JOURNAL OF VIROLOGY, Dec. 2011, p. 12292-12303
0022-538X/11/$12.00  doi:10.1128/JV1.05920-11

Vol. 85, No. 23

Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Hepatitis C Virus-Induced Cancer Stem Cell-Like Signatures in Cell
Culture and Murine Tumor Xenografts’

Naushad Ali,'* Heba Allam,' Randal May,l Sripathi M. Sureban,! Michael S. Bronze,! Ted Bader,!
Shahid Umar,! Srikant Anant,”> and Courtney W. Houchen'*

Department of Medicine, Section of Digestive Diseases and Nutrition, University of Oklahoma Health Sciences Center, Oklahoma City,
Oklahoma 73104," and Department of Molecular and Integrative Physiology and Department of Medicine, University of

Kansas Medical Center, 3901 Rainbow Boulevard, Kansas City, Kansas 66160>

Received 6 August 2011/Accepted 13 September 2011

Hepatitis C virus (HCV) infection is a prominent risk factor for the development of hepatocellular carcinoma
(HCC). Similar to most solid tumors, HCCs are believed to contain poorly differentiated cancer stem cell-like
cells (CSCs) that initiate tumorigenesis and confer resistance to chemotherapy. In these studies, we demon-
strate that the expression of an HCV subgenomic replicon in cultured cells results in the acquisition of CSC
traits. These traits include enhanced expression of doublecortin and CaM kinase-like-1 (DCAMKL-1), Lgrs5,
CD133, a-fetoprotein, cytokeratin-19 (CK19), Lin28, and c-Myc. Conversely, curing of the replicon from these
cells results in diminished expression of these factors. The putative stem cell marker DCAMKL-1 is also
elevated in response to the overexpression of a cassette of pluripotency factors. The DCAMKL-1-positive cells
isolated from hepatoma cell lines by fluorescence-activated cell sorting (FACS) form spheroids in Matrigel.
The HCV RNA abundance and NS5B levels are significantly reduced by the small interfering RNA (siRNA)-led
depletion of DCAMKL-1. We further demonstrate that HCV replicon-expressing cells initiate distinct tumor
phenotypes compared to the tumors initiated by parent cells lacking the replicon. This HCV-induced phenotype
is characterized by high-level expression/coexpression of DCAMKL-1, CK19, a-fetoprotein, and active c-Src.
The results obtained by the analysis of liver tissues from HCV-positive patients and liver tissue microarrays
reiterate these observations. In conclusion, chronic HCV infection appears to predispose cells toward the path
of acquiring cancer stem cell-like traits by inducing DCAMKL-1 and hepatic progenitor and stem cell-related
factors. DCAMKL-1 also represents a novel cellular target for combating HCV-induced hepatocarcinogenesis.

Hepatocellular carcinoma (HCC) is the fifth most common
malignancy worldwide, accounting for approximately 1 million
deaths annually (10, 40, 58, 59). The high mortality associated
with HCC is attributed to the failure of early-stage diagnosis
and lack of effective treatment (10, 55, 56). Chronic infection
with hepatitis C virus (HCV) is considered to be a prominent
risk factor for the development of HCC (6, 23, 57). More than
170 million people (>4 million in the United States alone) are
infected, and HCV-related liver disease is increasing globally.
Although a strong relationship between HCV-induced chronic
liver diseases and the development of HCC is widely accepted,
the molecular mechanism of HCV-induced hepatocarcinogen-
esis is not clearly understood.

HCYV is a positive-strand RNA virus classified as a hepaci-
virus of the family Flaviviridae (see reviews in references 35, 41,
and 45). Among the 6 genotypes, 12 subtypes, and various
quasispecies (32), 1a and 1b are the most prevalent strains in
the United States and are less responsive to the antiviral treat-
ments (11, 27, 45). The HCV genome (9,600 nucleotides [nt])
encodes a single polyprotein that is processed cotranslationally
into three structural (C, E1, and E2) and seven nonstructural
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(NS) polypeptides (p7-NS2-NS3-NS4A-NS4B-NS5A-NS5B)
(25). Similar to other positive-strand RNA viruses, HCV rep-
licates via synthesis of negative-strand RNA using replication
complexes (RCs) comprising most of the NS proteins and
as-yet-undefined cellular factors (5, 41). During infection,
HCV induces weblike membranous structures and uses lipid
raft and microtubule filaments (MTFs) for its replication and
transport (19, 35, 54). Additionally, the viral NS3/4A protein
cleaves the mitochondrial antiviral signaling protein (MAVS,
also known as IPS-1 or VISA) and toll-like receptor 3 adaptor
protein (TRIF) to suppress innate immunity (13, 42, 43). It
also induces endoplasmic reticulum (ER) stress and alters a
cascade of signal transduction pathways that control cell cycle
and cellular growth (12, 49, 53).

HCV-induced molecular alterations in infected cells contrib-
ute significantly to HCC development and progression. These
alterations may include (i) loss of tumor suppressor proteins,
(ii) activation of oncoproteins, such as c-Myc, (iii) activation
and secretion of cytokines, such as transforming growth factor
B (TGF-B), and (iv) alterations in the Wnt/B-catenin signaling,
leading to nuclear accumulation of B-catenin, which are found
in 33 to 67% of HCC cases (6, 38). Activation of B-catenin is
essential for liver development; deletion of the protein in mice
results in fetal death due to impaired liver cell proliferation
and increased apoptosis (50). The Wnt/B-catenin signaling
pathway is also important for tumor progression because it
modulates the differentiation and maintenance of stem cells (2,
21, 63).

