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The Acute Transcriptomic and Proteomic
Response of HC-04 Hepatoma Cells to
Hepatocyte Growth Factor and its Implications
for Plasmodium falciparum Sporozoite

Invasion*s
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The routine study of human malaria liver-stage biology in
vitro is hampered by low infection efficiency of human
hepatocellular carcinoma (HCC) lines (<0.1%), poor un-
derstanding of steady-state HCC biology, and lack of ap-
propriate tools for trace sample analysis. HC-04 is the
only HCC that supports complete development of human
malaria parasites. We hypothesized that HCCs are in var-
ious intermediate stages of the epithelial-mesenchymal
transition (EMT) and HC-04s retain epithelial characteris-
tics that permit infection. We developed a facile analytical
approach to test this hypothesis viz. the HC-04 response
to hepatocyte growth factor (HGF). We used online two-
dimensional liquid chromatography tandem mass spec-
trometry (2D-LC-MS/MS) to quantify protein expression
profiles in HC-04 pre-/post-HGF treatment and validated
these results by RT-gPCR and microscopy. We success-
fully increased protein identification efficiency over of-
fline-2D methods by 12-fold, using less sample material,
allowing robust protein quantification. We observed ex-
pected up-regulation and down-regulation of EMT protein
markers in response to HGF, but also unexpected cellular
responses. We also observed that HC-04 is generally
more susceptible to HGF-mediated signaling than what
was observed for HepG2, a widely used, but poor ma-
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laria liver stage-HCC model. Our analytical approach to
understanding the basic biology of HC-04 helps us un-
derstand the factors that may influence its utility as a
model for malaria liver-stage development. We ob-
served that HC-04 treatment with HGF prior to the ad-
dition of Plasmodium falciparum sporozoites did not
facilitate cell invasion, which suggests unlinking the ef-
fect of HGF on malaria liver stage development from
hepatocyte invasion. Finally, our 2D-LC-MS/MS ap-
proach and broadly applicable experimental strategy
should prove useful in the analysis of various hepato-
cyte-pathogen interactions, tumor progression, and
early disease events. Molecular & Cellular Proteomics
13: 10.1074/mcp.M113.035584, 1153-1164, 2014.

The liver is the target tissue for several microbial pathogens
(1). The malaria parasite, Plasmodium, infects the liver as the
first stage of infection of a vertebrate host. Once inside hepa-
tocytes, Plasmodium parasites undergo schizogony, develop-
ing from invasive sporozoites into hepatic schizonts contain-
ing merozoites, which subsequently infect blood cells. The
development of asymptomatic pre-erythrocytic liver-stage
(LS)" parasites of the most virulent human malaria parasite, P.
falciparum remains poorly studied because of the inherent
difficulty of developing in vitro LS models. A clearer under-
standing of LS biology may lead to the development of inter-
ventions that would result in the complete abrogation of
disease. Primary hepatocytes and human hepatocellular
carcinoma (HCC) cell lines are widespread models for un-
derstanding liver biology (2), chronic diseases and microbial
pathogenesis (3). Although only a few Plasmodium sporozo-
ites are required for infecting a human (4, 5), infecting hepa-
tocyte cell lines with P. falciparum remains difficult. The use of

" The abbreviations used are: LS, liver stages; HCC, human hepa-
tocellular carcinoma; HGF, hepatocyte growth factor; EMT, epithelial-
mesenchymal transition; SCX, strong cation exchange; FASP, Filter-
Aided Sample Preparation; ppm, parts per million; FA, formic acid.
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primary hepatocytes with several Plasmodium species has
been successful, but common use is challenging (6, 7). HCCs,
such as HepG2 and Huh-7 are expedient for murine malaria LS,
but appear to be refractory to infection with P. falciparum (8).

A novel HCC line, HC-04, has been a useful model to
examine human LS biology (9, 10), because it is the only HCC
that supports complete development of the two most lethal
human malaria parasites, P. falciparum and P. vivax, albeit at
low infection efficiencies (<0.1% infection) (11). The basic
cellular biology of HC-04 is poorly understood and a clearer
understanding may lead to enhanced infection efficiencies by
P. falciparum and P. vivax, and thus open many avenues for
future research into LS biology. We are also interested in
examining growth regulation in HC-04 because growth stim-
ulation has been reported to positively influence sporozoite
invasion and subsequent LS development in rodent malaria
models (12-13). One growth factor in particular, Hepatocyte
Growth Factor (HGF), has been implicated in Plasmodium
invasion and maturation in hepatocytes in vitro (12, 13); how-
ever, its importance in vivo remains controversial (14). More-
over, growth factor stimulation of cultured cells is tightly
linked to changes in gene and protein expression that have
been described during the epithelial to mesenchymal transi-
tion (EMT) (15, 16) in the liver. In the presence of HGF, cells
are driven further away from the epithelial state that is repre-
sentative of hepatocytes in vivo. HCCs are a heterogeneous
group of carcinomas themselves, stemming from diverse mo-
lecular alterations (15) and thus individual HCC cell lines will
likely differ in response to a given EMT-stimulus. We hypoth-
esize that various HCCs that have been used to study LS
represent intermediate stages in the EMT spectrum, and thus
their intrinsic loss/retention of epithelial characteristics will
influence their susceptibility to sporozoite invasion and LS
maturation. We further hypothesize that the acute response of
HC-04 to HGF can be a direct indication of the relative stage
of HC-04 along the EMT spectrum, and that the specific
regulation of cellular markers of EMT can help us identify pu-
tative “susceptibility factors”. Thus, our primary biological aim is
to examine the effect of HGF on HC-04. By shedding light on
which epithelial-state protein markers are still expressed in
HC-04 in both their naive and HGF-stimulated state, we will
establish a critical foundation for understanding the cellular
biology and plasticity of HC-04. In turn, we can directly address
the importance of HGF to Plasmodium sporozoite invasion and
development within this poorly characterized HCC.

