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Most studies investigating the biology of Hepatitis C virus (HCV) have used the human hepatoma cell line Huh-7 or
subclones thereof, as these are the most permissive cell lines for HCV infection and replication. Other cell lines also sup-
port replication of HCV, most notably the human hepatoblastoma cell line HuH6. HCV replication in cell culture is gen-
erally highly sensitive to interferons (IFNs) and differences in the IFN-mediated inhibition of virus replication may

reflect alterations in the IFN-induced antiviral response inherent to different host cells. For example, HCV replication

::éwrfgisr; is highly sensitive to IFN-y treatment in Huh-7, but not in HuH6 cells. In this study, we used microarray-based gene
EN-t expression profiling to compare the response of Huh-7 and HuH6 cells to stimulation with IFN-o and IFN-y. Further-
IEN-y more, we determined whether the resistance of HCV replication in HuH6 cells can be linked to differences in the ex-
Huh-7 pression profile of IFN-regulated genes. Although both cells lines responded to IFNs with rapid changes in gene
HuH6 expression, thereby demonstrating functional type I and type II signaling pathways, differences were observed for a

Gene expression profile

number of genes. Raw and normalized expression data have been deposited in GEO under accession number

GSE68927.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Specifications

Organism/cell
line/tissue
Sequencer or array type Whole Genome Oligo Microarray (Affymetrix GeneChip

HG-U133 Plus 2.0)

Raw: CEL files; normalized data: XLS files

HuH6 and Huh-7 cells treated with IFN-oc or IFN-y

We performed a microarray-based transcriptome analysis
to compare the induction of IFN-stimulated genes in the
human hepatoma cell line Huh-7 and the human
hepatoblastoma cell line HuH6 in response to IFN-ot

and [FN-vy.

Homo sapiens; cell lines HuH6 and Huh-7

Data format
Experimental factors
Experimental features

1. Direct link to deposited data
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE68927
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2 Present address: University of Canberra, Health Research Institute, Canberra, Australia.

http://dx.doi.org/10.1016/j.gdata.2015.12.017

2. Experimental design, materials and methods
2.1. Cell culture experiments and RNA isolation

The hepatoma cell line Huh-7 is the most commonly used cell line to
study the biology of the human pathogen Hepatitis C virus (HCV) [1]. In
these cells, HCV replication is strongly inhibited by both interferon-o
(IFN-a) [2] as well as interferon-vy (IFN-y) [3]. In the hepatoblastoma
cell line HuH6, however, HCV replication is largely resistant to
treatment with IFN-y but not [FN-o [4]. To analyze the [FN-y and IFN-
« response in Huh-7 and HuH6 cells, we decided to perform a
microarray-based gene expression analysis. To this end, Huh-7 and
HuH®6 cells, that were grown in Dulbecco's modified minimal essential
medium (Life Technologies, Karlsruhe, Germany) supplemented with
10% fetal calf serum, 2 mM L-glutamine, nonessential amino acids,
100 U of penicillin G/mL, and 100 pg of streptomycin/mL at 37 °C
and 5% CO,, were plated in 10-cm cell culture petri dishes at 80% cell
confluence and treated with either 1000 IU/mL IFNo-2a (PBL Laborato-
ries, Acris, Herford, Germany), 1000 IU/mL IFN-y (Roche, Basel,
Switzerland), or remained untreated for 24 h. Total RNA was extracted

2213-5960/© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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from these samples by a GITC-based protocol [5]. RNA integrity was
confirmed by agarose gel electrophoresis and RNA concentration was
determined by measurement of OD at 260 nm on a NanoDrop Lite
(Thermo Scientific, Braunschweig, Germany).