Cancer stem cell-like cells (CSCs) display several key char-
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acteristics of normal tissue stem cells, such as self-renewal and
unlimited proliferative and differentiation capacity. They also
possess the intrinsic ability to reproduce all aspects of the
parent tumor after metastasis (2). Thus, the “hierarchical
model of cancer” considers CSCs to be a tumor’s “seed ele-
ments,” which are responsible for cancer initiation, reinitiation
after metastasis, and local recurrence after therapy (28, 46).
Histopathological study of chronic liver disease and experi-
ments in mice support the existence of CSCs in HCC (33, 46).
Recent studies indicate that the induction of “stemness” in
normal tissues or abnormal self-renewal, differentiation, and
proliferation of stem/progenitor cells might be key elements in
the generation of CSCs (26, 33).

Multiple transcription factors and signaling pathways, in-
cluding Wnt/B-catenin, Notch, and Hedgehog, may be involved
in the induction and maintenance of “stemness” in fully dif-
ferentiated cells (50, 60). The induction of pluripotency/mul-
tipotency in adult somatic cells can be carried out by the
simultaneous expression of several transcription factors (a set
of Oct4, Sox2, KIf4, and c-Myc or Oct4, Sox2, Lin28, and Nanog)
in recipient adult cells using various delivery vehicles, such as
viruses, transposons, and bacterial plasmids (4, 16, 39). Suc-
cessful generation of induced pluripotent stem cells (iPSCs)
has been accomplished by manipulating culture conditions and
with a limited number of pluripotency factors (17). The most
widely accepted evidence for pluripotency/multipotency is the
formation of spheroids and teratomas, unlimited self-renewal
of the reprogrammed cells, and differentiation into down-
stream cell lineages.

Because HCV replicates in fetal hepatocytes and the pres-
ence of CSCs has been demonstrated in HCC (2, 20, 33), we
investigated whether HCV could induce cancer stem cell-like
properties in liver-derived cells. Our study shows that contin-
ued HCV expression is linked to the overexpression of a pu-
tative stem cell marker, doublecortin and CaM kinase-like-1
(DCAMKL-1), that also affects the abundance of viral RNA
and polymerase. Using multiple approaches, including the ex-
amination of liver tissues from chronic HCV patients, we fur-
ther demonstrate that HCV-expressing cells are predisposed to
the acquisition of characteristics of CSCs and hepatic progen-
itor cells.

MATERIALS AND METHODS

Antibodies. The antibodies used in this study were purchased as indicated
below and used in accordance with the manufacturer’s suggestions: anti-
DCAMKL-1, -CD133, -SOX2, -LGRS5, -CK19, -human serum albumin, -a-feto-
protein, and -HCV NS5B polymerase were purchased from Abcam; anti-o-
tubulin, -Lin28B, -c-Src, and -actin were from Cell Signaling; anti-c-Myc and
anti-Oct3/4 were from Santa Cruz Biotechnologies; and anti-Lin28 was from
Protein Tech Group.

Cell culture and transfection assay. FCA4 cells are derived from the Huh7
hepatoma cell line, and the sustained replication of a subgenomic HCV replicon
in this cell line has been characterized previously (1, 14). The GS5 cells are
derived from the Huh7.5 cell line (interferon-cured Huh7 cells negative for the
HCYV replicon [7]) and express an HCV subgenomic replicon that encodes
NS5A-green fluorescent protein (GFP) (37). These cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 1X penicil-
lin-streptomycin, 1X nonessential amino acids, and 10% fetal bovine serum (all
from Invitrogen) and maintained at 37°C and 5% CO,. To cure GS5 cells of the
replicon, the cells were cultured and passaged routinely for 45 days in the
absence of G418, followed by treatment with 2« interferon (IFN-2a) (100 U/ml;
Sigma) plus cyclosporine (3 pg/ml) for 2 weeks. These cells (termed GS5-C)
became sensitive to the drug G418 and were found to be negative for GFP,
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NS5B, and the HCV RNA during subsequent passages. Total lysates of culture
cells were prepared according to the protocol described for Pierce M-PER cell
lysis buffer (Thermo Fisher Scientific) for Western blotting.

The small interfering RNA (siRNA) that targets nt 308 to 327 (5'GGGAGT
GAGAACAATCTAC3') of both the AS and AL isoforms (short- and long-form
A, respectively) of DCAMKL-1 mRNAs (siDCAMKL-1) and scrambled siRNA
(SCR) were purchased from Ambion. Incremental amounts of the siDCAMKL-1
or SCR RNAs (0, 20, 50, and 100 nM) were transfected into GS5 cells using the
siPORT NeoFX transfection agent (Applied Biosystems) according to the man-
ufacturer’s protocol. Similar amounts of the transfection reagent alone were used
in control transfections. The cells were harvested 48 h posttransfection to analyze
RNA and protein levels.

Plasmids pJFH1 and pJFH1/GND (52) were linearized with Xbal and tran-
scribed with T7 RNA polymerase by using a RiboMax transcription kit (Pro-
mega). The RNAs were purified, checked for integrity, and transfected into
Huh?7 cells using Lipofectamine 2000 (Invitrogen). The pluripotency expression
cassette containing plasmid P2PhiC31-LGNSO was used to generate minicircle
supercoiled DNA molecules as described by Jia et al. (15). The minicircle DNAs
were transfected into Huh7 cells as described above.