As we will use HC-04 to explore Plasmodium protein traf-
ficking processes and host cell modifications during LS de-
velopment, we also took the opportunity to pursue our pri-
mary technical aim- to develop a sensitive proteomics
platform for acquiring quantifiable MS data from an extremely
limited sample source. To meet the needs of trace sample
analysis with high sensitivity and throughput, the integration
of injector, separation column, and stable electrospray for MS
on one microfluidic device (the “chip”) has revolutionized

HPLC MS (17). Although chip-based HPLC has gained wider
use, the separation capacity remains limited by column length
and packing materials and one dimensional separation. Of-
fline multi-dimensional (MD) sample fractionation could re-
duce the sample complexity and improve the orthogonality
that is necessary for increasing protein coverage (17, 18).
However, offline MD HPLC still suffers from the disadvan-
tages of being time and labor consuming, a higher risk of
sample loss or contamination, and requiring a large sample
volume/amount, which is unsuitable when protein samples
are limiting. To meet our primary technical and biological
aims, we developed an online two dimensional (2D) HPLC
chip-based method integrating a strong cation exchange (SCX)
column. This system used the autosampler to deliver each salt
elution buffer for online fractionation of the loaded protein digest
to a chip-integrated enrichment column prior to online analytical
column separation and mass spectrometer detection.

Here, we report on the application of this system in the
direct comparison of label-free (19) protein expression profiles
of naive and HGF-treated HC-04, which we further validated
by targeted transcriptomic and immunohistochemical ana-
lyses. Taken together, the data revealed an unexpected re-
sponse profile of HC-04, which suggests a marked propensity
of this cell line to maintain certain epithelial characteristics
despite induction of EMT.

EXPERIMENTAL PROCEDURES

Cell Culture—HC-04 and HepG2 cells were grown in Iscove’s
Modified Dulbecco’s Medium (IMDM) (Invitrogen, Carlsbad, CA) sup-
plemented with 5% heat-inactivated fetal bovine serum (Corning Life
Sciences, Tewksbury, MA), and Penicillin/streptomycin (Invitrogen) in
a humidified chamber at 5% CO,. Cells were seeded into 175 cm? (for
proteomics) or 24 well plates (for gPCR) , vacuum plasma treated
tissue culture vessels at 28,000 cells per cm?, and grown for 4 days
with medium changed on the second, and third day prior to addition
of HGF. For HGF treated samples, at 3 days post seeding concen-
trated HGF (Invitrogen) in PBS was added to a final concentration of
50 ng/ml (20), or an equal volume of PBS was added to the control
group. Cells were then grown for an additional 24 h prior to harvest-
ing. Before harvesting, cells were washed twice, rapidly, in cold PBS.
For RNA extraction cells were collected at 24 h post HGF addition by
the direct addition of TriZol reagent (Invitrogen). For protein analysis,
cells were scraped from the tissue culture vessel, pelleted at 800 X g,
and then re-suspended and washed twice in cold PBS. For immuno-
histochemistry, cells were fixed and stained following our standard
protocol (see Supplemental Methods). Three biological replicates
were collected for both treated and control groups.

Extraction and Digestion of Soluble and Membrane Protein Frac-
tions—Soluble proteins were extracted using 5 mm phosphate buffer
containing 0.5 mm PMSF, 1 mm EDTA, and 1 mm protease inhibitors
mixture (Sigma) and 4 cycles of freezing and thawing. The membrane
fraction was collected from the cell pellets following centrifugation of
the supernatant at 20,000 X g for 5 min at 4 °C, solubilization in
SDST-lysis buffer (4% SDS (w/v), 100 mm Tris/HCI, 0.1 m DTT, pH
7.6), and boiling at 95 °C for 5 min. We performed soluble protein
digestion using RapiGest SF as described (21), and the membrane
protein fraction was digested according to a Filter-Aided Sample
Preparation (FASP) protocol (22) using a 10 kDa molecular weight
cutoff filter (EMD Millipore, Billerica, MA). Acidified tryptic peptides
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from soluble proteins and FASP approaches were desalted using an
HPLC C18 column on an Agilent 1200 HPLC system (Agilent Tech-
nologies, Santa Clara, CA), and peptide amounts recovered from
FASP were compared with each other. Concentration was then esti-
mated by comparison with soluble samples whose concentrations, as
determined by BCA, were known.