2.2. Microarray experiments

For first-strand cDNA synthesis, 13.5 pg total RNA was incubated as
published before [6] with polyadenylated control RNAs and T7-oligo
(dT)24 primer [5'-GGCCAGTGAATTGTAATACGACTCACTATAGGGAGG
CGG-(dT24)-3’] at 70 °C for 10 min and put on ice. Next, the first-
strand buffer mix (4 pL of 5x the first-strand buffer, 2 uL 0.1 M dithio-
threitol (DTT), and 1 uL 10 mM dNTPs) was preincubated at 42 °C for
2 min. After addition of 2 pL (200 units) Superscript II (Life Technolo-
gies, Karlsruhe, Germany), incubation was continued at 42 °C for 1 h.
For second-strand synthesis, 30 pL 5x the second-strand buffer, 91 pL
RNase-free water, 3 pL. 10 mM dNTPs, 4 pL (40 U) Escherichia coli DNA
polymerase I (Life Technologies), 1 pL (12 U) E. coli DNAligase (TaKaRa,
Gennevilliers, France), and 1 pL (2 U) RNase H (TaKaRa) were added,
and the mix was incubated at 16 °C for 2 h. Then 2.5 UL (10 U) T4 DNA
polymerase [ (TaKaRa) were added at 16 °C for 5 min. The reaction
was stopped by the addition of 10 pL 0.5 M EDTA, double-stranded
(ds) cDNA was extracted with phenol/chloroform, and the aqueous
phase was recovered by phase-lock gel separation (Eppendorf, Ham-
burg, Germany). After precipitation, the cDNA was restored in 12 pL
RNase-free water. Five microliters ds cDNA were used to synthesize bi-
otinylated cRNA using the BioArray High Yield RNA Transcript Labeling
Kit (Enzo Diagnostics, NY). Labeled cRNA was purified using the RNeasy
Mini Kit (Qiagen, Hilden, Germany). Fragmentation and hybridization of
10 pg cRNA to GeneChip HG-U133 Plus 2.0 microarrays (Affymetrix,
Santa Clara, CA) for 16 h at 45 °C, as well as washing and staining on a
Fluidics Station 450 (Affymetrix), and scanning of the arrays in a
GeneArray Scanner 2500 (Agilent, Palo Alto, CA) were performed ac-
cording to the Affymetrix Gene Expression Analysis Technical Manual.

2.3. Signal processing and normalization

Raw Affymetrix data (.CEL-files) were further processed using the
Chipster software, version 3.4.0 [7]. Signals were normalized within
one cell line (three treatment groups per cell line: mock, IFN-o. and
IFN-7v) using the RMA method and expressed on a log,-transformed
scale. Probe-sets were remapped to 19,674 Entrez Gene IDs using a cus-
tom CDF file (version 12, Thompson and Meng microarray lab, Universi-
ty of Michigan) [8] and expression calls (A: absent, M: moderate, or P:
present) were calculated using the MAS5 algorithm. Without further
processing and filtering, data for Huh-7 and HuH6 cells were merged
and exported into an Excel file for user-friendly interactive filtering
(Supplementary data file 1).

2.4. Analysis of IFN-induced genes

Albeit genes induced by IFN, termed IFN-stimulated genes (ISGs),
have been defined and known for a long time (e.g. http://www.
interferome.org [10]) [11-21], the exact set and number of genes that
are regulated by IFN varies between different cell types and might sub-
stantially affect the cells’ capacity to interfere with the replication of
specific viruses. We therefore compared the ISG profile of the two
hepatocyte-derived cell lines Huh-7 and HuH6, which are widely
employed for research on hepatitis viruses, especially Hepatitis C virus
(HCV). For this analysis, we defined ISGs as (1) being called “present”
in the IFN-treated sample and (2) being upregulated at least 1.5-fold
(0.58 on a log,-scale) upon IFN-treatment. For IFN-«, we found 269
ISGs in Huh-7 and 109 ISGs in HuH6, with 81 being common to both
(Fig. 1). For IFN-y, we found 207 ISGs in Huh-7 and 202 in HuH6, with
112 genes in common to both cell lines (Fig. 1). The genes that were
most strongly induced upon IFN-« treatment in both cell lines include

IFN-a

IFN-y

s HuH6

Fig. 1. Number of IFN-induced genes in Huh-7 versus HuH6 cells. ISGs were defined
as being at least 1.5-fold upregulated and being “present” upon IFN-treatment. Venn
diagrams were generated using BioVenn (http://www.cmbi.ru.nl/cdd/biovenn/) [9].

well-known prototype ISGs, such as MX1, IFIT1 (ISG56), IFIT3, IFI6 and
OAS1-3 (Table 1). For IFN-y, too, well-established prototype ISGs were
strongly upregulated, such as GBP1, GBP3 or TAP1 (Table 1).

2.5. ISGs differentially induced in Huh-7 versus HuH6

We then analyzed the induced ISG profiles of the two cell lines for
differentially regulated genes, i.e. genes whose transcriptional regula-
tion upon IFN-treatment is significantly different between Huh-7 and
HuHS6. For this analysis, we defined IFN-o or IFN-y ISGs as being “pres-
ent” and upregulated by at least 1.5-fold in either Huh-7 or HuH6 upon
treatment with the respective IFN, resulting in 301 ISGs for IFN-a and
292 ISGs for IFN-y (excluding Affymetrix controls, see Supplementary
data file 1). To generate ISG profiles for Huh-7 and HuH6, ISGs were
then ranked based on their fold-change within the respective cell line,
with rank 1 being awarded to the gene with highest induction. Plotting
the ranked profiles against each other allows for easy visual identifica-
tion of the ISGs most strongly differing in their regulation between
Huh-7 and HuH6 (Fig. 2). Surprisingly, for IFN-o,, MX1, being one of
the most strongly induced and best characterized ISGs, only ranks

Table 1

Top 20 induced ISGs upon IFN treatment in Huh-7 and HuH6 cells. ISGs were sorted for the
magnitude of their induction (fold-change, FC) within each sample. The 20 genes
most strongly induced by IFN-a (left) or IFN-y (right) are listed for Huh-7 and HuHS, re-
spectively. Fold-changes are given on a log, scale (i.e. FC 7.35 translates to a 163-fold
upregulation).

