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Ad genome, inhibit shRNA-mediated RNAi by competition for key
components involved in the RNAi pathway (Andersson et al., 2005;
Aparicio et al., 2006; Lu and Cullen, 2004; Xu et al., 2007). VA-RNA
I and Il are about 160 nucleotide-long non-coding RNAs encoded
in the Ad genome (bp 10620-10779 and 10876-11038, respec-
tively) (Bhat et al,, 1983; Fowlkes and Shenk, 1980; Machitani et al,,
2011b; Mathews and Shenk, 1991). After transcription, the VA-
RNAs are transported to the cytoplasm by the interaction between
their terminal stems and exportin-5, and then processed by an
RNase HI-type enzyme dicer, resulting in the production of VA-
RNA-derived microRNAs (miRNAs) (mivaRNAs) (Andersson et al.,
2005; Lu and Cullen, 2004; Xu et al., 2007). After being processed
by the dicer, the mivaRNAs are incorporated into an RNA-induced
silencing complex (RISC). shRNA is also processed into siRNA
through the same pathway. Since VA-RNAs are also expressed
from a replication-incompetent first-generation Ad (FG-Ad) vector
(Yamaguchi et al., 2010), VA-RNAs transcribed from FG-Ad vectors
could inhibit knockdown efficiency of FG-Ad vector-mediated RNAi
by competitive inhibition of shRNA processing in several steps, i.e.,
transport by exportin-5, digestion by the dicer, and incorporation
into RISC. Based on these findings, we hypothesized that ShRNA-
expressing Ad vectors lacking VA-RNA expression exhibit more
effective RNAi compared with FG-Ad-shRNA; however, there have
been no studies that directly evaluate the inhibitory effects of VA-
RNAs transcribed from the Ad vector genome on shRNA-expressing
Ad vector (Ad-shRNA)-mediated knockdown.

In the present study, we prepared an shRNA-expressing helper-
dependent Ad (HD-Ad) vector, in which almost all viral coding
sequences, including VA-RNAs (Palmer and Ng, 2005), were deleted
(HD-Ad-shRNA). Titers of HD-Ad-shRNA and FG-AD-shRNA were
properly evaluated under the same condition by measuring the
expression levels of the green fluorescence protein (GFP) gene,
which was inserted into the Ad vector genome. HD-Ad-shRNA
showed significantly higher levels of knockdown efficiencies
than FG-Ad-shRNA following in vitro transduction. Furthermore,
shRNA-expressing Ad vectors lacking VA-RNA expression (AdAVR-
shRNA), which are designed to lack only VA-RNA-expression
through specific deletion of the transcriptional control elements
of VA-RNA, also showed more efficient knockdown than FG-Ad-
shRNA.

2. Materials and methods
2.1. Cells

HEK293 (a transformed embryonic kidney cell line), SK HEP-
1 (a human hepatoma cell line) and VR293 cells (HEK293 cells
inducibly expressing VA-RNA 1) were cultured with Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum (FBS), streptomycin (100 p.g/ml), and penicillin (100 U/ml).
WI38 (a normal human lung diploid fibroblast) and 116 cells (Cre
recombinase-expressing cells for packaging of HD-Ad vectors) were
cultured with Minimum Essential Medium supplemented with 10%
FBS, streptomycin (100 pg/ml), and penicillin (100 U/ml).

2.2. Plasmids and virus

HD-Ad vector plasmids, pSTK129-shLuc-GFP, were constructed
to express shRNA against firefly luciferase as follows. pHM18-GFP,
containing a GFP expression cassette driven by a cytomegalovirus
(CMV) promoter, was previously constructed using the pEGFP-
N1 plasmid (Clontech, Palo Alto, CA) and a shuttle plasmid,
pHM18 (Yamaguchi et al., 2010). pHM18-GFP was digested with
Xbal/Sphl, and ligated with the Xbal/Sphl fragment of pHM5-ihU6-
Lu (Mizuguchi et al., 2007) after an Smal site of pHM5-ihU6-Lu