RNA Extraction and cDNA Synthesis—RNA was extracted from
cells in 24 well culture dishes by direct application of TriZOL reagent.
After a standard TriZOL RNA extraction protocol was followed, sam-
ples were DNase treated and further purified using an RNeasy kit
(Qiagen, Gaithersburg, MD). Eluate RNA concentration was deter-
mined using a Nanodrop 2000 spectrophotometer (Thermo Fisher
Scientific, Rockville, MD). For first strand cDNA synthesis, 1 ug of
template RNA was processed using a Revertaid First Strand cDNA
synthesis Kit (Thermo Fisher Scientific) under standard conditions.
Standard SYBR-based qPCR protocols were then followed to mea-
sure mMRNA levels of the genes in Table | (see supplementary Methods).

Online 2D LC-MS/MS—To construct the online 2D methods,
we integrated one SCX column (150 pum i.d. * 2 cm length, Poly-
SULFOETHYL A™, 5 um 300 A, PolyLC INC) into an Agilent LC-MS
system comprised of a 1200 LC system coupled to a 6520 QTOF via
an HPLC Chip Cube interface. For the online SCX fractionation, in the
first dimension peptides were loaded into the SCX column at 1.8
wrl/min and the peptides were eluted using the autosampler by inject-
ing 6 ul of each increasing salt concentration (0, 15, 30, 45, 60, 120,
160, and 300 mm NaCl in 2% ACN/0.1% FA,; followed by one injection
of 500 mm NaCl in 2% ACN/0.1% FA to wash the column). The salt
elution was captured by a C18 enrichment column integrated in the
Agilent Polaris-HR-Chip-3C18 chip (360 nL, 180 A C18 trap with a 75
um i.d., 150 mm length, 180 A C18 analytical column). In the second
dimension, with valve switched and RPLC gradient started, the pep-
tides were eluted from the enrichment column and separated by a
C18 analytical column. Elution of peptides from the analytical column
was performed using a gradient starting at 97% A (A: 99.9% water,
0.1% FA) at 300 nL/min. The mobile phase was 3-10% B for 4 min,
10-35% B for 56 min, 35-99% for 2 min, and maintained at 99% B (B:
90% ACN, 9.9% water, 0.1% FA) for 6 min, followed by re-equilibra-
tion of column with 3% B for 10 min. Data dependent (autoMS2) MS
acquisition was performed by an Agilent 6520 QTOF at 2 GHz. Pre-
cursor MS spectra were acquired from m/z 315 to 1700 and the top
4 peaks were selected for MS/MS analysis. Product scans were
acquired from m/z 50 to 1700 at a scan rate of 1.5 spectra per
second. A medium isolation width (~4 amu) was used, and a collision
energy of slope 3.6 V/100 Da with a 2.9 V offset was applied for
fragmentation. A dynamic exclusion list was applied with precursors
excluded for 0.50 min after two MS/MS spectrum was acquired.

Offline Peptide Fractionation— Lyophilized FASP digested peptides
from naive HC-04 cell samples was re-dissolved and fractionated by
the 3100 OFFGEL fractionator (Agilent Technologies). The fractionator
and OFFGEL kit (pH 3-10; 12-well format) were prepared according
to the manufacturer’s protocols. Twelve fractions were collected from
the fractionator and desalted using C18, dried, reconstituted in 2%
ACN/0.1% FA loading buffer, and subjected to HPLC-Chip MS anal-
ysis. The HPLC gradient and Mass Spectrometer conditions were the
same as those used for online second dimensional analysis.

Database Searching and Label Free Quantification Analysis—All the
LC-MS/MS raw data were converted to Mascot generic Format (.mgf)
by Agilent MassHunter Qualitative Analysis B.04.00. Mascot version
2.4.1 was used to search the SwissProt human 2012 protein FASTA
sequence database (20,234 sequences) for peptide sequence assign-
ments using the following parameters: precursor ion mass tolerance
of 50 ppm and a fragment ion mass tolerance of 0.2 daltons. Peptides
were searched using fully tryptic cleavage constraints and up to two
internal cleavages sites were allowed for tryptic digestion. Fixed

modifications consisted of carbamidomethylation of cysteine. Vari-
able modifications considered were oxidation of methionine residues.
The Mascot searched results were exported as .DAT format and then
imported into the Scaffold software (Version 4.0.4, Proteome Soft-
ware) for curation, label-free quantification analysis, and visualization.
Scaffold’s normalized spectral counting was employed to compare
relative protein abundance between naive HC-04 and HGF-treated
HC-04 cell samples in each experiment as the basis for normalization of
the spectral counts for all other LC-MS/MS data in that experiment.
Scaffold calculates the spectrum count quantitative value by normaliz-
ing spectral counts across an experiment. The process of calculating
normalized spectral counts is as follows: (a) Scaffold takes the sum of all
the Total Spectrum Counts for each MS sample; (b)The sums are then
scaled to the same level; and (c) Scaffold then applies the scaling factor
for each sample to each protein group to produce an output with a
normalized quantitative value. Overall, protein false discovery rates of
less than 1% and peptide false discovery rates of less than 1% were
obtained with Scaffold filters, and each protein has = 2 unique pep-
tides. Our data meets all the standards regarding the Minimum
Information About a Proteomics Experiment (MIAPE), and data have
been deposited to the ProteomeXchange Consortium (http://www.
proteomexchange.org) via the PRIDE partner repository (23) with
the dataset identifier PXD000682 and DOI 10.6019/PXD000682.