IFN-a IFN-y
Gene FC Gene FC Gene FC Gene FC
symbol Huh-7 symbol HuH6 symbol Huh-7  symbol HuH6
MX1 7.35 IFIT1 8.4 GBP1 8.46 GBP1 6.55
IFIT1 6.93 CMPK2 7.3 PSMB9 7.49 PSMB9 6.04
CMPK2 5.93 IF127 6.91 TAP1 5.85 UBE2L6 6.01
DDX60 59 IF144L 6.25 PSMB8 5.74 GBP3 5.72
IFI6 5.82 IFIH1 5.99 RARRES3  5.67 TAP1 537
IFIH1 5.81 DDX60 5.62 UBD 5.58 TRIM22 5.21
IFIT3 533 OAS3 5.6 GBP3 5.1 NMI 497
ISG15 5.21 IFI6 5.56 IFIT3 5.04 RARRES3  4.75
0AS1 517 IFIT3 5.37 EPSTI1 497 ERAP2 475
0AS3 4,92 OAS1 5.11 CXCL10 4.62 CMPK2 4.69
HERC6 4.84 IF144 492 DDX60 4.29 UBD 4.62
EPSTI1 479 IFITS 447 NNMT 428 SERPING1 4.5
IRF9 4.2 UBE2L6 44 UBE2L6 423 IF127 4.5
0AS2 413 0OAS2 437 TRIM22 3.81 IFIT3 4.45
IF127 411 ISG15 4.03 PARP14 3.78 PSMBS8 412
DDX58 3.8 DTX3L 3.86 CXCL9 3.74 DTX3L 3.88
DDX60L 3.62 DDX58 3.8 IRF9 3.67 PARP14 3.53
IFITM1 3.55 HERC6  3.48 LGALS3BP 3.59 PARP9 3.47
IF144L 344 IRF9 343 IFIH1 347 BATEF2 34
LGALS3BP 3.42 PARP9 3.42 CXCL11 3.44 DDX60 3.37
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Fig. 2. Correlation of ISGs induced in Huh-7 and HuH6. ISGs were ranked by their respective induction upon IFN-treatment (fold-change); rank 1 corresponds to the highest induction.

Ranks in Huh-7 were plotted against ranks in HuH6. Genes were color-coded according to their weighted rank difference (WRD) and genes with high WRD values are labeled.

56th in HuH6 (rank 1 in Huh-7), whereas IFI44 is a top-ISG in HuH6
(rank 11) but hardly induced in Huh-7 (rank 277). Further, CXCL-type
chemokines CXCL1 (Gro-at), CXCL2 (Gro-3) and CXCL10 (IP-10) are up-
regulated in Huh-7, whereas they are not induced in HuH6 (Fig. 2). For IFN-
v, the CXCL chemokines, in particular CXCL10 and 11, are again strongly up-
regulated in Huh-7 (ranking 10th and 20th, respectively) and only to a

Table 2

much lesser extend in HuH6 (ranking above 100). Further, the MHC
genes HLA-A, B and C are strongly induced in Huh-7 but substantially less
so in HuH6. Conversely, IFI27 (rank 12) and ERAP2 (rank 8) are prominent

ISGs in HuH6 but not in Huh-7 (ranking above 100).

As a quantitative measure to score differentially induced ISGs, we
calculated a weighted rank difference (WRD) for each gene. The WRD

ISGs differentially induced in Huh-7 versus HuH6. ISGs were defined as “present” and upregulated at least 1.5-fold (0.58 on a log; scale) in either Huh-7 or HuH6 and sorted for their
weighted rank difference (WRD). Highest WRD corresponds to the strongest difference in induction between Huh-7 and HuH6 (see text). FC: fold-change (log, scale).

