overall level of SER240 phosphorylation
when used in combination with NRG-1 compared to the DMSO control. The GSK3β inhibitor did not
affect rpS6 phosphorylation at SER240 when used in combination with NRG-1. (C) Phosphorylation of
S6 at SER235 significantly increased with NRG-1 treatment. The AKT1/2 inactivator and mTORC1
inhibitor decreased the levels of rpS6 phosphorylation at SER 235. The use of the AKT1/2, GSK3β, and
mTORC1 inhibitors decreased the effects of NRG-1 significantly compared to NRG-1 treatment alone.
The data were expressed as mean ± SEM (n=3, *p<0.05, #p≤0.1).
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3.2 NRG-1 increases protein synthesis
Increases in protein synthesis were gauged by measuring the incorporation of [3H]-Lleucine into newly synthesized peptides. NRG-1 increased the incorporation of [3H]-L-leucine in HepG2
cells in a concentration-dependent manner (Figure 9A). In a separate series of experiments, HepG2 cells
treated with NRG-1 (10 nM) increased the incorporation of [3H]-L-leucine 27.1±0.9% into newly
synthesized peptides (Figure 9B). This discrepancy in the degree of [3H]-L-leucine between both
experiments could be due to the culture conditions and time frame in the experimental process in which
these studies took place. The concentration response curves were also performed on the edge of the plate
which has been shown in our lab to lead to exaggerated effects which could explain the difference. The
inhibition of mTORC1 and AKT1/2 decreased the degree of protein synthesis that was seen with NRG-1
stimulation (Figure 9). These findings support my hypothesis that NRG-1 increases protein synthesis
partially through an AKT and mTORC1 dependent pathway. The use of a GSK3β inhibitor did not affect
NRG-1-stimulated increases in protein synthesis despite GSK3β decreasing rpS6 phosphorylation at
SER235 (Figure 8; Figure 9B). The degree of protein synthesis did not reflect the decrease in basal rpS6
phosphorylation levels seen with inhibition of AKT1/2, GSK3β, and mTORC1 (Figure 8; Figure 9).
These findings suggest rpS6 does not necessarily control basal protein synthesis, but promotes it once
stimulated by NRG-1 through an AKT and mTORC1 dependent pathway.
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Figure 9. NRG-1 stimulates protein synthesis in an AKT and mTORC1 dependent manner.
Increases in protein synthesis were measured by looking at the total incorporation of [ 3H]-L-leucine into
newly synthesized peptides in HepG2 cells. (A) HepG2 cells were treated with NRG-1 at 0.0015 nM,
0.006 nM, 0.024 nM, 0.097 nM, 0.39 nM, 1.56 nM, 6.25 nM, 25 nM, and 100 nM for 6 hours. NRG-1
increased the incorporation of [3H]-L-leucine into newly synthesized peptides in a concentrationdependent manner. (B) In HepG2 cells treated with NRG-1, there was an increase in the incorporation of
[3H]-L-leucine that was inhibited with the use of an AKT1/2 inhibitor or mTORC1 inhibitor. The use of a
GSK3β inhibitor had no effect on NRG-1-stimulated increases of [3H]-L-leucine. The data were
expressed as mean ± SEM (n=3, *p<0.05, *p≤0.1).
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4. Glucose Metabolism
4.1 NRG-1 increases GSK3β phosphorylation and intracellular glycogen content
The phosphorylation levels of GSK3β in HepG2 cells were measured by Western blot. GSK3β is
a negative regulator of glycogen synthase, an enzyme involved in glycogen synthesis in hepatocytes, and
a substrate for AKT phosphorylation.36 NRG-1 increased the phosphorylation of GSK3β 2-fold in HepG2
cells (Figure 10A). Inactivation of AKT1/2 decreased the phosphorylation of GSK3β by 63±2%
compared to the DMSO control (Figure 10A). This suggests that NRG-1 promotes the phosphorylation of
GSK3β through an AKT1/2 dependent pathway as I hypothesized. The use of SB 216763 to inhibit
GSK3β trended towards decreasing the levels of GSK3β phosphorylation compared to the DMSO control
(Figure 10A). The use of the GSK3β inhibitor did not inhibit the effects of NRG-1 treatment (Figure
10A). This suggests that GSK3β inhibition with SB 216763 does not occur through the same mechanism
as inhibition of GSK3β by AKT.
In order to determine intracellular glycogen content, a commercially available assay was used.
The assay is based around the process of glycogenolysis and glucose oxidation. In HepG2 cells treated
with NRG-1, there was a 35±2% increase in the concentration of cellular glycogen content (Figure 10B).
Taken together, these results indicate that NRG-1 increases the levels of intracellular glycogen through a
pathway that is mediated by AKT inhibition of GSK3β. Further experimentation utilizing the proper
inhibitors should be performed to more thoroughly define the relationship between GSK3β, AKT, and
intracellular glycogen content.
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Figure 10. NRG-1 increases intracellular glycogen concentrations in HepG2 cells. Western blotting
was used to determine the level of phosphorylation of GSK3β in HepG2 cells. A commercially available
kit was also used to determine the relative concentration of intracellular glycogen content. Relative
expression was compared to the DMSO control. (A) NRG-1 increased the phosphorylation of GSK3β
compared to the DMSO control. The AKT1/2 and GSK3β inhibitors decreased GSK3β phosphorylation.
The AKT1/2 and GSK3β inhibitors, in combination with NRG-1 treatment, did not results in increased
levels of GSK3β phosphorylation compared to the DMSO control. (B) Intracellular glycogen content
increased 35% in HepG2 cells that had been treated with NRG-1. The data were presented as mean ±
SEM (n=3, *p<0.05).
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4.2 NRG-1 promotes glycolysis and suppresses gluconeogenesis
Stimulation of the AKT pathway is associated with decreased transcription of gluconeogenic
enzymes regulated by the transcription factor FOX01.23 In these studies, Taqman based RT-qPCR was
used to measure the relative abundance of mRNA encoding the gluconeogenic enzymes G6Pase and
PCK2 under the transcriptional control of FOX01. Stimulation of HepG2 cells with NRG-1 decreased
G6Pase and PCK2 mRNA abundance over 20 hours of treatment (Figure 11A). Inhibition of AKT1/2
increased G6Pase and PCK2 mRNA abundance 45-fold compared to the DMSO control (Figure 11A).
NRG-1 suppressed the effects of AKT1/2 inhibition on both G6Pase and PCK2 mRNA abundance
(Figure 11A). These experiments show that AKT is a regulator of G6Pase and PCK2 mRNA transcription
and that NRG-1 stimulation opposes the effects of AKT inhibition. I hypothesize that these effects are due
to the inhibition of FOX01 transcription factors by AKT activity. Inhibition of GSK3β potentiated the
effects of NRG-1-induced suppression of G6Pase mRNA abundance, but increased PCK2 mRNA
abundance above basal levels (Figure 11A). Combined, these findings suggest that G6Pase and PCK2 are
under similar transcriptional control that is stimulated by AKT activity, but are also differentially
regulated by GSK3β activity downstream of AKT.
Stimulation of the AKT pathway is also associated with increased glycolysis partially regulated
by the activity of PFKFB2.9,14,17 NRG-1 treatment increased the phosphorylation of PFKFB2 two-fold
compared to the DMSO control and this effect was diminished with AKT1/2 inhibition (Figure 11C).
AKT1/2 inhibition did not decrease phosphorylation of PFKFB2 below basal levels as seen previously
with rpS6, AKT, and GSK3β (Figure 11C). This suggests that NRG-1 stimulate PFKFB2 phosphorylation