Immunohistochemistry—Cells grown on glass coverslips were
fixed in either 100% acetone or 4% paraformaldehyde. (Samples
were blocked with 5% fetal bovine serum in PBS (FBS-PBS), washed
and incubated in 5 pg/ml rabbit, or non-immune IgG in FBS-PBS for
1 h at RT. After washing, the antibodies were detected with either 2
ng/ml goat a-rabbit, or a-mouse Alexa Fluor 594 secondary antibod-
ies (Invitrogen), mounted on slides using Aqua-Poly/Mount (Poly-
sciences Inc., Warrington, PA) and fluorescence images were ac-
quired with a Nikon 90i microscope (Nikon Corp., Tokyo, Japan) and
then analyzed with Volocity software (Perkin Elmer).

Real-time Quantitative PCR—For gPCR reactions, ~100 ng of tem-
plate cDNA was used per well. The housekeeping genes, UBC, B2M,
RPL13A, ACTB, and GAPDH were used for between sample normal-
ization in this study. Primer sequences were obtained from the Har-
vard PrimerBank [Spandidos] or RTPrimerDB and primers were pro-
duced by Integrated DNA Technologies (Coralville, lowa). Quantas
PerfeCTa master mix with low ROX (Gaithersburg, MD) was used for
reaction preparation. An lllumina Eco gPCR device was used for
running qPCR reactions and thermal cycling was performed per
standard SYBR protocol: 10 min at 95 °C, followed by 40 cycles of
95 °C for 10 s, 58 °C for 60 s with intensity capture at the end of each
58 °C cycle. Commercial genomic DNA specific primer sets (BioRad,
Hercules, CA; supplemental Methods) and RT-negative control sam-
ples were run alongside each reaction to ensure cDNA quality. Primer
sequences are shown in supplemental Table S5.

Plasmodium falciparum Sporozoite HC-04 Invasion Assay—
HC-04 cells were grown in equal volumes DMEM (Invitrogen) and
Ham’s F-12 nutrient mix (Invitrogen) supplemented with 10% heat-
inactivated fetal bovine serum (Corning Life Sciences; Tewksbury,
MA), 15 mm HEPES (Sigma Aldrich), 1.5g/L sodium bicarbonate
(Sigma Aldrich), and Penicillin/streptomycin (Invitrogen; Carlsbad, CA)
in a humidified chamber at 5% CO,. Cells were seeded in 24-well
plates at 50,000 cells per well and grown for 30 h in the presence or
absence of 50 ng/ml HGF (Invitrogen). P. falciparum NF54 sporozoites
were isolated from salivary glands of Anopheles stephensi mosquitoes
and added to cells at a multiplicity of infection of 1 in fresh media with
a continued presence or absence of HGF. Immunohistochemistry was
preformed 24 h after sporozoite addition using an inside-outside stain of
circumsporozoite protein with 2A10 monoclonal antibody before and
after HC-04 cell permeabilization, followed by quantification of internal-
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ized sporozoites by microscopy. For quantification, the number of in-
ternalized sporozoites and the number of HC-04 cells were counted
across 19 fields under the 40X objective on a Nikon E800 microscope.
The percentage of HC-04 cells infected was calculated by division of the
number of internalized sporozoites by the number of HC-04 cells (be-
tween 2000-4000 cells), followed by multiplication by 100.

RESULTS

Evaluation of the Online 2D SCX-Polaris Reversed Phase
(RP) Liquid Chromatography Chip System— Accurate protein
identification and quantification of complex proteomes re-
quires the development and application of methods capable
of capturing the dynamic protein range. Agilent’s HPLC-Chip
Cube system (16, 24) is limited to the separation power of a
single dimension of RPLC. We married a SCX column (as the
first dimensional HPLC column) with the Chip Cube system

(second dimensional column), to enable sample loading prior
to Chip-HPLC separation (Fig. 1). To evaluate this 2D system,
peptide digests from 2 ug of a HC-04-FASP processed sam-
ple (naive group) was loaded onto the SCX column via the
autosampler and the peptides were then eluted to the C18
enrichment column of the Polaris Chip followed by C18 ana-
lytical column separation and MS detection. For comparison,
we also loaded the same sample directly into the Polaris Chip.
The results following three continuous runs are shown in
supplemental Fig. S1. Solid reproducibility and overlapping
protein identifications for 1D and 2D systems was achieved
(supplemental Fig. S2A-S2C). Both systems achieved similar
protein identifications (> 93% overlap) and notably, almost no
peptide was lost during the SCX column step.
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Online 2D-LC-MS/MS Platform Permitted Robust Identifi-
cation and Quantification of HC-04 Proteins Over Offline Ap-
proaches—We further evaluated the orthogonality of the 2D
system by using seven stepwise salt elution steps to elute the
peptide from the SCX column into the Polaris Chip prior to MS
detection. We identified 864 + 8 proteins with two unique
peptides in a single 2D run, and noted that > 92% of the total
proteins was identified across all three runs, demonstrating
marked reproducibility (Fig. 2A, supplemental Table S1A). As
expected, given the high degree of reproducibility, we also
observed very good linear fit curves across all three runs,
demonstrating that the 2D approach is well-suited for quan-
titative analysis (Fig. 2B).

