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Dimethyl sulfoxide (DMSQO) has been shown to induce the differentiation of primary hepatocytes in vitro.
When actively dividing poorly differentiated human hepatoma-derived (Huh?7) cells were cultured in the
presence of 1% DMSO, cells became cytologically differentiated and transitioned into a nondividing state,
characterized by the induction of hepatocyte-specific genes. Moreover, these cells were highly permissive for
acute hepatitis C virus (HCV) infection, and persistent long term infection of these cultures could also be
achieved. As HCV naturally replicates in highly differentiated nondividing human hepatocytes, this system may
more accurately mimic the conditions under which HCV replicates in vivo than previous models using poorly

differentiated rapidly dividing hepatoma cells.

Hepatitis C virus (HCV) is a positive-stranded RNA virus
that causes acute and chronic hepatitis and hepatocellular car-
cinoma (15). A striking feature of HCV infection is that at least
70% of infections persist and cause chronic liver disease of
various severities (1-3, 34). Although in vitro subgenomic and
full-length replicon systems have yielded much insight into
HCV translation and RNA replication in human hepatoma-de-
rived Huh?7 cells (16, 23, 33), our understanding of the rest of the
HCV life cycle has been limited due to the lack of infectious cell
culture models of HCV infection. Thanks to the recent identifi-
cation of a full-length genotype 2a HCV genome (JFH-1) that
replicates and produces infectious virus in cell culture (22, 39, 43)
and the discovery that full-length RNA from an HCV genotype
la genome (clone H77) containing cell culture-adaptive muta-
tions is also infectious in vitro (20, 42), the entire HCV life cycle
is now accessible for investigation. To date, HCV infection and
replication in vitro have been studied in actively dividing asyn-
chronous cultures of Huh7 cells or Huh7-derived cells that cannot
respond to intracellular double-stranded RNA (43). Accordingly,
these systems may not accurately mimic the events that occur
during a natural HCV infection in vivo, as hepatocytes are natu-
rally nondividing, differentiated (26), and fully responsive to dou-
ble-stranded RNA (21). In order to enhance the physiological
relevance of the existing HCV infection systems, we asked
whether dimethyl sulfoxide (DMSO)-treated Huh7 cells that are
highly differentiated and growth arrested are also permissive for
HCYV infection.

Effect of DMSO on Huh7 cells. DMSO, a dipolar aprotic
solvent, has been used extensively to induce or maintain dif-
ferentiation of numerous primary or tumor cell lines (4-6,
8-10, 13, 14, 17-19, 27, 30, 35, 38, 44). The mechanism by
which DMSO induces differentiation of certain cell types re-
mains unclear; however, DMSO has been shown to affect cell
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membrane integrity (25), alter intracellular signaling processes
(e.g., protein kinase C activity and integrin expression) (12,
24), and affect cellular alternative splicing (7), all of which may
contribute to its potential to promote cell differentiation and
alter cell proliferation. Thus, we examined the capacity of
DMSO to induce a more differentiated state in Huh7 cells.
Initially, we examined the morphological appearance and
growth kinetics of Huh7 cells seeded in collagen-coated plates
and continuously cultured in the presence of 1% DMSO for 20
days. As shown in Fig. 1A and B, Huh7 cells cultured in the
presence of 1% DMSO formed tightly packed monolayers of
mono- and binucleated cells displaying the typical pavement-
like cytological features of primary hepatocytes. The cells also
exhibited a low nucleus-to-cytoplasm ratio and contained mul-
tiple distinct nucleoli (Fig. 1B, inset). Although Huh7 cells
cultured in the absence of DMSO initially formed tightly
packed monolayers, by day 10 postseeding, monolayer integrity
was compromised and cell death, measured by floating cells in
the culture supernatant, was extensive (data not shown).

The growth kinetics of the DMSO-treated Huh7 cells was
evaluated in each of three wells up to day 20 post-DMSO
treatment. During the first 6 days, cell numbers increased ap-
proximately 1.5-fold per day on average, after which the cells
became growth arrested and remained nondividing for up to 20
days post-DMSO treatment (Fig. 2). Propidium iodide staining
was performed, as described previously (11), in order to de-
termine the cell cycle distribution of DMSO-treated Huh7
cells. As shown in Fig. 1C, approximately 92% of Huh7 cells
cultured for 20 days in the presence of 1% DMSO were ar-
rested in G,/G, and, therefore, nondividing. As a reference,
propidium iodide staining was also performed on cycling non-
DMSO-treated Huh7 cells and approximately 63%, 13%, and
22% of the proliferating Huh7 cells were in G,/G,, S, and G,
respectively (data not shown).