in response to stimuli, but basal phosphorylation is not regulated by an AKT dependent pathway. The use
of a GSK3β or mTORC1 inhibitor had no effect on PFKFB2 phosphorylation with or without NRG-1
treatment (Figure 11C). These findings suggest that NRG-1 stimulates PFKFB2 phosphorylation directly
through AKT phosphorylation and is not affected by the activity of GSK3β or mTORC1. Overall, these
experiments provide evidence to support my hypothesis that NRG-1 plays an important role in
suppressing gluconeogenesis and promoting glycolysis in hepatocytes.
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Figure 11. NRG-1 promotes glucose metabolism. Taqman based RT-qPCR was used to determine the
relative abundance of mRNA encoding gluconeogenic enzymes. Western blotting was used to determine
the levels of PFKFB2 phosphorylation. Relative expression was compared to the DMSO control. (A)
NRG-1 decreased the expression of G6Pase over 20 hours. The abundance of G6Pase mRNA increased
with the use of an AKT1/2 inactivator. NRG-1 had an opposing effect on AKT1/2 inactivation stimulated
increases in G6Pase mRNA abundance. (B) NRG-1 decreased the expression of PCK2 over 20 hours.
The use of an AKT1/2 inactivator increased the expression of PCK2. (C) NRG-1 increased the
phosphorylation of PFKFB2 in HepG2 cells. The use of an AKT1/2 inactivator resulted in no statistical
increase in PFKFB2 phosphorylation when used in combination with NRG-1. NRG-1 stimulated
increases in PFKFB2 phosphorylation were not inhibited by GSK3β or mTORC1 inhibition. The data
were presented as mean ± SEM (A+B- n=12, C- n=3 *p<0.05, ^ indicates expression increased 45-fold
and was significant, but was formatted to allow visualization of other results).
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5. Lipid Metabolism
5.1 Transcriptional and post-translational regulation of lipogenic enzymes in response to NRG-1
stimulation
In order to determine whether NRG-1 stimulated de novo lipogenesis transcriptionally, total
mRNA from HepG2 cells was analyzed using Taqman based RT-qPCR. The lipogenic enzymes SCD-1,
ACCα, ACLγ, FASN and SREBP-1c are under the transcriptional control of the SREBP-1 transcription
factors regulated by AKT and mTORC1. In this study, NRG-1 stimulation had little effect on the
expression of SCD-1, ACCα, ACLγ, and SREBP-1c mRNA at 2, 4, or 20 hours (Figure 12). NRG-1
treatment actually appeared to trend towards decreasing the expression of SCD-1, ACCα, ACLγ, and
SREBP-1c over time with the strongest effects appearing at 20 hours of treatment (Figure 12). However,
it was found that the levels of FASN increased after 4 and 20 hours of treatment with NRG-1 (Figure
12E). Inhibition of AKT1/2 increased the expression of all genes examined and appeared to be timedependent (Figure 12). Inhibition of GSK3β and mTORC1 did not have a consistent effect on the
expression of SCD-1, ACCα, ACLγ, or SREBP-1c (Figure 12). These findings suggest that NRG-1 does
not increase the transcription of multiple enzymes involved in lipogenesis except for FASN. These
findings are not congruent with the current literature supporting the role of AKT and mTORC1 in
increasing SREBP activity.18,24,26 Currently, I hypothesize that these inconsistencies are due to the cell
model that was chosen and possibly the effects of the culture conditions.
The phosphorylation of ACLγ increases its activity and results in increased conversion of citrate
into acetyl-CoA, a precursor for de novo lipogenesis.32 NRG-1 trended towards increasing the
phosphorylation of ACLγ in these experiments (Figure 13). These findings support my hypothesis that
NRG-1 increases the phosphorylation of ACLγ through an AKT dependent pathway. In further support of
my hypothesis, GSK3β inhibition alone and in addition to NRG-1 stimulation trended towards increasing
the phosphorylation of ACLγ. Interestingly, mTORC1 increased the phosphorylation of ACLγ to a greater
extent than GSK3β inhibition and this finding should be further explored as it might provide insight into
the physiological state in which NRG-1 activity has the most potent effects.
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Figure 12. Relative mRNA abundance of genes associated with de novo lipogenesis. The relative
abundance of mRNA in HepG2 cells was determined using Taqman based RT-qPCR. (A) NRG-1 had
largely no effect on the expression of ACLγ mRNA. The AKT1/2 inhibitor increased the expression of
ACLγ. (B) NRG-1 had no significant effect on SREBP-1 mRNA expression. AKT1/2 inhibition resulted
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in an increase in SREBP-1c mRNA expression. (C) NRG-1 had no effect on ACCα mRNA expression.
The AKT1/2 inhibitor and GSKβ inhibitors increased and decreased ACCα mRNA expression,
respectively. (D) NRG-1 had no significant effect on SCD-1 mRNA expression except at 4 hours and the
use of inhibitors did not consistently result in increases. AKT1/2 inhibition increased SCD-1 mRNA
expression. (E) The expression of FASN mRNA was increased after 4 and 20 hours of treatment with
NRG-1. The inhibition of AKT1/2 also resulted in an increase of FASN mRNA. NRG-1 in combination
with AKT1/2 inhibition did not result in increased FASN mRNA levels. GSK3β and mTORC1 inhibition
resulted in both increased and decreased expression of FASN mRNA over time. These effects were
unchanged by treatment with NRG-1. The data were presented as mean ± SEM (n=12, *p<0.05).
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Figure 13. NRG-1 treatment and mTORC1 inhibition increase the phosphorylation of ACLγ. The
phosphorylation of ACLγ was analyzed by Western blotting. (A) HepG2 cells treated with NRG-1
trended towards having significantly higher levels of ACLγ phosphorylation compared to the DMSO
control. NRG-1 treatments with mTORC1 inhibition had an even higher level of ACLγ phosphorylation
compared to the DMSO control. The data were presented as mean ± SEM (n=3, *p<0.05).
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5.2 Oleic acid modulates the effects of NRG-1 on lipid accumulation
An inexpensive and non-radioactive method of measuring the accumulation of intracellular lipid
content is using the fluorescent dye Nile Red. Nile Red dye binds neutral lipids that accumulate into
intracellular lipid droplets. Oleic acid was used in these experiments to simulate an excess of free fatty
acids from exogenous sources. The addition of oleic acid is essentially used to mimic the release of free
fatty acids from adipose tissue during fasting.
In HepG2 cells that were not stimulated with oleic acid, NRG-1 significantly increased the
accumulation of intracellular lipids by 36±4% (Figure 14A). The variation was too high to determine
whether NRG-1-stimulated increases in lipid accumulation were diminished by the use of AKT1/2,
mTORC1 or GSK3β inhibitors. The overall level of lipid accumulation increased 3-fold compared to the
negative oleic acid control in cells treated with oleic acid (Figure 14B). When HepG2 cells were
stimulated with oleic acid, the treatments did not have an effect on the accumulation of lipids (Figure
14B). Inhibition of mTORC1 trended upwards further than other treatment groups, but the variation was
too high to determine whether the findings were statistically significant (Figure 14B). These findings
suggest that intracellular lipid content is increasing through a partially AKT-dependent mechanism, but