For a comparison, we performed a popular peptide offline
fractionation approach using the OFFGEL system (16), which
reduces peptide complexity based on peptide isoelectric
point (pl). We fractionated 120 ug of a HC-04 FASP digested
sample into 12 fractions prior to Polaris Chip LC-MS/MS
analysis using the same RPLC gradient from our 2D ap-
proach. We identified 547 protein groups by OFFGEL, with a
total analysis time of ~73 h including 48 h focusing, 7 h
desalting and drying, and 18 h of HPLC-MS/MS analysis
(supplemental Table S1B). However, with a 30 ug sample, it
took only 10.5 h to identify more proteins with the online 2D
system; clearly demonstrating ~12-fold greater protein iden-
tification efficiency (Fig. 2C).

Proteomic Profile Changes Following HGF Treatment—We
applied online 2D methods to profile protein expression in

naive and HGF treated HC-04 (supplemental Table S2). A total
of 1316 and 1283 protein groups were identified in HC-04-
naive samples and HGF-treated samples, respectively. Ap-
proximately 92% of the identified proteins from both samples
overlapped (supplemental Fig. S2A). To acquire comprehen-
sive proteome information, we also performed soluble and
membrane protein extraction prior to online 2D analysis (sup-
plemental Table S3). Using the spectral count values (supple-
mental Table S2), 829 proteins appeared to be down-regu-
lated and 512 proteins up-regulated following HGF treatment.
Of the 829 proteins that were quantifiable, 477 were down-
regulated by at least 1.5-fold and 320 proteins were down-
regulated at least twofold. In the up-regulated proteins, 212 of
the 512 proteins were up-regulated >1.5-fold and 124 pro-
teins exhibited twofold up-regulation.

We used Gene Ontology classifications to parse the data
and determine larger trends. Using pre-determined GO filters,
we found that the identity of the proteins detected did not
differ significantly following HGF treatment (Fig. 3A). However,
there were marked changes in protein quantity between sev-
eral important groups (Fig. 3B-3D). First, the proportion of
soluble proteins that significantly changed was greater than
the proportion identified in the membrane fractions (Fig. 3C-
3D). This may partly be because of membrane proteins being
notoriously difficult to extract and thus quantify. This out-
come might also be connected to the large number of
mitochondrial proteins found in any membrane fraction and
that not all proteins in the membrane fraction are bona fide
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Fic. 4. Imnmunohistochemistry analyses supported our predictions and proteomics results whereas transcriptomics results suggested
discordance between transcript and protein expression levels at 24 h post HGF treatment. A, Tight junction protein ZO-1 localized at cell-cell
interfaces in naive cells and decreased in abundance following HGF treatment. B, Less staining with lectin (EBL), which binds sialic acids (produced
by SIAS) was found in HC-04 following HGF treatment. C, SUMO1 and D, B-catenin both decreased slightly following HGF treatment with SUMO1
localizing primarily in the nuclei, whereas B -catenin was seen throughout the cytoplasm and cell surface. E-F, Cytoskeletal protein p-tubulin (E)

staining intensity changed slightly with HGF treatment, whereas «-tubulin (F) localization remained stable.

membrane proteins (supplemental Table S3). We observed
that several GO Biological Processes (BP) pathways includ-
ing cell proliferation (supplemental Fig. S4A), cellular re-
sponse to stress (supplemental Fig. S4B); and negative
regulation of apoptosis (data not shown) were all up-regu-
lated in response to HGF treatment. These pathways are
generally expected to increase following HGF treatment and
could be important for Plasmodium-hepatocyte interactions
(13, 15). Using GO Molecular Function (MF) terms we found
slight increases in several categories of interest including
regulation of transcription (supplemental Fig. S4C) and
translation activities (supplemental Fig. S4D).
Morphological Changes Support Our Proteomics Results
While Transcriptomics Reveal Moderate Discordance Be-

tween Transcriptomic and Proteomic Regulation of EMT Cel-
lular Markers—We anticipated that several proteins will be
immediately excluded from relative quantifications because of
the complete absence of peptide spectra in one comparator
group. We interrogated this protein list separately (supple-
mental Table S4) and further validated the protein quantifica-
tion by immunofluorescence microscopy and transcriptomic
profiling. The antibody staining of EMT markers largely sup-
ported our predictions and proteomics results (Fig. 4). Tight
junction protein ZO-1 was found to localize at cell-cell inter-
faces in naive cells but was found to decrease sharply follow-
ing HGF treatment (Fig. 4A). This result is in agreement with
our proteomics results and supports our hypothesis that naive
HC-04 maintains certain epithelial characteristics. Likewise,