To characterize the differentiation status of the DMSO-
treated Huh7 cells, we examined whether these cultures tran-
scriptionally up-regulate the expression of human hepatocyte-
specific cellular genes, as has been shown for primary hepatocytes
cultured under the same conditions (5, 6, 8, 14, 17, 18, 27, 31). At
indicated times post-DMSO treatment, total cellular RNA was
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FIG. 1. DMSO-induced differentiation of Huh7 cells. (A) Phase
contrast micrograph of Huh7 cells cultured on BioCoat collagen-
coated plates (Becton Dickinson, Franklin Lakes, NJ) in the presence
of 1% DMSO (vol/vol) (Sigma-Aldrich, St. Louis, MO) and photo-
graphed 20 days after plating (magnification, X200). (B) Hematoxylin
and eosin staining of DMSO-treated Huh7 cells cultured in the pres-
ence of 1% DMSO for 20 days (magnification, X400; inset magnifica-
tion, X800). Arrows indicate binucleated cells containing multiple
distinct nucleoli. (C) Flow cytometric analysis of Huh7 cells cultured in
the presence of 1% DMSO for 20 days. For cell cycle analysis, 1 X 10°
cells were stained with 15 pg/ml propidium iodide (PI) (Boehringer
Mannheim, Indianapolis, IN), in the presence of 0.25% NP-40 (Sigma-
Aldrich) for 30 min, and analyzed using a FACSCalibur flow cytometer
(Becton Dickinson), and data were analyzed using FloJo software
(Tree Star, Inc., Ashland, OR).

extracted and the induction of hepatocyte-specific cellular genes
was analyzed by quantitative, real-time reverse transcription-PCR
(RT-QPCR) analysis as described previously (43). PCR amplifi-
cation was performed on cDNA templates using primers specific
for human albumin (sense, 5'CGCCTGAGCCAGAGATTTC3';
and antisense, 5'GCCCTGTCATCAGCACATTC3’), hepato-
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FIG. 2. Growth kinetics and induction of hepatocyte-specific cellu-
lar genes in DMSO-treated Huh7 cells. For gene analysis, 8 X 10*
Huh7 cells were plated in multiple wells of 12-well BioCoat collagen-
coated plates. Medium was supplemented with 1% DMSO (vol/vol) at
24 h postseeding (when cells reached 95% confluence), and cells were
cultured for an additional 20 days in the presence of DMSO. At
indicated times post-DMSO treatment, triplicate wells were trypsinized
and the average total cell number was calculated (line). Cells were addi-
tionally pelleted at 1,400 rpm for 5 min, and total cellular RNA was
extracted (43) and analyzed by RT-QPCR (Bio-Rad, Hercules, CA) for
human albumin, A1AT, and HNF4-ao mRNA expression. GAPDH am-
plification was used as a normalization control, and the results are ex-
pressed as induction (n-fold) of gene expression in Huh7 cells post-
DMSO treatment (days 1 to 20 and day 200) relative to that of control,
non-DMSO-treated, Huh7 cells (day 0).

cyte nuclear factor 4-a (HNF4-o) (sense, S’ ACATTCGGGCGA
AGAAGATT3’; and antisense, 5’ACTTGGCCCACTCAACG
AG3'), and a-1-antitrypsin (A1AT) (sense, 5’ TGCTGCCCAGA
AGACAGATAZ'; and antisense, 5’GGCGGTATAGGCTGAA
GG3'). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
amplification (43) was used as a normalization control. As illus-
trated in Fig. 2, human albumin and A1IAT mRNA expression
was induced 7- and 4-fold, respectively, in Huh7 cells as early as
6 days post-DMSO treatment and further increased to 13- and
11-fold, respectively, during the last part of DMSO treatment
(days 14 to 20). Likewise, an average fourfold induction of the
hepatocyte-specific transcription factor HNF4-a was also ob-
served during the course of DMSO treatment (Fig. 2). Induction
of HNF4-a was of considerable interest, as this transcription
factor has been shown to be necessary for liver phenotypic ex-
pression in hepatocyte cultures (29). In addition, when RNA
extracted from a normal chimpanzee liver biopsy specimen was
analyzed, mRNA expression levels similar to the levels detected
in the DMSO-treated Huh7 cells were observed (data not
shown). Taken together, the results described above suggest that
Huh7 cells cultured in the presence of DMSO become more
differentiated, expressing characteristics associated with normal
hepatocytes, including cytology, growth arrest, and increased in-
duction of hepatocyte-specific cellular genes. Importantly, these
cultures have maintained these cytological characteristics and
gene expression profiles for at least 200 days without splitting
(Fig. 2 and data not shown).