the variation was too high to determine significant relationships. Overall, these findings suggest that
NRG-1 increases the accumulation of lipids in a state where free fatty acids are restricted. When oleic
acid is added, the total accumulation of lipids increases and NRG-1 or the inhibitor had no effect.
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Figure 14. Supplementation of HepG2 cells with oleic acid modulates lipid accumulation. HepG2
cells were stained with the fluorescent dye Nile Red in order to determine the relative levels of lipid
accumulation. (A) HepG2 cells treated with NRG-1 had an increased level of lipid accumulation
compared to the DMSO control. NRG-1 stimulated increases in lipid accumulation were diminished by
the use of the AKT1/2, GSK3β, and mTORC1 inhibitors. (B) Oleic acid supplementation was used as a
method to determine the effects of free fatty acids on HepG2 lipid accumulation. HepG2 cells
supplemented with oleic acid increased the baseline accumulation of lipids 3-fold. It appeared that HepG2
cells supplemented with oleic acid had no difference in lipid accumulation between any of the treatment
groups. The data were presented as mean ± SEM (n=4, *p<0.05).
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5.3 Oleic acid modulates the effects of NRG-1 on mitochondrial activity
WST-1 is typically used to measure cell viability in response to pharmacological stimuli. In these
experiments, the WST-1 reagent was used to measure the activity of mitochondrial dehydrogenases as the
reduction of WST-1 is proportional to the reduction of NADH by active mitochondria. NRG-1 increased
mitochondrial activity in HepG2 cells that were cultured under normal assay conditions (Figure 15).
AKT1/2 inactivation alone also increased mitochondrial activity (Figure 15A). Interestingly, NRG-1
stimulation and AKT1/2 inactivation together increased mitochondrial activity, but to a lesser degree than
any condition alone (Figure 15A). This suggests that NRG-1 stimulation and inhibition of the AKT
pathway somehow affects mitochondrial activity through some currently unknown mechanism. The use
of a GSK3β and mTORC1 inhibitor increased mitochondrial activity and these effects were potentiated
by NRG-1 stimulation (Figure 15A). Increased mitochondrial activity due to GSK3β inhibition indicates
that NRG-1 may be partially acting through GSK3β to increase mitochondrial activity downstream of
AKT activation. Inhibition of mTORC1 increased mitochondrial activity and also potentiated the effects
of NRG-1. This finding lead me to hypothesize that mTORC1 is not involved in mediating increases in
mitochondrial activity downstream of AKT. When HepG2 cells were supplemented with oleic acid, there
was an overall decrease in mitochondrial activity. There was a 62% (1.62±0.10) difference in
mitochondrial activity in non-oleic acid stimulated cells compared to the DMSO control (Figure 15B).
When cells were treated with NRG-1, there was a 26±1% increase in mitochondrial activity that was only
suppressed in cells that had also been treated with the mTORC1 inhibitor (Figure 15B). These findings
indicate that NRG-1 stimulates mitochondrial activity regardless of oleic acid stimulation. In cells
supplemented with oleic acid AKT inactivation did not have the same effect as seen in cells cultured uder
standard assay conditions. This may indicate that the availability of free fatty acids affects the signaling
pathways associated with stimulating mitochondrial activity downstream of AKT.
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Figure 15. Mitochondrial activity is attenuated by NRG-1 and supplementation with oleic acid. The
mitochondrial activity of HepG2 cells was measured using WST-1, a reagent that is enzymatically linked
to the action of mitochondrial dehydrogenases. (A) HepG2 cells cultured under typical assay conditions
showed an increase in mitochondrial activity with NRG-1 treatment. Mitochondrial activity increased
with AKT1/2 inactivation, but in the presence of NRG-1, there was no increase in activity. The GSK3β
and mTORC1 inhibitors potentiated the effects of NRG-1 treatment on mitochondrial activity. (B) In cells
supplemented with oleic acid, there was an overall decrease in the activity of mitochondrial
dehydrogenases. When supplemented with oleic acid, NRG-1 stimulated increases in mitochondrial
activity were not affected by AKT1/2 inactivation or GSK3β inhibition. However, treatment with
mTORC1 inhibited increases in mitochondrial activity associated with NRG-1. The data were presented
as mean ± SEM (B; n=4 : A; n=9, n represents replicate wells *p<0.05, #p≤0.1).
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6. Apolipoprotein Secretion and Uptake
6.1 NRG-1 decreases expression of genes associated with ApoB100 lipidation
Stimulation of the AKT pathway and MAPK pathway is associated with attenuation of the
transcription of genes associated with lipidation and secretion of apolipoproteins.7,8,13,23 ApoCIII and
MTTP, two proteins involved in lipidation, are under the transcriptional control of FOX01 transcription
factors downstream of AKT activation.7,8,23 Stimulation of the MAPK pathway is associated with
decreasing transcription of DGAT enzymes involved in the synthesis of triglycerides.13 The abundance of
ApoCIII, MTTP, DGAT1, and DGAT2 mRNA was measured in HepG2, cells using RT-qPCR.
After 20 hours of treatment, NRG-1 decreased the abundance of ApoCIII and MTTP mRNA
(Figure16). The decrease in ApoCIII and MTTP mRNA abundance appeared to be time dependent, but
the variation was too high to determine statistical significance. NRG-1 stimulation also decreased the
expression of DGAT1 after 2 and 4 hours of treatment and DGAT2 after 4 hours of treatment (Figure 16).
Inactivation of AKT1/2 resulted in increases of ApoCIII and MTTP in a time dependent fashion (Figure
16). NRG-1 stimulation, in addition to AKT1/2 inactivation, decreased the expression of both MTTP and
ApoCIII indicating that ApoCIII and MTTP expression is attenuated independently of the AKT pathway.
This finding is in contradiction to my hypothesis that AKT inhibits MTTP and ApoCIII expression
through FOX01 transcription factors. Additional research will be required to determine other potential
regulatory mechanisms of ApoCIII and MTTP mRNA transcription. AKT inactivation also increased
DGAT1 mRNA abundance, however this increase did not show time dependence. (Figure 16). Inhibition
of GSK3β decreased ApoCIII mRNA expression after 20 hours and decreased DGAT1 mRNA expression
after 2 and 4 hours (Figure 16). GSK3β had no effect on NRG-1-stimulated decreases in mRNA
expression (Figure 16). The use of an mTOR inhibitor did not affect NRG-1-stimulated increases or
decreases in mRNA expression of any of the genes examined (Figure 16). These findings suggest that the
AKT pathway is involved in the suppression of the transcription of MTTP, ApoCIII, and DGAT1, but not
DGAT2. The effects of NRG-1 stimulation were largely unaffected by the use of the AKT1/2, GSK3β,
and mTORC1 inhibitors. This pattern of stimulation would suggest that NRG-1 does not regulate the
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expression of ApoCIII, MTTP, DGAT1, or DGAT2 through the AKT pathway. It is possible that NRG-1
attenuates the expression of ApoCIII, DGAT1, DGAT2, and MTTP by MAPK activity, but further
experimentation would be required to determine the mechanism of regulation.