Fic. 3. Quantitative proteomic analysis of HC-04 following HGF treatment using the online-2D LC-MS/MS platform revealed
significant up-regulation of proteins according to cellular compartment. A, Stacked bar graphs of select Gene Ontology (GO) terms
associated with our identified proteins. Abundance in functional categories is very similar across each group in this qualitative analysis. B,
Volcano plot of quantifiable proteome comparing HC-04 protein levels before and after HGF treatment. C-D, Volcano plots of different
quantifiable subsets of proteins based on cell compartment as determined by fractionation into membrane (C) and soluble (D) protein samples.
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TABLE |
Genes in naive and hepatocyte growth factor (HGF) treated HC-04 cells whose observed protein regulation was either expected or unexpected
based on established evidence regarding the epithelial-mesenchymal transition of hepatocytes following acute exposure to HGF. Proteins were
either present (®) or absent in HC-04 in naive or +HGF treatments. The mean spectral count indicates the fold-increase in protein above the
baseline background across three biological replicate experiments (shown in supplemental Table S4). RT-gPCR values are linear changes
versus naive control

RT-gPCR
Group Naive +HGF  Accession no. Protein name (Reference) (kl\lg)lca) Sggs:]rtal HGF/naive
HC-04 HepG2
EXPECTED ° GLRX5_HUMAN  Glutaredoxin-related protein 5, 17 3.37 0.79 1.02
mitochondrial (39)
° ST2A1_HUMAN Bile salt sulfotransferase (40) 34 2.94 1.0 0.92
° Z01_HUMAN Tight junction protein ZO-1 (1, 15) 195 2.91 0.92 1.14
] RRAS_HUMAN Ras-related protein R-Ras (41) 23 2.06 0.88 1.17
o RAGP1_HUMAN Ran GTPase-activating protein 1 (42) 64 5.81 1.17 1.28
] SODM_HUMAN  Superoxide dismutase [Mn2*], 25 4.97 1.32 1.0
mitochondrial (43)
° DPP3_HUMAN Dipeptidyl peptidase 3 (44) 83 4.77 1.53 1.0
o PLOD2_HUMAN  Procollagen-lysine,2-oxoglutarate 85 3.13 1.0 1.42
5-dioxygenase 2 (45)
UNEXPECTED ] IF2B2_HUMAN Insulin-like growth factor 2 66 6.30 0.83 1.0
mRNA-binding protein 2 (32)
° SAE1_HUMAN SUMO-activating enzyme subunit 1 (26) 38 5.46 1.10 117
° SIAS_HUMAN Sialic acid synthase (27) 40 5.04 0.61 1.1
o SSA27_HUMAN  Sjoegren syndrome/scleroderma 21 2.93 0.94 1.02
autoantigen 1 (46)
° PLST_HUMAN Plastin-3 (29) 71 2.09 1.31 1.06
° EIF3F_HUMAN Eukaryotic translation initiation factor 38 5.96 1.63 0.94
3 subunit F (30)
° ZYX_HUMAN Zyxin (33) 61 2.95 1.0 0.87
° HEM3_HUMAN  Porphobilinogen deaminase (34, 35) 39 1.98 1.0 1.10

staining by the Sambucus nigra lectin (EBL), which binds
terminal sialic acids on glycoconjugates demonstrated indi-
rectly that sialic acid synthase (SIAS) was less active following
HGF treatment (Fig. 4B). Relative mRNA levels for both ZO-1
and SIAS were found to decrease slightly, but consistently,
suggesting that the HGF-directed changes were largely ef-
fected post-transcriptionally. The multifunctional proteins
SUMO1 (25) and B-catenin (a primary implicated marker for
EMT, 15) were both found to decrease slightly in staining
intensity by immunohistochemistry, further corroborating our
protein quantification. SUMO1 (Fig. 4C) was found to localize
primarily in the nuclei while B -catenin was seen throughout
the cytoplasm (Fig. 4D). Taken together, the SUMO1 data
provide indirect support for our observed down-regulation of
SUMO1 activating enzyme 1 (SAE1) protein expression (Table
[). SAE1 is co-regulated with SUMO1 (26) and we would
expect the observed coordinated down-regulation in protein
expression level. Cytoskeletal proteins were also assayed and
found to be consistent with the proteomics results wherein
B-tubulin staining intensity decreased following HGF treat-
ment (Fig. 4E-4F). We did not observe E-cadherin at
FDR<1%, presumably because of the low abundance of
E-cadherin in these cell. However, it was important to dem-
onstrate that EMT stimulation was achieved in HC-04. We
performed quantitative Western blots using anti-E-cadherin
antibodies and observed the reduction in staining intensity of
E-cadherin as compared with the p-actin loading control by

Western blot (supplemental Fig. 4SE) and quantitative ana-
lyses of the blot using densitometry (supplemental Fig. S4F).
The staining intensity was poor, further suggesting low protein
abundance in cell lysates. We further confirmed the relative
reduction of E-cadherin using normalized spectral counts at
FDR<5% (data not shown). However, N-cadherin was not
detected by Western blot or bioinformatic analyses at
FDR<5% (data not shown) Together, these data confirmed
that 50 ng/ml HGF stimulated EMT in HC-04 in our studies,
however, unlike what we had observed for HepG2, the re-
sponse to HGF was tempered and did not drive the expres-
sion of N-cadherin.