Fluorescence-activated cell sorting (FACS). The DCAMKL-1 antibodies or
rabbit IgG (control) was conjugated with DyLight 549 (Thermo Fisher) using the
Pierce kit (product no. 53035). The conjugated DCAMKL-1 antibodies or rabbit
IgG control was purified and allowed to bind cell surface DCAMKL-1 of Huh7.5
or GS5 cells for 30 min at room temperature as described previously (29, 31).
The cells were washed twice with autoMACS rinsing buffer (Miltenyi Biotec),
resuspended in the same buffer, and sorted using an Influx-V cell sorter (Cyto-
peia, Seattle, WA). The instrument was calibrated with unstained cells. The
DCAMKL-1-positive and -negative cells were collected separately in DMEM
and grown as described above. For the spheroid assay, 100 DCAMKL-positive
(DCAMKL™") or DCAMKL-negative (DCAMKL ") cells in 2X DMEM (50 pl)
were mixed with Matrigel (50 pl) on an ice bath and plated in nonadherent/
ultralow-attachment 96-well plates (BD Biosciences, CA). Fifty microliters of
medium was added on top of the gel 2 h later, and the cells were grown as
described above. Two weeks later, 100 wl DMEM was added to each well. The
spheroids were evaluated and photographed under an inverted light microscope
after 4 to 5 weeks.

Real-time reverse transcription-PCR analyses. Total RNAs were isolated
from culture cells or tumor xenografts by using an RNeasy isolation kit (Qiagen).
The RNA samples were subjected to reverse transcription with Superscript 11
and random hexanucleotide primers (Invitrogen). In the subsequent step, the
cDNAs were used as templates to perform real-time PCR by the SYBR chem-
istry method (SYBR green I; Molecular Probes). The target (HCV and
DCAMKL-1) and control (actin) RNAs were amplified using JumpStart Tag
DNA polymerase (Sigma) and the following primers: actin, 5’GGTGATCCAC
ATCTGCTGGAA-3" (forward) and 5’ATCATTGCTCCTCCTCAGGG3' (re-
verse); DCAMKL-1, 5’AGTCTTCCGATTCCGAGTTGAG3' (forward) and 5’
CAGCAACCAGGAATGTATTGGA3' (reverse); and HCV, 5"CGGGAGAG
CCATAGTGG3' (forward) and 5’AGTACCACAAGGCCTTTCG3' (reverse).

The crossing threshold values assessed by the real-time PCR were evaluated
for the transcripts and normalized to the results for B-actin mRNA. The mRNA
levels were expressed as the fold change relative to the level in the control with
the plus-or-minus standard error of the mean. In a similar transfection study, an
MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] assay
(Promega) for cell viability and proliferation was carried out.

Tumor xenografts in a mouse model. Athymic nude BALB/c mice were pur-
chased from Jackson Laboratory and housed in pathogen-free conditions. The
animals were treated in accordance with the guidelines of the American Asso-
ciation for Accreditation of Laboratory Animal Care and the Policy on Humane
Care and Use of Laboratory Animals. The studies reported here were preap-
proved and supervised by the Institutional Animal Care and Use Committee
(IACUC). Huh7.5 or GS5 cells (5 X 10°) were washed with phosphate-buffered
saline (PBS) three times, resuspended in the same buffer, and injected subcuta-
neously into the dorsal flanks of 4- to 6-week-old mice (3 mice for each cell line).
Tumors were measured with calipers, and the volumes were calculated using the
formula 0.5 X (length X width?). The tumors were resected 4 to 6 weeks after
cell transplantation, and portions of the tumors were preserved in 5% formalin
for immunohistochemistry, stored at —80°C in RNase inhibitors for real-time
PCR, or directly frozen for Western blot analyses. The control animals were
treated similarly but injected with the same volume of the buffer.

Immunohistochemistry. Heat-induced epitope retrieval was performed on
4-pum formalin-fixed paraffin-embedded sections using a pressurized Decloaking
Chamber (Biocare Medical) in citrate buffer (pH 6.0) at 99°C for 18 min. The
slides were sequentially treated with 3% hydrogen peroxide, normal serum, and
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FIG. 1. Protein expression profiles of putative stem cell, hepatoblast, and hepatic progenitor cell markers in the HCV subgenomic replicon-
expressing cells (GS5 and FCA4) compared to those of the corresponding controls (GS5-C, Huh7.5, and Huh7) that lack the HCV replicon. (A
to D) A 20-pg amount of total lysates was used in each case for Western blotting. (E) Western blot for determination of the DCAMKL-1 level
in the Huh7.5 cells transfected with RNAs (5 pg) representing the wild-type JFH1 infectious clone (lane 3) or the mutant version of UFH1 in which
RNA polymerase is inactivated (lane 2). Lane 1, mock transfection without RNA. A 40-pg amount of total lysates was used in each case, and an
extensive SDS-PAGE analysis was carried out to resolve closely migrating DCAMKL-1 species.

bovine serum albumin (BSA) at room temperature for 20 min. After incubation
with primary antibodies and washing with PBS, the slides were incubated using
the peroxidase-conjugated EnVision+ polymer detection kit (Dako). Slides were
developed with diaminobenzidine (Sigma).

Immunofluorescence and confocal microscopy. Cells grown on glass coverslips
(VWR) were rinsed briefly in PBS, fixed in 4% paraformaldehyde in PBS, pH
7.4, for 20 min at room temperature, washed twice with ice-cold PBS, and
permeabilized in ice-cold acetone. Cells were incubated with blocking buffer
(10% serum, 0.01% Triton X-100 in PBS, pH 7.4) for 1 h, washed with PBS, and
treated with primary antibodies in PBS-0.01% Triton X-100 (PBS-T) containing
1% BSA for 1 to 2 h at room temperature or overnight at 4°C. After a thorough
washing with PBS-T, the coverslips were incubated in appropriate Alexa Fluor-
conjugated secondary antibodies. The nuclei were counterstained with 4,6'-
diamidino-2-phenylindole (DAPI) (0.1 to 1 wg/ml PBS). The coverslips were
mounted on microscope slides in ProLong gold antifade reagent (Invitrogen) for
detection of immunofluorescence using a Nikon 80i or Leica TCS NT (for
confocal microscopy).