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Figure 16. Relative abundance of mRNA associated with ApoB100 lipidation and secretion. Taqman
based RT-qPCR was used to establish the relative mRNA abundance. (A) The mRNA levels of ApoCIII
did not change in the first 2 hours. After 4 hours inactivation of AKT increased ApoCIII mRNA levels.
NRG-1 decreased ApoCIII mRNA significantly after 20 hours. AKT1/2 inactivation increased ApoCIII
mRNA levels significantly in a time dependent manner. None of the three inhibitors tested affected the
decrease in ApoCIII mRNA measured. (B) MTTP mRNA levels decreased after 20 hours with NRG-1
treatment. AKT1/2 inactivation resulted in increased MTTP mRNA levels. NRG-1 stimulation in
combination with AKT1/2 inactivation resulted in an opposing effect on mRNA levels by NRG-1.
GSK3β inhibition had no effect on MTTP mRNA levels with or without NRG-1. mTORC1 inhibition had
no effect on MTTP mRNA levels with or without NRG-1 stimulation. (C) DGAT1 mRNA expression
decreased with NRG-1 treatments. Inactivation of AKT1/2 resulted in increased levels of DGAT1/2 and
trended towards decreasing with the addition of NRG-1. GSK3β inhibition decreased the expression of
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DGAT1after 2 and 4 hours. (D) DGAT2 expression decreased significantly after 4 hours of treatment
with NRG-1 and only mTORC1 inhibition resulted in no effect. The only statistically significant
differences seen were after 2 hours of treatment. The data were presented as mean ± SEM (n=12,
*p<0.05).
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6.2 NRG-1 promotes LDL uptake
Activation of the MAPK and AKT pathways is associated with increased LDLr mRNA
transcription and expression of LDLr on the surface membrane.7,8 The expression of LDLr and secretion
of PCSK9, a negative regulator of LDLr, is associated with the regulation of the LDL uptake.8 LDLr
mRNA is hypothesized to be stabilized by MAPK1/3 activity.33 Up-regulation of SREBP-1 activity also
promotes LDLr mRNA transcription.28 The uptake of LDL was measured using a fluorescently labeled
LDL particle and high-throughput imaging. The abundance of mRNA was measured using Taqman based
RT-qPCR.
In HepG2 cells, NRG-1 stimulation increased the expression of LDLr after 2 and 4 hours of
treatment, which decreased after 20 hours (Figure 18A). Inactivation of AKT1/2 increased LDLr mRNA
abundance after 20 hours of treatment (Figure 18A). Inactivation of the AKT pathway potentiated the
effects of NRG-1 on increasing LDLr mRNA abundance (Figure 17A). These findings suggest that NRG1 does not increase LDLr mRNA abundance through an AKT dependent pathway. The use of a GSK3β
inhibitor decreased LDLr mRNA abundance at 2 and 4 hours, which increased after 20 hours (Figure
18A). This finding is informative because it shows that LDLr mRNA decreases with GSK3β inhibition
which occurs downstream of AKT. Inhibition of mTORC1 did not affect NRG-1-stimulated increases in
LDLr (Figure 18A). NRG-1-stimulated increases in LDLr mRNA abundance supports my hypothesis that
NRG-1 increases LDLr mRNA abundance, but there is not enough information available to determine
whether MAPK was involved. It would be important to perform further experimentation with a MAPK
inhibitor to identify whether MAPK is responsible for mediating differences in LDLr mRNA abundance
as these experiments suggest AKT is not involved. The abundance of PCSK9 mRNA decreased
significantly after 20 hours of treatment. Inactivation of AKT1/2 trended towards increasing PCSK9
mRNA abundance over 20 hours of treatment (Figure 18B). The influence of NRG-1 on PCSK9 mRNA
abundance seems to be regulated by a similar mechanism to LDLr, but inactivation of AKT did not
potentiate the effects of NRG-1 as seen with LDLr mRNA.
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In the LDL uptake experiments, NRG-1 increased the uptake of LDL at the highest concentration
of 100 nM (Figure 18C). PCSK9 was found to decrease the uptake of LDL at the highest concentration of
5 nM (Figure 18C). These findings are from one representative experiment so it is hard to determine
whether the findings are real, and more experimentation is required to be able to draw an accurate
conclusion. Overall, it appears that NRG-1 promotes LDL uptake through increasing the transcription of
LDLr mRNA and decreasing the transcription of PCSK9 mRNA through some currently unknown
mechanism that is not reliant on the AKT pathway.
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Figure 17. NRG-1 increases LDL uptake. Relative mRNA expression was measured using Taqman
based RT-qPCR. LDL uptake was measured using a fluorescently labeled LDL particle and highthroughput imaging. (A) NRG-1 significantly increased the expression of LDL receptor mRNA. AKT1/2
inactivation also increased the expression of LDLr mRNA. The combination of NRG-1 stimulation and
AKT1/2 inactivation increased LDLr mRNA expression more than the other treatment groups. GSK3β
inhibition decreased the expression of LDLr. Inhibition of mTORC1 increased LDLr mRNA expression
after only 4 hours. (B) The expression of PCSK9 mRNA trended downward with NRG-1 treatment and
increased with inactivation of AKT1/2. Inhibition of GSK3β decreased expression of LDLr mRNA and in
combination with NRG-1, it showed similar effects. (C) NRG-1 increased the uptake of LDL in HepG2
cells compared to the PBS control at the highest concentration of NRG-1. PCSK9 decreased the uptake of
LDL at the highest concentration used. The data were presented as mean ± SEM (A + B; n=3, C; n=1
*p<0.05).
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6.3 Oleic acid modulates the effects of NRG-1 on ApoB100 secretion
The secretion of ApoB100 is associated with the rate of ApoB100 lipidation and the availability
of substrates for apolipoprotein assembly. In these experiments, the secretion of ApoB100 did not change
significantly with any of the treatment groups under normal growth conditions (Figure 19A). The minimal
effects of any of the treatments indicates ApoB100 secretion is defective in HepG2 cells and is unaffected
by stimulation or inhibition under normal culture conditions. HepG2 cells that had been supplemented
with oleic acid had a 2-fold increase in the secretion of ApoB100 compared to the no oleic acid control
(Figure 19B). NRG-1 treatment resulted in decreased secretion of ApoB100 in cells supplemented with
oleic acid, but the results were not statistically significant. Inactivation of AKT1/2 decreased ApoB100
secretion similarly to NRG-1 treatment (Figure 19B). NRG-1 stimulation in addition to AKT1/2
inactivation resulted in the same degree of ApoB100 secretion as both NRG-1 treatment alone and
AKT1/2 inactivation alone (Figure 19B). GSKβ inhibition had no effect on ApoB100 secretion and did
not inhibit the effects of NRG-1 (Figure 19B). Inhibition of mTORC1 alone and in conjunction with
NRG-1 treatment decreased ApoB100 secretion more than any other treatment group (Figure 18). The
finding that AKT, GSK3β, and mTORC1 inhibition had no effect on ApoB100 secretion suggests to me
that NRG-1 decreases ApoB100 secretion independently of the AKT pathway. Overall, the only treatment
that increased secretion of ApoB100 was supplementation of HepG2 cell culture media with oleic acid
which is consistent with previously reported methods.13 The inability of HepG2 cells to secret ApoB100
is associated with the constitutively active MAPK pathway suppressing DGAT1 and DGAT2 activity.13