Further RT-gPCR analyses of the 16 genes listed in Table |
revealed that at 24 h post-HGF treatment many of the relative
mRNA levels are generally not indicative of the changes in
protein levels. In total, the expression of 11 of 17 genes did
correlate with a positive or negative change in protein level,
but changes in mRNA levels were normally several-fold lower
than those seen at the protein level. Of the remainder, four
genes were found to not change and two showed changes in
the opposite direction of that seen in our proteomics results.
Treatment of HGF in HepG2 cells produced a similar range of
gPCR results, with all genes showing less than two-fold
changes and three showing no change (Table I, supplemental
Fig. S5, and supplemental Tables S5 and S6). Thus, as ex-
pected, the global proteomic change in HepG2 following the
same HGF treatment was less dramatic than what we ob-
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Fic. 5. Proteomic analysis of HepG2
following HGF treatment compared
with the HC-04 response to HGF. We 6
applied online 2D methods to profile
protein expression in naive and HGF
treated HepG2 (supplemental Table S7).
A total of 1759 and 1757 protein groups
were identified in HepG2-naive samples
and HGF-treated samples, respectively.
A, Volcano plot of the quantifiable pro-
teomes of HepG2 (black points) and
HC-04 (gray points) comparing protein
levels before and after HGF treatment.
These plots demonstrate the more dras-
tic change in HC-04 following HGF treat-
ment, suggesting that HC-04 is at a dif-
ferent point on the EMT spectrum that
other common HCC. B, Observed pro-
tein regulation in naive and hepatocyte

-Log,, p

@ HGF treated HC-04/naive HC-04
. HGF treated HepG2/naive HepG2

growth factor (HGF) treated HepG2 cells
in comparison to expected or unex-
pected changes of HC-04 cells following
acute exposure to HGF (from Table |). B

Log, x normalized spectra

With the exception of IF2B2, all HepG2

) A Accession No. Protein name HC-04 HepG2
examples either changed in an expected ST2A1_HUMAN Bile salt sulfotransferase expected expected
manner based on the epithelial-mesen- ZO1_HUMAN Tight junction protein ZO-1 expected expected

i i RAGP1_HUMAN Ran GTPase-activating protein 1 expected NC
chymal transition, did not change more SODM_HUMAN  Superoxide dismutase [Mn2*], mitochondrial expected NC
than 0.1 fold (NC), or were not detected. DPP3_HUMAN  Dipeptidyl peptidase 3 expected expected
Data is based on three biological repli- IF2B2_HUMAN Insulin-like growth factor 2 mRNA-binding protein 2 unexpected unexpected
cate experiments (shown in supplemen- SAE1_HUMAN  SUMO-activating enzyme subunit 1 unexpected NC
tal Table S7) SIAS_HUMAN Sialic acid synthase unexpected NC

’ PLST_HUMAN Plastin-3 unexpected expected

EIF3F_HUMAN  Eukaryotic translation initiation factor 3 subunit F unexpected NC

served in HC-04 (Fig. 5A). Furthermore, approximately half of
the EMT transition markers for HC-04 (Table I) were not iden-
tified in HepG2, suggesting the more extreme mesenchymal
condition of this cell line. Moreover, we observed fewer un-
expected changes in the EMT markers assessed for HC-04
(Fig. 5B and Table ). Because HGF treatment still promoted a
general transition toward a mesenchymal state (albeit less so
than HepG2), we predicted that pre- and co-treatment of
HC-04s will not necessarily improve P. falciparum sporozoite
invasion. In fact, we observed reduced levels of sporozoites
that are physically inside HC-04 at 24 h post exposure to HGF
(Fig. 6), but that this difference is not statistically significant
(o = 0.1409, Student’s t test, a = 0.05).

DISCUSSION

A better understanding of hepatocyte biology may lead to
the development of high-throughput assays to evaluate novel
anti-malarial strategies targeting LS. In vivo, hepatocyte phys-
iological function is tightly linked to the microarchitecture, or
zonation, of hepatocytes within each liver lobule. It is theo-
rized that physiological changes in liver zonation are dictated
primarily by growth factor regulation (1). We hypothesized that
the acute response of HC-04 to HGF would be an indication
of its relative stage along the EMT spectrum, and that the
specific regulation of the widely implicated EMT cellular mark-

ers can help us identify the possible facilitators of LS invasion
and development.