Human liver tissues and microarrays. The liver tissue arrays were purchased
from US Biomax (Rockville, MD). The array slide contains 30 normal and
cancer-adjacent normal liver tissues, 10 cases of inflammation with hepatitis B
virus infection (HBV), 9 samples of cirrhosis with HBV, and 31 samples of
cirrhosis without HBV infection. The arrays were subjected to immunohisto-
chemical staining as described above using anti-DCAMKL-1 antibodies
(ab31704). The intensities of DCAMKL-1 were evaluated and plotted on an
arbitrary scale of 0 to 3.

The liver biopsy specimens of the HCV RNA-positive patients with various
stages of liver diseases were stained similarly for CK19 and DCAMKL-1. Patient
1 (Pt1) had macronodular cirrhosis, whereas patients 2, 3, 4, and 5 had minimal
inflammation and mild fibrosis with chronic hepatitis C. Patient 5 was on dialysis
due to renal failure. None of the patients had undergone antiviral therapy prior
to liver biopsy. Pt1 was a nonresponder for standard antiviral therapy after the

first biopsy (sample 1). The second biopsy specimen (sample 2) from this patient
was taken 2 years later.

RESULTS

Hepatoma cells harboring the HCV replicon express a mul-
titude of stem cell-related proteins. We examined the impact
of HCV replicon expression on the status of reprogramming-
and hepatic progenitor cell-related proteins using GS5 and
FCAA4 cell lines (7, 14, 37). The GSS5 cells are derived from the
Huh7.5 hepatoma cell line that permits efficient replication of
HCV. The cells harbor a geneticin (G418)-selectable sub-
genomic HCV-1b replicon that encodes nonstructural proteins
NS3 through NS5B and a functionally active NS5A-green flu-
orescent protein (GFP) chimera (34, 37). The intensity of the
GFP in GS5 cells indicates the replication efficiency of the
replicon RNA (37). The cells were cultured in the absence of
G418, followed by treatment with IFN-a and cyclosporine. The
resulting cells (GS5-C) were considered cured of the replicon
because of the absence of HCV RNA, NS5B, and GFP, as well
as sensitivity toward G418 during subsequent passages. The
FCAA4 cells are derived from the parental Huh7 hepatoma cell
line and express a subgenomic replicon similar to that in GS5
cells but without GFP. The GS5 and FCA4 cell lines are
considered to partially mimic chronic HCV infection in tissue
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FIG. 2. (A) Genetic organization of minicircle DNA cassette ex-
pressing four pluripotency factors, Lin28, Nanog, Sox2, and Oct4, and
areporter, GFP. CMVp, CMV promoter/enhancer; SV40 PolyA, simian
virus 40 polyadenylation signal sequence. This expression cassette is
produced as a closed minicircle and transcribed into a single mRNA in
the transfected cells. The open reading frames are spaced with the 2A
peptide sequence for producing multiple individual proteins from a single
mRNA. (B) Enhanced expression of CK19 and DCAMKL-1 in Huh7
cells that were transiently transfected with minicircle DNA (lane 3, indi-
cated as LGNSO) or an empty vector (lane 4, plasmid). Mock, cells
transfected with Lipofectamine alone (lane 2) or not transfected (lane 1,
Control). The protein bands detected by Western blotting are indicated.

culture conditions because of sustained expression of the rep-
licon over 6 months.

We carried out Western blot analysis of the replicon-ex-
pressing cell lines to determine the expression levels of a num-
ber of stem cell/pluripotency markers and compared their lev-
els with those in the respective control cells that lack the
replicon. As shown in Fig. 1A, the levels of putative stem cell
markers DCAMKL-1, LGRS, and CD133 were considerably
higher in GS5 cells as than in the cured GS5-C cells. The
hepatoblast marker, a-fetoprotein (AFP), and pluripotency-

DCAMKL-1

Superimposed
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related factors Lin28 and c-Myc but not Sox2 were similarly
higher in GSS5 cells than in the control GS5-C lysates. In the
second set of Western blots, we compared the levels of these
factors in GS5 cells with their levels in the parent Huh7.5 cell
line that has not been exposed to the HCV replicon. Similar to
the above-described observations, the GS5 cells exhibited en-
hanced expression of DCAMKL-1, Lgr5, CD133, c-Myc, and
AFP compared to their expression in Huh7.5 cells (Fig. 1B).
The presence of these factors in NS5A-GFP-positive cells was
also confirmed by indirect immunofluorescence microscopy
(data not shown). Additional evidence for the enhanced
DCAMKL-1 and AFP expression in response to the HCV
replicon was obtained by Western blot analysis of FCA4 cell
lysates (Fig. 1C).

It has been demonstrated that immature hepatic progenitor
cells, such as oval cells and cholangiocytes, in the liver express
cytokeratin 19 (CK19) (4, 5). The protein is also considered a
marker for aggressive HCC subtypes. Furthermore, the over-
expression of CK19 in HCC correlates with the lower rates of
patient survival and higher rates of tumor recurrence (40, 41).
These observations led us to investigate CK19 levels in the
cultured cells. The Western blot of total lysates prepared from
both GS5 (Fig. 1D, left) and FCA4 (Fig. 1D, right) cells re-
vealed considerably higher levels of CK19 expression than in
their corresponding control cell lysates (Huh7.5 and Huh7,
respectively). Collectively, these data revealed higher expres-
sion of a host of CSCs and hepatic progenitor cell-related
proteins in response to the persistent expression of the HCV
replicon. Conversely, curing of the replicon from GS5 cells
resulted in diminished expression of these factors (Fig. 1A).