57

Relative ApoB100 Secretion

2
1.5
1
0.5
0
DMSO

NRG-1

AKT1/2
Inhibitor

NRG-1 +
AKT1/2
Inhibitor

GSK3β
Inhibitor

NRG-1 +
GSK3β
Inhibitor

mTORC1
Inhibitor

NRG-1 +
mTORC1
Inhibitor

Relative ApoB100 Secretion
(Supplemented with O/A)

1.2
1

#

#

0.8

*

*

*

0.6

*

0.4
0.2
0
DMSO

NRG-1

AKT1/2
Inhibitor

NRG-1 + GSK3β NRG-1 + mTORC1 NRG-1 +
AKT1/2 Inhibitor GSK3β Inhibitor mTORC1
Inhibitor
Inhibitor
Inhibitor

No OA

Figure 18. NRG-1 and oleic acid attenuate ApoB100 secretion. The secretion of ApoB100 particles
from HepG2 cells was measured using a sandwich ELISA. (A) HepG2 cells that were not supplemented
with oleic acid exhibited no change in the secretion of ApoB100 in any of the treatments tested. (B) In
HepG2 cells supplemented with oleic acid, the secretion of ApoB100 increased 2-fold compared to the
negative oleic acid control. NRG-1 trended towards decreasing the secretion of ApoB100. Inhibition of
AKT1/2 and mTORC1 resulted in decreased ApoB100 secretion. GSK3β inhibition and AKT1/2
inactivation did not affect NRG-1-stimulated decreases in ApoB100 secretion. mTORC1 inhibition
decreased the secretion of ApoB100 and combined with NRG-1 treatment produced similar results to
NRG-1 treatment alone. The data were presented as mean ± SEM (n=3, *p<0.05)
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Discussion
The objective of these studies was to survey and characterize the effects of NRG-1 on metabolic
events regulated by hepatocytes, specifically HepG2 cells. There were three stages of this thesis that
began with a comprehensive review of the literature that resulted in the construction of an outline of the
possible signaling pathways involved in NRG-1 and HER signaling. The second part of this thesis
concentrated on determining the best cell model to study the effects of NRG-1 in vitro. The final part of
this study focused on looking at the effects of NRG-1 in the chosen cell model, HepG2 cells, and
outlining the underlying mechanism of regulation.
Selection of Cell Model for Study
HepG2 cells were chosen as the primary model organism for study due to the more stable
expression of HER mRNA and robust response to NRG-1 stimulation. I believe that HepG2 cells more
closely represent the metabolism of a human liver than primary hepatocytes from a rat or a mouse.
Evidence that HER4 was detected in rat and mouse hepatocytes, but not in human hepatocytes indicates
there are differences in HER expression between species. If further experimentation with these models
were desired, it would be important to take into consideration the effects that HER4 expression could
have on NRG-1 treatment. It would also be important to obtain primary human hepatocytes or liver tissue
from a human to determine the expression of HERs.
I postulate that the degree of difference between the responses seen in HepG2 cells and primary
hepatocytes is due to the change in expression of the receptors on the cell surface. During the process of
isolation, the primary hepatocytes are exposed to various digestive enzymes in order to aid in the
suspension of the cells. During this process some of the cell membrane receptors may end up damaged or
removed. This could explain the degree of difference seen between the responses in a transformed cell
line with stable expression of HERs compared to the primary hepatocytes. Due to time constraints, this
hypothesis was not pursued further, but future experiments could use cell surface imaging or Western
blotting to determine the pattern of HER expression on the cell membrane and how it changes over time.
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Pathway Activation
Based on a review of the literature and the use of String-db.com, I hypothesized that NRG-1
would activate the AKT and MAPK pathways in hepatocytes. Western analysis of HepG2 cells treated
with NRG-1 showed increased phosphorylation of both AKT and MAPK (Figure 10). The
phosphorylation of AKT was inhibited by the use of an inhibitor of AKT1/2 activation, A6730, which
decreased AKT phosphorylation below the levels seen in the DMSO control (Figure 10). The reduction of
AKT below basal levels could be due to the mechanism of inactivation used. A6730 inhibits AKT by
preventing its pleckstrin-homology domain from associating with PIP3. 14,19 An unexpected finding was
that mTORC1 inhibition and GSK3β inhibition increased AKT phosphorylation. However, Breuleux et al.
have demonstrated that inhibition of mTORC1 increased the phosphorylation of AKT at SER473
similarly to this experiment in other transformed cell lines.37 This effect is postulated by Breuleux et al. of
being mediated by the insulin receptor family.37 It would be interesting to explore the connection between
mTORC1, AKT, and NRG-1 signaling in relation to the insulin receptor family as it has not been
explored in hepatocytes.
MAPK1/3 phosphorylation was largely unchanged by inhibitors of the AKT/mTOR pathway
(Figure 7B). Interestingly, inhibition of GSK3β had no effect on the basal phosphorylation of MAPK1/3,
but when used in combination with NRG-1 the effects were increased 2-fold higher than NRG-1
stimulation alone (Figure 7B). These findings suggest there is crosstalk occurring between the MAPK and
AKT pathways upon NRG-1 stimulation that is potentiated by GSK3β inhibition with SB 216763. In
these studies MAPK was not inhibited due to time constraints and lack of on information about the
relevance of MAPK to these experiments during the initial planning stages. Overall, the experimental data
supports the hypothesis that NRG-1 increases the phosphorylation of AKT and MAPK in HepG2 cells.
Protein Synthesis
One of the major downstream effects of AKT activation is activation of mTORC1 and S6K,
which result in increased protein synthesis, cell growth, and lipid synthesis.29-31 Activation of mTORC1
was shown through measuring the phosphorylation of PRAS40, a negative regulator of mTORC1, and
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rpS6 a downstream effector of mTORC1. Western analysis showed NRG-1 increased the phosphorylation