We devised a highly orthogonal online 2D-LC-MS/MS sys-
tem, which lessened sample loss and risk of contamination
(as compared with offline approaches) and successfully quan-
tified protein expression levels from a small sample of HC-04
cells pre- and post-HGF treatment. Our results highlight the
utility of our online-2D MS/MS system to identify important
phenomenon (beyond the malaria paradigm) that would not
otherwise be captured by protein identification or transcrip-
tomic profiling alone. Importantly, in support of our hypothe-
sis, the proteomic data and correlative approaches identified
several expected markers associated with EMT and paradox-
ically, markers indicative of an epithelial phenotype following
HGF treatment. ZO-1 and B-Catenin expression and localiza-
tion along the cytoplasmic membrane surface at intercellular
tight junctions in many epithelial cells has been shown to
strongly correlate with signaling pathways during the EMT (1).
As expected, ZO-1 and p-Catenin were down-regulated fol-
lowing HGF treatment. SIAS is involved in the synthesis of
sialic acids which are typically found as terminal glycans of
cell surface glycoconjugates and hypersialylation has been
associated with metastases and liver regeneration (27). How-
ever, contrary to predictions, we observed down-regulation of
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FiG. 6. Plasmodium falciparum invasion efficiency is slightly decreased in HC-04 following HGF treatment. A-B, HC-04 cells were
grown for 30 h in the absence (A) or presence (B) of HGF before the addition of P. falciparum NF54 sporozoites. After 24 h of incubation with
the sporozoites in the continued presence or absence of HGF, inside-outside staining of the sporozoites revealed fewer sporozoites in HC-04
cells treated with HGF compared with those without HGF. A representative microscope field is shown for both treatments. Inset: A sporozoite
inside a hepatocyte that is beginning to round-up to form an exoerythrocytic form. Red staining denotes a sporozoite inside an HC-04 cell;
green denotes a sporozoite outside; yellow indicates an overlap. DAPI staining of the nuclei appears blue. C, Quantification of inside-outside
staining of P. falciparum sporozoites that have invaded a HC-04 cell. Percent invasion efficiency is shown for experimental replicates that
received HGF treatment, n = 5, and without HGF (naive) treatment, n = 8. Error bars indicate the standard error of the mean.

EMT markers such as SIAS (27), RUVBL-1/RUVBL-2 (28), and
Plastin-3 (29) with the marked up-regulation of Eukaryotic
initiation factor 3 subunit f (30) and Epiplakin (31), which are
potentially two unexpected markers for an “epithelial-like”
phenotype. We would also expect SAE1 and Insulin-like
growth factor 2 mRNA-binding protein 2 to both be up-regu-
lated at the protein level following HGF treatment at the mRNA
level (Table I; 26, 32). In the reverse context, Zyxin, which is
involved in regulating the disruption of actin membrane link-
ages at adherens junctions, and thus mediates cell migration
during EMT (33), is reduced at the transcript level but is highly
up-regulated in terms of protein abundance. Reduced por-
phobilinogen deaminase (PBGD, HEM3-HUMAN) activity has
been shown to be associated with acute hepatic porphyria
and HCC (34). However, following HGF stimulation or EMT-
induction, no changes in PBGD deaminase transcript has
been reported (34). It is therefore unclear if the observed
overexpression at the protein level following HGF treatment
simply suggests a discordance between transcript and pro-
tein levels for this gene, or if the up-regulation is indicative of
a counter-response to HGF. It is interesting to speculate that
up-regulation of PBGD in HC-04 results in increased enzyme
activity, a phenomenon that has been described in C6 glioma
cells, wherein overexpression of PBGD resulted in G1 cell
cycle attenuation, reduction in synthesis of Vimentin (an EMT
marker) and subsequent transformation of C6 cells into a
more astrocyte-like morphology (35). It should also be noted
that there is growing evidence that expression of the impli-
cated EMT markers are extremely heterogeneous in HCCs
(36, 37), and expression is dependent on size and location
within tumors, and that HCC cell lines may not be an excep-
tion (36). We noted that HC-04 responsiveness to HGF by
itself differs from that observed for other HCCs. For example,

HGF induces proliferation followed by a cytostatic state in
HepG2 cells (38), which is a poor infection model for LS of
human malaria. Our data suggests that, at baseline, HGF can
still “induce” the markers of proliferation in HepG2 but that
the response is less dramatic. Conversely, HC-04s are sub-
ject to the influence of growth factors, but the response is
tempered by the up-regulation of proteins that are driving the
maintenance of residual epithelial characteristics. Taken alto-
gether, HC-04 and HepG2 appear to be at different stages of
EMT. HepG2 cells exhibit a more mesenchymal phenotype,
whereas HC-04 cells reveal a more hepatocyte-like nature;
which can be expected because HC-04 cells were derived
spontaneously from a culture of primary human hepatocytes
(11).

Successful malaria parasite development in HC-04 may be
the result of an amenable intracellular environment or suscep-
tibility to infection, which would result in a larger number of
invaded cells. Importantly, HC-04 still responds sufficiently to
HGF (i.e. becomes less epithelial) resulting in poorer sporo-
zoite infection efficiency, which corroborates the findings of
others (14). Therefore, our data would further argue for un-
linking the effect of HGF on LS development from sporozoite
invasion; because it is likely that the epithelial character of
HC-04, as suggested by our data, more closely resembles the
hepatocyte architecture in vivo that is important for presenting
the proper cellular context/cellular surface receptors that me-
diate sporozoite invasion. However, our study focused on
invasion and therefore our data is not inconsistent with the
reported importance of HGF in LS development and matura-
tion following invasion (12, 13). A direct glycoproteomic anal-
ysis of LS permissive and non-permissive HCC cell lines are in
progress with the aim of characterizing and validating the
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repertoire of cell surface molecules that enable sporozoite
invasion.
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