Next, we transfected Huh7.5 cells with full-length RNAs
representing wild-type JFH1 (HCV-2b genotype), which has
been shown to produce infectious particles, or its replication-
deficient version (JFH1/GND). The presence of NS5B in wild-
type JFH1 (Fig. 1E, lane 3) and the absence of this protein in

Nucleus

FIG. 3. Confocal microscopy for visualization of NS5A-GFP (green) and DCAMKL-1 (magenta) in the GS5 cells. The microtubule filaments
(red) were stained using monoclonal anti-a-tubulin antibody (A). The relative localization and colocalization of these proteins are shown in the

superimposed (A) and in the magnified figure (B). Blue, nuclear stain.
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FIG. 4. DCAMKL-1-positive cells show CSC traits. (A, B) The GS5 cells were treated with DyLight 549-normal IgG (A, control) or Dylight
549-anti-DCAMKL-1 (B) conjugate and subjected to FACS analysis using lasers that excite both GFP and DyLight 549. (C) Spheroid assay using
isolated HCV™ DCAMKL-1" cells from the Huh7.5 (bottom) or HCV" DCAMKL-1" cells from the GS5 (top) cell line. The cells (~100 from
each sample) were plated with culture medium containing 50% Matrigel in a 96-well plate. The cells were grown in standard culture conditions,

and spheroids were photographed after 4 weeks (a to d).

the JFH1/GND mutant (lane 2) 72 h posttransfection suggest
complete expression of the JFH1 RNA. Since DCAMKL-1is a
phosphorylated protein and is expressed as multiple isoforms,
we carried out extensive electrophoresis to resolve closely mi-
grating species. Only a minor change (ratio DCAMKL-1 to
actin) and/or a shift of a lower band of DCAMKL-1 was observed
in the wild-type cells (lane 3) in comparison to the mutant (lane
2) or mock-transfected (lane 1) cells. Because HCC development
is not observed in acute HCV infection, a dramatic increase in the
DCAMKIL-I level under these experimental conditions is an un-
likely scenario (also see Fig. 8 and 9).

Enhanced expression of DCAMKL-1 and CK19 in Huh7
cells transfected with reprogramming factors. The P2PhiC31-
LGNSO vector has been used by Jia et al. (15) to generate
minicircle supercoiled DNA molecules that encode a set of
four reprogramming/pluripotency factors (Lin28, Nanog, Sox2,
and Oct4) and a GFP reporter under the control of the cyto-
megalovirus (CMV) promoter (Fig. 2A). The presence of the
“self-cleavage” 2A sequence motif between the cistrons facil-
itates the translation of each of the reprogramming proteins, as
well as GFP, in equal amounts from a single mRNA (Fig. 2A).
Using the LGNSO system, these investigators (15) successfully
induced pluripotency in human adipose cells following trans-
fection of the minicircle DNA.

We carried out Western blot analysis using lysates of the
Huh7 cells transfected with the purified minicircle DNA for
72 h. A considerable increase in the expression of Lin28 was

observed only in the minicircle-transfected cells (Fig. 2B, lane
3) and not in the empty vector or mock-transfected controls
(lanes 1, 2, and 4). In addition, GFP expression was observed
in ~10 to 12% of minicircle-transfected cells by live-cell mi-
croscopy (not shown). These observations confirmed the suc-
cessful expression of minicircle DNA in Huh7 cells. Interest-
ingly, a concomitant increase in the DCAMKL-1 and CK19
levels was observed due to the overexpression of pluripotency
factors (Fig. 2B, lane 3) compared to their expression in the
controls (lanes 1, 2, and 4).

Localization of DCAMKL-1 in HCV replicon-expressing
cells. Previous studies have shown that HCV replication com-
plexes associate with microtubules through NSSA and NS3
proteins and that their saltatory movements are fully depen-
dent on the intact microtubule filaments (19, 54). Since
DCAMKIL-1 catalyzes polymerization of tubulins into micro-
tubules (18, 24), we carried out confocal microscopy of GS5
cells that were stained for DCAMKL-1 and a-tubulin. As ex-
pected, considerable amounts of NS5A-GFP were colocalized
with the microtubule filaments (MTFs) (Fig. 3A and B, yel-
low). Interestinglyy, DCAMKL-1 staining was more pro-
nounced in the perinuclear regions where NS5A-MTF showed
higher intensities. The occasional white spots in this location
(Fig. 3B) appear to be due to colocalization of DCAMKL-1
with MTFs, as expected. However, it is difficult to ascertain
whether a fraction of NS5A makes direct contact with
DCAMKL-1 in this region.
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FIG. 5. Tumor xenograft of GS5 cells. The HCV subgenomic rep-
licon-expressing cells maintain their distinct phenotypes (enhanced
CK19 and AFP expression) in tumor xenografts. (A, B) An example of
a GS5 tumor within the animal (A, arrow) and the resected tumor
(B) from the animal. The tumors developed by Huh7.5 (not shown)
had various sizes but were usually smaller than the GS5 tumors. (C, D)
Western blot analysis was performed for the expression of cytokeratin
19 (C, CK19) and a-fetoprotein (D, AFP) in the tumors generated by
Huh7.5 and GS5 cells.