IFN-a IFN-y
Gene symbol FC Huh-7 FC HuH6 rank Huh-7 rank HuH6 WRD Gene symbol FC Huh-7 FC HuH6 rank Huh-7 rank HuH6 WRD
MX1 7.35 1.49 1 56 1.93 ERAP2 1.08 4.75 126 8 1.76
[F144 0.47 4.92 277 11 1.85 CXCL9 3.74 0.31 16 234 1.74
TDO2 3.07 —0.19 27 287 1.66 BTN3A3 3.28 0.04 23 265 1.68
IFI16 0.06 2.56 290 35 1.57 MX1 3.16 —0.1 26 285 1.67
GBP1 3.11 0.19 25 178 1.51 CXCL10 4.62 1.06 10 103 1.65
SLFN5 0.08 1.66 287 49 142 CARD16 3.27 0.24 24 243 1.64
RASGRP3 0.68 213 204 39 1.36 IFI127 1.21 4.5 111 12 1.61
IL8 1.7 —0.36 59 301 134 APOL3 0.37 2.84 228 30 1.53
[FI127 411 6.91 15 3 133 CASP1 2.69 0.02 42 268 1.46
LYGE —0.29 14 303 61 133 NMI 2.61 4.97 43 7 1.44
UBD 3.04 0.33 29 143 133 HLA-B 2.75 0.21 40 245 1.44
[F144L 3.44 6.25 19 4 1.30 CXCL11 3.44 0.88 20 122 1.44
CARD16 1.59 —0.28 64 297 1.29 CASP7 0.69 2.8 184 31 142
CXCL2 1.89 —0.01 56 241 1.25 CTSS 2.57 0.34 45 232 1.35
CXCL10 1.75 —0.03 58 246 124 IFI16 0 1.98 268 53 134
MX2 0.23 1.23 282 67 1.23 HERC6 2.59 0.43 44 219 133
CASP7 0.64 144 232 59 1.19 CIR 3.06 0.75 29 141 132
HERC5 3.11 0.77 25 95 1.17 EPSTI1 4.97 242 9 43 131
CXCL5 1.38 —0.15 74 280 1.16 CFH 2.35 0.13 54 254 1.30
LOC100506113 —0.08 0.92 298 80 1.15 CXCL2 1.99 —0.26 65 292 1.27
RARRES3 2.12 0.22 47 167 1.12 UBE2L6 4.23 6.01 13 3 1.25
MYH4 1.29 —0.2 82 289 1.12 SERPINA7 1.95 —0.34 69 296 1.24
SLC26A3 134 —0.14 80 278 1.11 SERPING1 2.45 45 51 12 124
ERAP2 —0.04 0.86 294 85 1.10 ARAP2 0.21 1.76 250 61 1.22
TAP2 0.58 0.92 273 80 1.09 GNB4 0.5 1.89 217 56 1.18
PROCR —0.06 0.82 296 88 1.08 LGALS3BP 3.59 1.53 18 69 1.17
SH3BGRL —0.07 0.81 297 89 1.08 HLA-A 2.03 0.29 63 237 1.16
B3GALT2 1.37 —0.05 76 253 1.08 PSMB8 5.74 4.12 4 15 1.16
BTN3A2 2.08 0.24 49 161 1.07 NCOA7 0.42 1.79 224 60 1.15
HSH2D —0.23 0.78 302 92 1.07 IL7 197 0.17 67 249 1.15
EREG 1.63 0.14 62 200 1.05 NLRC5 1.87 —0.03 74 275 1.15
SERPING1 0.71 141 192 60 1.05 APOBEC3G 0.19 1.56 251 68 1.15
LAMP3 323 1.09 23 72 1.03 CD274 2.15 0.58 60 210 1.11
CCR6 0.12 0.78 285 92 1.02 TRIM31 1.8 0 79 271 1.10
MT1M 1.15 —0.46 99 303 1.01 TLR3 1.75 —0.06 82 280 1.09
KLF10 1.19 —0.19 94 287 1.01 RASGRP3 0.38 1.64 225 66 1.09
LOC731779 —02 0.71 300 99 1.01 LAMP3 1.78 0.01 80 269 1.08
DDX60L 1.68 —0.07 85 282 1.07
ACY3 1.91 0.29 73 237 1.06
TAPSAR1 3.01 1.12 30 94 1.03
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was defined as the difference in a gene's rank between Huh-7 and
HuH6, normalized to the gene's mean rank: WRD = [l —Thnsl _

1/ (Tub6 +THun—7)
(with r, being the rank in the respective cell line), and therefore
0 < WRD < 2. Normalization to the mean rank accounts for the increas-
ing possible variation for lower ranks; simply put, a rank difference of 50
is less significant in case of a gene ranking 250th and 300th (WRD =
0.18) as compared to a gene ranking 1st and 51st (WRD = 1.92).
Table 2 lists the most significant (WRD > 1) differentially regulated
ISGs between Huh-7 and HuH6 for IFN-a and IFN-v in Huh-7 (full list
of ISGs with WRDs in Supplementary data file 1).