of both rpS6 and PRAS40 in an AKT dependent manner (Figure 8). Basal levels of rpS6 phosphorylation
were reduced with use of the AKT1/2, GSK3β, and mTORC1 inhibitors (Figure 8). The use of a GSK3β
inhibitor decreased the levels of rpS6 phosphorylation which confirms findings reporting a connection
between rpS6 phosphorylation and GSK3β activity.36 I believe that this evidence suggest that AKT is
involved in the basal regulation of rpS6 phosphorylation since there was such a dramatic decrease in rpS6
phosphorylation with inhibition of AKT activation (Figure 8). Another interesting finding is that GSK3β
inhibition alone decreased phosphorylation of rpS6 (Figure 9B). Upon further literature review it was
discovered that GSK3β is responsible for the phosphorylation of S6K which promotes its activity.36
Further experimentation would be required to explore the relationship between GSK3β and S6K, but it
might provide insight into a previously overlooked regulatory mechanism controlling S6K activity in
response to NRG-1. There were also major differences between the phosphorylation of rpS6 at SER235
and SER240 (Figure 8). NRG-1 only trended towards increasing phosphorylation of rpS6 at SER235. I
believe that this difference is due to the activity of S6K and MAPK which phosphorylate rpS6 directly.
Potential future experiments could explore the how NRG-1 stimulates S6K activity and how different
pathways influence different aspects of S6K activity.
The incorporation of [3H]-l-leucine into newly synthesized protein was used as a measure of
protein synthesis. NRG-1 was shown to increase the incorporation of [3H]-l-leucine into newly
synthesized proteins in a concentration-dependent manner (Figure 9A). It was also found that NRG-1stimulated increases in protein synthesis were altered with the use of an AKT1/2 phosphorylation
inhibitor and an mTORC1 inhibitor (Figure 9B). The degree of protein synthesis that was stimulated with
NRG-1 treatment and inactivation of AKT1/2 was significantly lower than the levels seen with NRG-1
treatment alone (Figure 9B). Despite NRG-1 stimulation with AKT inactivation there was still a
significant increase in protein synthesis in comparison to the DMSO control (Figure 9B). These findings
indicate that NRG-1 increases protein synthesis partially through the activity of AKT and mTORC1. In
future studies it would be important to determine whether MAPK is also responsible for increases in
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protein synthesis since it also phosphorylates rpS6.30 The involvement of MAPK in protein synthesis
could explain why AKT1/2 inhibition did not completely block NRG-1 stimulated increases in protein
synthesis.
It appears that rpS6 phosphorylation does not directly relate to the degree of [3H]-l-leucine
incorporation (Figure 8). The use of AKT1/2, GSK3β, and mTORC1 inhibitors decreased the basal level
of rpS6 phosphorylation, but these decreases were not reflected by decreased protein synthesis (Figure 8).
This is not completely unexpected as rpS6 is just one of many of the downstream effectors of mTORC1
that are responsible for increased protein synthesis.29 In future experiments it would be important to look
directly at S6K phosphorylation and at the activity of other regulator of protein synthesis associated with
mTORC1. Taken together I believe these findings support my hypothesis that NRG-1 stimulates protein
synthesis at least partially through an AKT/mTORC1 dependent pathway.
Glucose Metabolism
The activation of the AKT pathway is associated with increased glucose uptake, increased
glycogen production, and decreased gluconeogenesis.14,17 Western analysis and RT-qPCR data provided
evidence indicating that NRG-1 modulates several aspects of glucose metabolism through posttranslational and post-transcriptional mechanisms. NRG-1 was shown to increase the phosphorylation of
GSK3β which was sensitive to the use of AKT1/2 and GSK3β inhibitors (Figure 10A). In turn, the levels
of intracellular glycogen concentrations also increased in cells treated with NRG-1 compared to the
DMSO control (Figure 10B). This evidence supports the hypothesis that NRG-1 increases the
concentration of glycogen through AKT mediated inhibition of GSK3β.
NRG-1 stimulated HepG2 cells also showed distinct changes in the expression of gluconeogenic
genes and phosphorylation of PFKFB2 (Figure 11). The expression of PCK2 and G6Pase decreased over
20 hours of treatment with NRG-1 (Figure 11). The effects of NRG-1 on G6Pase mRNA expression were
more potent than the effects of NRG-1 on PCK2 mRNA expression despite the fact that these genes are
both regulated by FOX01 transcription factors, a substrate for AKT phosphorylation.14,17 The FOX01
transcription factor is an AKT substrate that can be deactivated through AKT mediated
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phosphorylation.14,17 In these experiments it was observed that inactivation of AKT1/2 had a significant
effect on the expression of PCK2 and G6Pase increasing expression 5-fold and 45-fold, respectively
(Figure 11). When NRG-1 was used in combination with AKT1/2 inactivation the levels of PCK2 and
G6Pase declined with the largest difference after 20 hours of treatment (Figure 11). This data supports the
hypothesis that NRG-1 decreases the expression of gluconeogenic genes through a mechanism regulated
by AKT activity.
I also hypothesized that the phosphorylation of the glycolytic enzyme, PFKFB2, would increase
with NRG-1 stimulation mediated through an AKT dependent pathway. In these experiments NRG-1
increased the levels of PFKFB2 phosphorylation that was inhibited by AKT1/2 inactivation (Figure 11C).
The use of a GSK3β and mTORC1 inhibitor did not suppress the increases in PFKFB2 phosphorylation
indicating PFKFB2 phosphorylation is not effected by the activity of these two pathways. It was my
intent to also measure the uptake of glucose into HepG2 cells, but I was unable to establish a reliable nonradioactive method for measuring glucose uptake. Future experiments should use stable labeled deoxyglucose to determine whether NRG-1 increases the uptake of glucose in hepatocytes similarly to skeletal