GS5 and Huh7.5 cells expressing DCAMKL-1 on the mem-
brane surface exhibit cancer stem cell-like properties. We
have previously demonstrated that tumor cells expressing
DCAMKIL-1 on their membrane surface can be isolated by

Huh7.5-Tumor
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using FACS (29-31). The isolated DCAMKL-1" cells form
spheroids in Matrigel (BD Biosciences) and display CSC prop-
erties. We used this established method to isolate DCAMKIL-1
and HCV NS5A-GFP double-positive cells (HCV™
DCAMKL-1") from GS5 cells using specific anti-DCAMKL-1
antibodies (Fig. 4B) and nonspecific IgG (Fig. 4A, control)
conjugates. The FACS data suggest that nearly 1.5 to 1.9%
(calculated values were obtained after subtraction from the
control results presented in Fig. 4A) of cells were positive for
surface DCAMKL-1 expression. These cells formed spheroids
of various shapes and sizes (Fig. 4C, top). Using a similar
strategy, we found that 0.5 to 0.9% of cells in the Huh7.5
population also expressed DCAMKL-1 on the surface (data
not shown), and these cells were capable of forming spheroids
even though they lack HCV (Fig. 4C, bottom). The intensity of
NS5A-GFP in GS5 spheroids was higher in certain areas (e.g.,
budding areas) in some cases. The DCAMKL-1" pools of
these cell lines did not form spheroids under similar conditions
(data not shown). These observations reinforce our previous
findings on colon and pancreatic cancers that surface expres-
sion of DCAMKL-1 is related to CSC properties irrespective
of the origin of malignancies (31, 48).

Distinct tumor phenotypes are initiated by GS5 and Huh7.5
cells in athymic nude mice. We isolated the top 26% of cells
with high GFP expression from the GS5 population by using
FACS. These cells were then expanded in tissue culture and
injected into the dorsal flanks of three nude mice. In parallel,
similar numbers of Huh7.5 cells were injected into three con-
trol mice, whereas three additional mice (control) were in-
jected with buffer alone. Since both cell lines contain
DCAMKL-1" cells to various extents, the transplanted cells
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FIG. 6. Coexpression of CK19 and AFP in GS5-derived (B) or Huh7.5-derived (A) tumor xenografts. (A, B) Images show staining for CK19

(brown). (C, D) Similar sections were costained for both CK19 (purple) and AFP (brown). The AFP* CK19" double-positive cells represent
hepatic progenitor-like cells and are indicated with arrows in panel D. These cells are absent in panel C.
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FIG. 7. (A, B) Costaining by immunohistochemical methods of DCAMKL-1 and active c-Src in the tumor tissues initiated by Huh7.5 (A) and
GS5 (B) cells. Purple, DCAMKL-1; brown, active c-Src (pTyr418 c-Src). (C) Control, stained liver section of a mouse with a GS5 tumor as shown
in Fig. 5A, showing that both antibodies were not reactive to the animal liver tissues.

formed tumors (3 of 3 for GS5 cells and 2 of 3 for Huh7.5 cells)
over a period of 3 to 4 weeks. The control mice did not develop
tumors at all. An example of a GS5 tumor in one of the mice
is shown in Fig. 5A (indicated by an arrow). The resected
tumors (Fig. 5B) were analyzed for the expression of
DCAMKIL-1 and hepatic markers. Both the GS5 and Huh7.5
tumors expressed human albumin, suggesting that these tu-
mors were originated from the transplanted cells. The expres-
sion levels of AFP and CK19 were found to be significantly
higher in GS5 tumors than in Huh7.5 tumors, as shown by
Western blotting (Fig. 5C and D) and immunohistochemistry
(Fig. 6). The band intensity of AFP in the GS5 tumor lane (Fig.
5D) appears to be extremely high because the lysates prepared
from the solid mass of the tumor contain this protein from both
intracellular and secreted (in the intercellular spaces) regions.
However, the cell culture lysates contain only intracellular
AFP (Fig. 1). Interestingly, hepatic progenitor-like cells as
marked by the coexpression of AFP with CK19 were observed
only in GS5 tumors (Fig. 6D, indicated with arrows).

A significant number of DCAMKL-1-positive cells were lo-
calized in certain areas of GS5 tumors in which most cells
exhibited a high level of activated c-Src expression, indicating

DCAMKL-1

R

o = %

that these tumors possess metastatic potential (Fig. 7B). Only
a few c-Src- and DCAMKIL-1-expressing cells were observed in
the Huh7.5 tumors (Fig. 7A), whereas these proteins were not
detected in the liver of the same mouse (Fig. 7C). Collectively,
these data indicate that both cell types contain phenotypically
distinct CSC populations and that their characteristics are
most probably preserved in the respective tumors due to self-
renewal.

Overexpression of DCAMKL-1 and CK19 in the livers of
HCV-positive patients. Liver biopsy samples from five HCV
RNA-positive patients were examined for the expression of
DCAMKIL-1 and CK-19. The liver tissues from patient 1 (Pt1),
without cirrhosis (Fig. 8, sample 1), showed sporadic
DCAMKL-1" cells mostly in the area of inflammation,
whereas CK19 staining was observed both in sporadic cells and
in the disorganized group of cells. Sample 2 (Fig. 8, bottom)
represents a liver biopsy specimen from the same patient (Pt1)
taken 2 years after the first biopsy. At this stage, the patient
was nonresponsive to the standard antiviral treatment and had
persistent HCV infection with extensive cirrhosis (stage 4).
The dysplastic regenerative nodules in the specimen showed
intense staining for DCAMKL-1 and large numbers of

FIG. 8. Immunohistochemistry for detection of DCAMKL-1 (left) and CK19 (middle) in liver biopsy specimens from a chronic HCV-positive
patient (Pt1). Sample 2 (bottom) represents liver tissue of the same patient (Pt1) taken 2 years after the first biopsy (sample 1). Right, hematoxylin
and eosin (H&E) staining of similar sections. Arrows show intense staining for DCAMKL-1.
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FIG. 9. Immunohistochemistry for expression of DCAMKL-1 (left) and CK19 (right) in liver biopsy specimens of chronic HCV-positive
patients at various stages of liver diseases (see Materials and Methods).