Productive HCV infection of growth-arrested DMSO-
treated Huh7 cells. Several groups have indicated a strong
relationship between HCV replication and cell confluence,
demonstrating that high confluence or superconfluence of
Huh7 cells negatively impacts HCV replication (28, 32, 41).
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FIG. 3. HCV infection kinetics in DMSO-treated Huh7 cells. (A
and B) Huh?7 cells cultured for 6 (open square), 14 (open circle), or 20
(open diamond) days in the presence of 1% DMSO or subconfluent
(closed squares) and confluent (closed triangles) non-DMSO-treated
Huh?7 cells were infected with JEH-1 HCV at an MOI of 0.01 FFU/cell,
and the culture supernatant and intracellular RNA were collected at
the indicated times postinfection. (A) Intracellular HCV RNA was
analyzed by RT-QPCR and displayed as HCV RNA copies/pg total
RNA. (B) Titers of supernatant infectivity, expressed as FFU/ml, were
determined by indirect immunofluorescence analysis (Axiovert 200
fluorescence microscope; Zeiss, Germany) of 10-fold serially diluted
culture supernatants on naive Huh7 cells, using a 96-well plate format
as described previously (43). A human monoclonal antibody with high
avidity and specificity to HCV E2 (43) was used to detect positive foci
(5 to 10 positive grouped cells constitute one focus). The anti-HCV E2
antibody was used in lieu of the previously reported (43) NS5A anti-
body, as it performs equally well in titer assays (data not shown).

Therefore, it was necessary to initially test whether the conflu-
ent, growth-arrested DMSO-treated cultures were permissive
for HCV JFH-1 virus infection and replication. Following a 6-,
14-, or 20-day differentiation period in the presence of 1%
DMSO, cultures were infected with HCV JFH-1 virus at a
multiplicity of infection (MOI) of 0.01 focus forming units
(FFU) per cell. The culture supernatant and RNA were har-
vested at various time points postinfection (p.i.), and the ki-
netics of viral RNA replication and production of infectious
virus were determined as described previously (43). The data
presented in Fig. 3 illustrate that not only are DMSO-treated
Huh?7 cells highly permissive for HCV JFH-1 infection but the
kinetics and levels of viral RNA expansion and infectious virus
production are similar to what is observed for non-DMSO-
treated Huh7 cells infected under subconfluent conditions. To
date, infection of Huh?7 cells with JFH-1 virus has been carried
out at subconfluence (22, 39, 43). Interestingly, when overcon-
fluent non-DMSO-treated Huh7 cells were infected with the
same inoculum, viral RNA replication (Fig. 3A) and the pro-
duction of infectious virus in the supernatant (Fig. 3B) were
severely impaired. A recent paper by Nelson and Tang dem-
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onstrates that cell superconfluence negatively affects HCV rep-
licon replication, most likely by down-regulation of the de novo
nucleoside biosynthetic pathway (28). Confluence and cell
growth arrest, however, do not appear to limit HCV produc-
tion in the DMSO-treated Huh7 cultures. Likewise, when
Huh7 cells stably replicating either the subgenomic or the
full-length JFH-1 replicon were treated with 1% DMSO and
cultured for 20 days, no adverse effect on HCV RNA replica-
tion was observed by Northern blot analysis (data not shown).
These data would suggest that Huh7 cells cultured in the pres-
ence of DMSO may not down-regulate the nucleoside biosyn-
thetic pathway, in contrast to their non-DMSO-treated con-
fluent counterparts. This hypothesis, however, remains to be
tested.

Establishment of a persistent HCV infection in DMSO-
treated Huh7 cells. A significant benefit of the DMSO-treated
Huh?7 cell culture system is the capacity to maintain individual
cultures for extended periods of time (up to 200 days) without
splitting. As such, we sought to establish a long-term persistent
HCYV infection in these cultures and analyze HCV viral repli-
cation, virus production, and protein expression over an ex-
tended period of time. As illustrated in Fig. 4, when cells were
infected (MOI of 0.01 FFU/ml) on day 20 post-DMSO treat-
ment, intracellular HCV RNA and titers of supernatant infec-
tivity progressively increased for 12 days, after which they re-
mained stable for 63 days p.i. (Fig. 4A). Likewise, indirect
immunofluorescence analysis indicated that at least 80% of the
cells were positive for the HCV NS5A protein throughout the
course of infection (Fig. 4B to D). The inability to detect NSSA
protein expression in 100% of the cells could be attributed to
the various degrees of staining intensities observed in this
heterogeneous cell culture.