muscle.
Lipid Metabolism
Glucose that has entered the cell is partially processed by the mitochondria during oxidative
phosphorylation and produces metabolites that can be used in de novo lipogenesis.32 In this study WST-1
was used to measure the activity of NADH dehydrogenase activity which are involved in electron
transport. In addition to normal treatment conditions, stimulation with oleic acid was used as a means of
promoting increased lipid droplet accumulation and apolipoprotein secretion. Oleic acid stimulation also
provides an environment in which free fatty acids are plentiful resembling the release of free fatty acids
from adipocytes during fasting. The use of oleic acid provided insight into how HepG2 cells respond to
NRG-1 during different metabolic states. In this study NRG-1 increased mitochondrial activity and
AKT1/2 inactivation reduced the degree of increase seen with NRG-1 alone (Figure 16). It was also noted
that mitochondrial activity deceased overall when HepG2 cells were supplemented with oleic acid (Figure
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16). In HepG2 cells supplemented with oleic acid, NRG-1 increased mitochondrial activity which was
inhibited by the use of an mTORC1 inhibitor (Figure 16). I believe these findings demonstrate that NRG1 is involved in increasing the activity of mitochondria during both a state where free fatty acids are
restricted or in excess.
The citrate that is converted to acetyl-CoA used in lipogenesis is a product of mitochondrial
activity.32 Citrate can be processed to produce fatty acids by the enzyme ACLγ which can be further
process by other lipogenic enzymes.32 The transcription of these enzymes is controlled by SREBP-1c in
the liver.28,32 In these experiments NRG-1 only influenced the expression of ACLγ, SREBP, and SCD-1
at a single time point each (Figure 13). The only enzyme that had more than two time points of increased
levels of transcription was FASN (Figure 13E). In contrast to NRG-1 treatment, the inhibition of AKT1/2
increased the expression of all the genes surveyed in this study and NRG-1 only showed an effect on
FASN and SREBP-1 (Figure 13). These findings were unexpected as AKT activation through
phosphorylation and HER2 activity are associated with increased expression of lipogenic enzymes.3,15,16 It
is also known that HER2 overexpressing breast cancer cells have increased expression of lipogenic
enzymes such as FASN and ACCα in breast cancer cells.3,16
In addition to measuring the transcription of lipogenic enzyme mRNA, the phosphorylation state
of ACLγ was also measured. It was observed that NRG-1 increased the phosphorylation of ACLγ in an
AKT1/2 dependent manner (Figure 14). It was also observed that rapamycin increased the
phosphorylation of ACLYγ and this effect was further increased with NRG-1 treatment (Figure 14).
These findings indicate that the activation of ACLγ, an enzymes involved in the early stages of
lipogenesis, increases with NRG-1 treatment through post-translational modification rather than
transcriptional regulation. The finding that ACLγ phosphorylation is increased, but ACLγ mRNA
abundance was not increased may indicate that NRG-1 promotes lipogenesis through post-translational
modification rather than transcriptional regulation. I now believe that NRG-1 may increase lipogenesis
through two mechanisms. One mechanism is through allosterically activating lipogenic enzymes by
providing an influx of substrate such as acetyl-CoA or malonyl-CoA and through post-translational
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regulation such as phosphorylation. I believe that transcriptional regulation of lipogenic enzyme mRNA is
more selective than previously thought and there is currently more evidence to support a post-translational
mechanism of regulating de novo lipogenesis. In order to further study this hypothesis it would be
important to measure the phosphorylation of FASN, SCD-1, and ACCα after NRG-1 treatment. It would
also be important to perform extended treatments with NRG-1 in order to determine how phosphorylation
of these enzymes changes over time.
I originally hypothesized that HepG2 cells treated with NRG-1 would have increased lipid
accumulation due to increased transcriptional and post-translational regulation of enzymes involved in
lipogenesis. In these experiments it was observed that NRG-1 increased the accumulation of lipids and
inhibition of AKT1/2 and GSK3β had no effect on lipid accumulation when used with NRG-1 (Figure
15A). In HepG2 cells treated with NRG-1 and oleic acid there was no effect seen in each treatment group,
but the overall level of lipid accumulation increased in all treatment groups (Figure 15B). These findings
suggest that NRG-1 increases the accumulation of lipids in a metabolic state when free fatty acids are
restricted.
ApoB100 Secretion
I originally hypothesized that increased supply of fatty acids from lipogenesis would result in
increased lipid accumulation and, in turn, ApoB100 secretion. This study found that NRG-1 did not
increase the secretion of ApoB100 from HepG2 cells. However, in HepG2 cells stimulated with oleic acid
NRG-1 decreased the secretion of ApoB100, but the findings were not statistically significant (Figure 19).
Treatment with inhibitors of AKT1/2 and mTORC1 also decreased the secretion of ApoB100 (Figure 19).
These results are the opposite of what was hypothesized to occur. The defective secretion of ApoB100
from HepG2 cells can be partially explained by the hyperactivity of MAPK.13
Tsai et al., postulated in their research that defective ApoB100 secretion in HepG2 cells was due
to the activity of MAPK decreasing DGAT activity involved in TG synthesis.13,38 Upon further literature
review it was also discovered that FOX01 transcription factors influence the transcription of ApoCII and
MTTP, two proteins involved in the lipidation of Apob100 before secretion.8 These findings warranted