DCAMKL-1" cells in both apical and stem regions. Interest-
ingly, the nodules also showed massive expression of CK19.
Other patients, Pt2 through Pt5 (Fig. 9), were also positive for
HCYV infection and had mild to moderate inflammation and/or
cirrhosis (early stage 1 to 2). These patients showed sporadic
DCAMKL-1" cells and intense staining for CK19 in the cells
that are not part of the biliary tract. Primary human hepato-
cytes purchased from BD Bioscience and maintained in
Hepato-STIM medium (BD Bioscience) on collagen I-coated
coverslips did not exhibit staining for DCAMKL-1 (not
shown).

To further investigate the status of DCAMKL-1 in various
liver diseases, we used liver tissue arrays that represented 80
human liver specimens representing various liver diseases (in-
flammation, HBV infection, and cirrhosis) or normal liver tis-
sues (details in Materials and Methods). The analysis of these
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specimens suggested that as the liver progresses on a path from
normal (Fig. 10A, left) to the presence of inflammation and
further advances to cirrhosis, DCAMKL-1 expression tends to
increase in the hepatocytes (Fig. 10B). Its expression also in-
creases in bile ducts and the stroma during cirrhosis.
DCAMKIL-1 affects the abundance of HCV RNA and NS5B
polymerase. HCV replication complexes associate with micro-
tubule MTFs and use the MTF tracks for their movement and
transport (19, 44, 54). Since DCAMKL-1 protein is known to
bind, stabilize, and polymerize tubulins into MTFs (24), we
examined the effect of DCAMKL-1 on the HCV replicon ex-
pression. GSS cells were transfected with scrambled siRNA
(SCR; control) or siRNA against DCAMKL-1 (siDCAMKL-1)
(48). This siRNA targets nt 308 to 327 (the predicted site) in
the DCAMKL-1 mRNAs encoding both the AL (long form)
and AS (short form) isoforms (9). As shown in Fig. 11A,
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FIG. 10. DCAMKL-1 staining results of the human liver tissue array. The array was processed for inmunohistochemical staining. (A) Examples
of DCAMKL-1 intensities in different liver diseases. (B) Evaluation of DCAMKL-1 intensities in different cell populations on the array on an
arbitrary scale of 0 to 3. Error bars represent standard errors of the means.

siDCAMKL-1 transfection in GSS5 cells resulted in the inhibi-
tion (75% on average at 100 nM) of DCAMKL-1 mRNA,
whereas the same concentration of the SCR had minimal ef-
fect. This decrease in the mRNA was accompanied by the
disappearance of the DCAMKL-1 protein in total lysates, sug-
gesting that the siRNA had effectively inhibited DCAMKL-1
expression (Fig. 11B, top, lanes 3 and 4). The DCAMKL-1
depletion in these cells was also accompanied by a significant
decrease (70 to 80%) of both the HCV RNA (Fig. 11A) and
NS5B polymerase levels (11B, middle, lanes 3 and 4). The
MTT assay results suggested that siRNA transfection did not

affect cell proliferation under these experimental conditions
(not shown).

DISCUSSION

We have used subgenomic-replicon-expressing cell lines,
liver biopsy specimens from patients with chronic HCV infec-
tion, liver tissue microarrays, siRNAs, an iPSC expression
cassette, and a mouse tumor model to investigate HCV-in-
duced pathological changes in liver cells. Several lines of evi-
dence presented here implicate HCV in the enhanced expres-
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FIG. 11. siRNA against DCAMKL-1 reduces the expression of the HCV replicon in GS5 cells. (A) Inhibition of the HCV RNA abundance
by siRNA against DCAMKL-1 (siDCAMKL-1). sibCAMKL-1 (50 nM and 100 nM) or scrambled siRNA (SCR, 100 nM) were transfected into
GS5 cells in triplicates. Total RNAs were extracted and subjected to real-time reverse transcription-PCR. The levels of HCV and DCAMKL-1
RNAs in control untransfected GS5 cells (Cont.) were set as 1 (or 100%). Actin mRNA in each sample was used as internal control for the PCR.
The transfections were repeated twice to confirm the results. Error bars represent standard errors of the means. (B) Western blot analysis of cell
lysates from siDCAMKL-1-transfected (lanes 3, 4) or untransfected (lane 1) cells as indicated. Lane 2, sample was transfected with scrambled
siRNA (SCR).
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sion of proteins involved in cellular reprogramming and
tumorigenesis. Among the putative stem cell-related proteins,
DCAMKIL-1 appears to play an important role during HCV-
induced liver carcinogenesis. We further demonstrated that
curing of the HCV replicon leads to marked reductions in the
levels of DCAMKL-1 and reprogramming factors. Similarly,
knockdown of DCAMKL-1 results in a considerable decrease
in the abundance of HCV RNA. The expression of hepatic
progenitor markers in cells supporting HCV replication and
DCAMKIL-1 overexpression in regenerative cirrhotic nodules
of the HCV-positive patients reiterated the association of
HCV with DCAMKL-1 expression in chronic infection. To-
gether, the studies presented here advocate in favor of HCV-
induced acquisition of CSC traits in liver cells during chronic
infection.