3. Discussion

In this study, we describe the experimental details used to compare
the IFN-induced changes in gene expression in the two human liver de-
rived cell lines Huh-7 and HuH6. A large number of genes have been
classified as ISGs in the past [11-21]. The ISG database http://www.
interferome.org [10] currently lists 3185 type I IFN regulated human
genes in total, however with substantial differences between different
cell or tissue types. For non-immune cells lines, typically 200 to 400
genes are upregulated robustly by IFN [14-17,20], depending on the
chosen cut-off. This is in good agreement with our findings for Huh-7
(IFN-ou: 269; IFN-y: 207 genes > 1.5-fold) and HuH6 (IFN-a: 109; IFN-
v: 202 genes > 1.5-fold). Moreover, the genes that were most strongly
upregulated in both cell lines (see Table 1) comprise prominent ISGs
found in various earlier studies [11-21]; of the 20 highest ranking
ISGs induced by IFN-« in our study, 16 (Huh-7) or 17 (HuH6) can be
found in the manually curated list of ISGs described by Schoggins and
colleagues [20]. Remarkably, IFN-a induced more ISGs in Huh-7 cells
than in HuH6 cells. The reason for this apparent lack of IFN-o-
stimulated ISGs in HuH6 cells likely reflects the arbitrary cutoff of 1.5-
fold upregulation used to identify ISGs. However, comparing the
269 ISGs from Huh-7 to the 269 most upregulated genes in HuH6
(disregarding the fold-change cutoff) it only marginally increases
the overlap between the two cell lines from 88 genes (see Fig. 1) to
102 genes, with the remaining 167 being unique to Huh-7 or HuH6, re-
spectively. This argues against the hypothesis that HuH6 has a similar
ISG profile, but lower overall induction values. In fact, the most strongly
induced ISGs exhibit comparable fold-inductions in both cell lines
(see Table 1). Furthermore, the ability of HuH6 cells to mount a func-
tional antiviral response is not compromised in general, as these cells
are capable to inhibit the replication of several viruses upon treatment
with IFN-a [4]. In contrast to type I IFN, the number of genes induced
upon [FN-vy treatment (by at least 1.5-fold) was similar in Huh-7 and
HuH6 cells, and the overlap of induced genes was more substantial
(see Fig. 1). Nonetheless, even for IFN-vy, roughly half of the ISGs were
unique to the respective cell line, again highlighting the cell-type
dependence of the induced ISG profile.

In order to specifically analyze differences between the ISG profiles
of Huh-7 and HuH6, we used a ranked list approach, screening for
those genes, whose rank differed most between the two profiles.
These differentially regulated genes represent highly interesting candi-
dates for future studies on functional differences between the IFN re-
sponse in Huh-7 and HuH6 cells. For example, it has been shown
before, that the IFN-y response in HuH6 - in contrast to Huh-7 - cells
is not capable to efficiently inhibit the replication of HCV [4]. In fact,
we could show that one of the genes identified as being differentially
regulated by IFN-vy in the two cell lines, DDX60L (WRD = 1.07, see
Table 2), functionally contributes to this resistance phenotype of HCV
in IFN-y treated HuH6 cells [22].

The underlying reasons for the observed profound differences in the
ISG profiles between Huh-7 and HuH6 cells and previously observed
differences between other cell types remain largely elusive [11-21].
Subtle differences in the expression of certain “master regulators”, e.g.
transcription factors or secreted signaling molecules, such as cytokines,

may drive the up- (or down-) regulation of whole sets of effector genes.
In line with this hypothesis, in their study across six different virus
species, Schoggins and colleagues identified as some of the most broadly
active ISGs master regulators, such as IRF1 (impacting all six viral spe-
cies), RIG-I, MDAS5 and IRF7 [20,23]. In our data, one striking difference
between the cell lines was the production of several CXCL-type
chemokines in response to IFN-a and IFN--y, which was observed in
Huh-7 but not in HuH6 cells. Furthermore, also the cytokines IL-8
(WRD 1.34 in IFN-a) and IL-7 (WRD 1.15 in IFN-vy), as well as the neg-
ative regulatory factor IRF2 (WRD 0.98 in IFN-o,, WRD 0.95 in IFN-y)
were differentially regulated between the two cell lines. It is unclear if
and to what extent these signaling modulators contribute to the ob-
served differences in ISG expression profiles, but the findings represent
interesting starting points for further investigations and may direct
future experimentation.
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