65

further investigation of mRNA expression profiles of DGAT1, DGAT2, MTTP, and ApoCII mRNA in
HepG2 cells in order to identify a potential mechanism for negative regulation of ApoB100 secretion.
These additional studies found that the expression of DGAT1, DGAT2, MTTP, and ApoCIII generally
decreased over time (Figure 17). AKT1/2 inhibition had increased the expression of the aforementioned
genes except DGAT2 (Figure 17). NRG-1 also had a similar opposing effects to AKT1/2 inhibition on
MTTP, APOCII, and DGAT1 mRNA expression as seen with G6Pase mRNA expression (Figure 17;
Figure 11). Due to time restrictions these experiments were not performed with a MAPK inhibitor. In
future experiments it would be important to determine the complete expression profile of DGAT1,
DGAT2, MTTP, and ApoCIII over extended time periods and in response to MAPK inhibition. It would
also be important to define the transcription factors stimulating these responses.
LDL Uptake
Based on the similarities shared between NRG-1 and insulin signaling I hypothesized that
increased regulation of the LDLr mRNA and expression of LDLr would increase LDL uptake. To further
explore this hypothesis the mRNA abundance of LDLr and a negative regulator of LDLr, PCSK9, were
assessed. Western analysis indicated that LDLr mRNA increases over time with NRG-1 treatment and
PCSK9 mRNA decreased after 20 hours (Figure 18). These findings also showed that AKT1/2 inhibition
increased LDLr mRNA and NRG-1 potentiated these effects (Figure 18). In these experiments inhibition
of mTORC1 did not affect the expression of PCSK9 as has been previously demonstrated.34 This finding
suggests that NRG-1 stimulates LDLr mRNA expression through an AKT independent mechanism which
supports the current literature.34
In a final exploration of whether NRG-1 increased LDL uptake a high-throughput imager was
used to analyze the uptake of fluorescent LDL into HepG2 cells. In these experiments NRG-1 increased
the uptake of LDL at the highest concentration of 100 nM (Figure 18). PSCK9 was shown to have the
opposite effect of NRG-1 on LDL uptake (Figure 18). The results of these experiments are only
representative of a single experiment and there have some inconsistencies that might have influenced the
degree of LDL uptake observed. I have only found one study that identified HER3 as a gene that was
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upregulated by high levels of circulating LDL in baboons.35 The discovery that NRG-1 increases LDL
uptake could be potentially beneficial to research into dyslipidemia. Future experiments should verify the
underlying pathway that promotes LDL uptake using western analysis and RT-qPCR.
Conclusion
The findings suggest that NRG-1 has an effect on HepG2 cell metabolism. NRG-1 was shown to
increase protein synthesis partially through an AKT and mTORC1 dependent manner. I also demonstrated
that NRG-1 increased the concentration of intracellular glycogen through the inhibition of GSK3β by
AKT pathway activation. Lipid accumulation was also shown to increase due to NRG-1 treatment, but it
was later believed that this change could have been due to decreased ApoB100 secretion. The results of
further analysis revealed that NRG-1 decreased the expression of genes involved in lipidation and
secretion of ApoB100. This finding position NRG-1 as a potential regulator of ApoB100 secretion. LDL
uptake was also assessed in these experiments. In these studies I demonstrated that NRG-1 increases the
expression of LDLr mRNA. In addition to increasing LDLr mRNA, NRG-1 was also shown to increase
the uptake of fluorescent LDL particles. These findings have not been previously described in hepatocytes
or other tissue types based on my literature review. Unfortunately the link between MAPK and LDLr
mRNA stability and ApoB100 lipidation were not completely realized until the end of the study therefore
MAPK inhibition was not tested.
Some of the effects seen with NRG-1 stimulation may translate directly to in vitro models, but
other effects may not due to the altered metabolism of transformed cell lines. The negative side of using a
cell based model is the lack of physiological relevance some of the effects might have in vitro. In a
transformed cell line many aspects of glucose and lipid metabolism are altered in a way that typically
promotes cell survivability and growth. The result of these experiments could be due to the nature of
transformed cells lines rather than the effects that NRG-1 has in human hepatocytes in vivo.
In future experiments it would be important to use a MAPK inhibitor to verify that signaling is
occurring through the MAPK pathway. Further experimentation is also warranted in order to determine
whether expression and activity of lipogenic enzymes is increased in response to NRG-1. In a more broad
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view, it would also be interesting to look at how expression of HERs and NRGs change temporally or in
response to metabolic stress such as fasting or feeding. It would also be important to test the activity of
NRG-1 in an in vivo model to be able to measure metabolic effects in the context of a whole organism. In
the opinion of the author the relationship between NRG-1 and hepatic metabolism warrants further
investigation in both in vitro and in vivo models and offers potential insight into the regulation of
metabolic process controlled by the liver.
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Figure 19 Representative image of western blotting results obtained in this study. This image
represent western blot data that was gathered on HepG2 cells treated with NRG-1 (10nM). The levels of
pMAPK1/3, pAKT, and β-actin were measured.
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Appendix B
Growth Media
DMEM/F12 3:1 media (A14278EL; Life Technologies)
10% (v/v) fetal bovine serum (16000-044; Life Technologies)
1% (v/v) antibiotic (10,000 units/mg penicillin, 10 mg/ml streptomycin; 15140-122; Life)
Assay Media
DMEM/F12 3:1 media (A14278EL; Life Technologies)
0.1% (v/v) fetal bovine serum (16000-044; Life Technologies)
1% (v/v) antibiotic (10,000 units/mg penicillin, 10 mg/ml streptomycin; 15140-122; Life)
Denaturing Solution
Guandinium hydrochloride (4M)
Sodium citrate (25mM)
2-DTT (10mM)
ELISA Wash Buffer
PBS
0.05% Tween-20
XY Lysis Buffer
10 ug/ml TPCK (N-p-Tosyl-L-phenylalanine chloromethyl ketone; T4376: Sigma)
2 mM TAME (Na-p-Tosyl-L-arginine methyl ester hydrochloride; T4626; Sigma)
15 mM phosphatase substrate (pNPP; hexahydrate; P4744; Sigma)
5 mM benzamidine hydrochloride hydrate (B6506; Sigma)
25 mM Tris ph 7.5 (15567-027, Invitrogen)
2.5 mM pyrophosphate (sodium pyrophosphate tetrabasic decahydrate; S6422; Sigma)
150 mM NaCl (S9888; Sigma)
60 mM glycerol-2-phosphate disodium salt hydrate (b-glycerophosphate: G6251: Sigma)
15 mM EDTA pH 8.0 (15575-038; Gibco)
5 mM EGTA pH 8.0 (E3889; Sigma)
10 mM NaF (S-7920; Sigma)
1 mM Na orthovanadate (S-6508; Sigma)
1 mM DTT (D9779; Sigma)
10 mg/ml Leupeptin (L2884; Sigma)
10 mg/ml trypsin-chymotrypsin inhibitor (Bowman-Birk inhibitor; T9777; Sigma)
10 ug/ml aprotinin (A1153; Sigma)
1 mM microcystin LR (DMSO; M2912; Sigma)
1% Triton X-100 (X-100; Sigma)
1 mM okadaic Acid (DMSO; 495604; Calbiochem)
Lipoprotein Deficient Growth Media
DMEM/F12 3:1 media (A14278EL; Life Technologies)
5% lipoprotein deficient serum (bovine)
1% (v/v) antibiotic (10,000 units/mg penicillin, 10 mg/ml streptomycin; 15140-122; Life)
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