To address the susceptibility of persistently infected DMSO-
treated Huh7 cultures to known inhibitors of HCV replication,
DMSO cultures infected with JFH-1 virus (MOI of 0.01 FFU/
cell) for 30 days were treated with 100 U/ml of alpha interferon
(IFN-a), IFN-B, or IFN-y, and HCV RNA levels were deter-
mined (HCV and GAPDH RNA levels were quantified by
RT-QPCR analysis) at 1, 2, 3, 4, and 5 days posttreatment. The
results presented in Fig. 4E illustrate that HCV replication in
persistently infected DMSO-treated Huh7 cell cultures is sen-
sitive to the inhibitory effects of all three interferons tested.
Notably, HCV RNA levels were reduced 33-, 50-, and 34-fold
in cultures treated for 3 days with IFN-«, -B, and -v, respec-
tively, and this level of inhibition was maintained for up to 5
days posttreatment.

Attempts to establish persistent HCV infections in rapidly
dividing cells have yielded mixed results. Unlike the stable
persistent infection that can be readily established in DMSO-
treated Huh7 cells (Fig. 4), in rapidly dividing Huh7 cells, a
cytopathic effect is observed and HCV RNA and protein levels
fluctuate by two or more orders of magnitude throughout the
course of infection (J. Zhong and F. V. Chisari, unpublished
data), challenging the physiological relevance of HCV infec-
tion in rapidly dividing Huh7 cells. Moreover, serum HCV
RNA levels in most chronically HCV-infected chimpanzees
typically do not fluctuate markedly (36, 37, 40), which more
closely resembles the RNA profile observed for the HCV-
infected DMSO-treated Huh7 cells (Fig. 4A).

In summary, the DMSO system described herein allows for
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FIG. 4. Establishment of a long-term persistent HCV infection in DMSO-treated Huh7 cells. Huh7 cells (8 X 10*) were plated in multiple wells
of 12-well BioCoat collagen-coated plates. Medium was supplemented with 1% DMSO (vol/vol) at 24 h postseeding and replenished every 3 days
thereafter. At 20 days post-DMSO treatment, multiple wells were infected with JFH-1 HCV at an MOI of 0.01 FFU/cell and the culture
supernatant and intracellular RNA were collected at the indicated times p.i. for up to 63 days. (A) Intracellular HCV RNA was analyzed by
RT-QPCR and displayed as HCV RNA copies/ug total RNA (line). Titers of supernatant infectivity were determined for naive Huh7 cells and
are expressed as FFU/ml (bars). The data presented are representative of three independent experiments. (B to D) NS5A immunostaining of
DMSO-treated Huh7 cells at days (B) 12, (C) 36, and (E) 62 p.i. (magnification, X100) was performed as described in reference 43. Image
brightness and contrast were adjusted using Adobe Photoshop (San Jose, CA). (E) HCV RNA replication in DMSO-treated Huh7 cells is sensitive
to the effects of interferons. At 30 days p.i., DMSO-treated Huh7 cultures were treated with 100 U/ml of IFN-«, IFN-B, or IFN-y (PBL Biomedical
Laboratories, New Brunswick, NJ). On the indicated days posttreatment, total RNA was extracted and intracellular HCV RNA copies/pg of
cellular RNA was quantitated by RT-QPCR. Reductions (n-fold) in HCV copy numbers were calculated as follows: number of intracellular HCV
RNA copies per g of cellular RNA in IFN-treated cultures/number of intracellular HCV RNA copies per pg of cellular RNA in diluent-treated
cultures. The data presented are representative of three independent experiments.

the establishment of persistent HCV infection in highly differ- in asynchronous and actively dividing cell cultures. In addition,
entiated growth-arrested Huh7 cells, thereby permitting anal- this system permits the testing of candidate antiviral agents in
ysis of the biology of HCV infection in a physiologically rele- the context of a persistent HCV infection in cells whose me-

vant system that is not compromised by the variables inherent tabolism is likely to approximate that of primary hepatocytes in
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vivo more closely than that of the less well-differentiated, rap-
idly dividing cell culture systems that are widely used at
present.
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