Our studies suggest a novel role of DCAMKL-1 in main-
taining HCV RNA abundance. The basal expression level of
DCAMKI-1 is found to be extremely low or absent in normal
hepatocytes. However, active HCV replication, the expression
of pluripotency factors, and inflammation and cirrhosis of the
liver contribute to its elevated expression. Visualization of
DCAMKIL-1 by confocal microscopy suggests that this protein
is highly enriched in the perinuclear region where colocaliza-
tion of NS5A-GFP with MTFs is prevalent. While DCAMKL-1
may or may not be directly in contact with replication com-
plexes, our siRNA-based experiments showed that it exerts
profound influence on the abundance of both viral RNA and
NS5B polymerase. MTFs are polarized polymers of «- and
B-tubulin heterodimers that undergo phasic polymerization
and depolymerization, and this process is required for cellular
transport and cell division (44). It is conceivable that
DCAMKIL-1, by virtue of its MTF polymerizing and stabilizing
activity, may provide microtubule (MT)-dependent transport
and fast saltatory movements of replication complexes (RCs)
over long distances (14, 15). By promoting RC movement,
DCAMKI-1 is likely to increase HCV’s replication efficiency.
Such a pleiotropic effect may also compensate for architectural
distortion created by HCV-induced membranous weblike
structures in the cells. Roohvand et al. (44) demonstrated that
dynamic polymerization/depolymerization of MTFs also affects
postfusion steps of the HCV life cycle. It remains to be inves-
tigated whether DCAMKIL-1 affects these steps.

Similar to many solid tumor cell lines, the hepatoma cells
used in these studies are expected to contain a subpopulation
of CSCs (36). We showed that both GS5 and Huh7.5 cells were
able to form solid tumors in athymic nude mice. According to
the hierarchical model of cancer, the original phenotypes of
CSCs represented in the culture pool must also be maintained
in their respective tumors due to their self-renewal. The West-
ern blot and immunohistochemical analyses of tumor xeno-
grafts validated this assumption. Each tumor type reflected the
original phenotype of the parent culture cells. For example,
GS5 cells and their tumor xenografts exhibited higher expres-
sion of DCAMKL-1, CK19, and AFP than the control cells or
tumors (Fig. 5, 6, and 7). The GS5 tumors also showed very
high populations of CK19" AFP~ cells (hepatic stem cell-like
cells) and CK19" AFP™ cells (hepatoblast and transit-ampli-
fying cells [61]). These HCV-induced stem cell-like features
were clearly absent in Huh7.5 culture cells and their tumor
xenografts. Higher expression of these proteins was also de-
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FIG. 12. Proposed “retrodifferentiation model” for HCV-induced
liver carcinogenesis. Solid arrows, pathways of normal hepatic stem
cell differentiation; arrows with broken lines, possible sources of
Huh7.5- and GS5-derived tumors. The majority of Huh7.5 culture/
tumor cells lack or show very low levels of hepatic/biliary precursor
markers. Therefore, they represent intermediate or differentiated
hepatocytes. On the other hand, GS5 culture/tumor cells contain stem
cell/progenitor cell markers and high populations of CK19" AFP~
(hepatic stem cells) and CK19" AFP" (hepatoblasts, transit-amplify-
ing cells, or hepatic/biliary precursors) cells. The expression levels of
DCAMKIL-1, CK19, and AFP in these cells are remarkably higher than
those in Huh7.5 cells. These acquired distinctions can probably be
attributed to retrodifferentiation of the parent Huh7.5 cells into the
GSS phenotype that was induced by sustained expression of the HCV
replicon. HCC, hepatocellular carcinoma; HPC, hepatic progenitor
cell.

tected in the HCV replicon-expressing FCA4 cell line and the
liver tissues obtained from HCV-infected patients. Thus, the
retrodifferentiation or acquisition of CSC properties is most
likely attributed to HCV rather than mere clonal features of
the GS5 and FCA4 cell lines. In fact, overexpression of the
reprogramming cassette in the heterogeneous population of
Huh7 caused modest increases in both DCAMKL-1 and CK19
within 72 h. A considerable reduction (Fig. 1) in the level of
these factors in cured GSS5 cells (GS5-C) reiterated this obser-
vation. Zhao et al. (62) also observed CK19" oval cells in
HCV-positive liver cirrhosis (47) and coexpression of CK19
and AFP in hepatic progenitor cells.

Tsamandas et al. (51) demonstrated that hepatic progenitor
cells are frequently present in liver tissues of hepatitis C pa-
tients and that their number tends to increase as the disease
advances to cirrhosis, a known risk factor for HCC initiation. It
was further demonstrated that a large group of patients who do
not respond to the standard HCV treatment show higher ex-
pression of CK19 and AFP than responders; moreover, these
proteins can be used as reliable markers for detecting hepatic
progenitor cells in these patients. Using extensive gene expres-
sion profiling of HCC tissues, other investigators indepen-
dently reached the conclusion that HCCs originating from
hepatic progenitor cells or hepatic progenitor cell-like cells
express high levels of stem cell signatures such as CK19 and
AFP (22, 55). Our analyses further provide mechanistic in-
sights that high levels of expression of DCAMKL-1, CK19, and
AFP are related to the HCV-induced retrodifferentiation of
hepatic cells, leading to the acquisition of a hepatic progeni-
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tor cell-like phenotype. We also observed that multiple
DCAMKL-1-positive cells were embedded in the areas con-
taining active c-Src in GS5 tumors (Fig. 7). It is known that
both the expression and activation of c-Src are enhanced under
various stress conditions that favor tumor growth and metas-
tasis (3). In these aspects, the GS5 tumor traits are reminiscent
of HCCs with stem cell-like features (8, 22). Thus, it is con-
ceivable that HCV-induced reprogramming of liver cells may
contribute to hepatocarcinogenesis (a model is proposed in
Fig. 12).

In conclusion, our data suggest a possible cellular target for
the evaluation of small-molecule inhibitors against HCV-in-
duced liver cancer. The analyses of our data revealed an HCV-
(DCAMKL-1)-MTF-CSC axis in the hepatoma cell lines. Us-
ing both in vitro and in vivo models, our data provide evidence
that this collaboration may possibly promote HCV replication
and HCV-induced hepatocarcinogenesis during chronic infec-
tion.
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