had been changed into an Xbal site by using Xbal phosphorylated
linkers (New England Biolabs, Beverly, MA), resulting in pHM18-
ihU6-Lu-GFP. pHM18-ihU6-Lu-GFP was digested with Notl, and
the Notl fragments were inserted into the Notl site of pSTK129
(kindly provided by Dr. Ng Philip) (Palmer and Ng, 2003), result-
ingin pSTK129-shLuc-GFP. Then, pSTK129-shLuc-GFP was digested
with Pmel, and the liberated viral genome was transfected into 116
cells expressing Cre recombinase. The HD-Ad vectors were ampli-
fied and purified as described previously (Palmer and Ng, 2003).
Helper-virus contamination of the HD-Ad vectors was assessed by
quantitative real-time PCR, and the level of contamination was esti-
mated to be less than 0.3%. HD-Ad-shp53 was similarly prepared
as described above.

The FG-Ad and AdAVR vectors were constructed by means
of an improved in vitro ligation method described previously
(Mizuguchi and Kay, 1998; Mizuguchi and Kay, 1999; Mizuguchi
et al, 2001b; Sakurai et al, 2005) as follows. pHM5 (Mizuguchi
and Kay, 1999) was digested with Sphl/Kpnl, and ligated with the
Sphl/Kpnl fragment of pHM18-ihU6-Lu-GFP, resulting in pHMS5-
ihU6-Lu-GFP. pHM5-ihU6-Lu-GFP was digested with I-Ceul/PI-Scel,
and then ligated with [-Ceul/PI-Scel-digested pAdHM4 (Mizuguchi
and Kay, 1998) or pAdHM4AVR (Machitani et al., 2011a), resulting
in pAdHM4-shLuc-GFP and pAdHM4 AVR-shLuc-GFP, respectively.
To generate FG-Ad vector particles, pAdHM4-shLuc-GFP was
digested with Pacl to release the recombinant viral genome, and
then transfected into HEK293 cells, resulting in FG-Ad-shLuc.
AdAVR-shRNA was prepared as previously described using VR293
cells (Machitani et al., 2011a), instead of HEK293 cells. FG-Ad-
shp53 was similarly prepared as described above. The amplified Ad
vectors were purified by two rounds of cesium chloride-gradient
ultracentrifugation, dialyzed, and stored at —80¢C (Mizuguchi
and Kay, 1998). The virus particles (VP) were determined by a
spectrophotometrical method (Mizuguchi et al., 2001a). Biological
titers, which were based on GFP transduction activity, were deter-
mined by serial titration of the vector stocks on SK HEP-1 cells,
followed by fluorescence-activated cell sorter (FACS) analysis for
GFP-positive cells (Machitani et al., 2011a).

2.3. Preparation of SK HEP-1 transformants expressing luciferase
(SK HEP1-Luc)

SK HEP-1 cells were transduced with a lentivirus vector,
LV-RVLuP, expressing the Venus fluorescent protein and firefly
luciferase as a fusion protein linked with a 2A-self-cleaving peptide
(see Supplementary Information). The transduced cells expressing
the Venus fluorescent protein were sorted by using a FACSAria™
cell sorter (BD Bioscience, San Jose, CA) (Supplemental Fig. 4). The
resulting cells were designated SK HEP-1-Luc cells. SK HEP-1-Luc
cells were cultured with Dulbecco’s medified Eagle’s medium sup-
plemented with 10% FBS, streptomycin (100 p.g/ml), and penicillin
(100U/ml).

2.4. Determination of small RNA levels incorporated into RISC

RNA incorporated into the RISC was isolated following trans-
duction with Ad vectors using a microRNA Isolation Kit, human
argonaute 2 (Ago2) (Wako, Osaka, Japan) according to the manu-
facturer’s instructions. Briefly, Ago2, which is the main component
of RISC, was immunoprecipitated by anti-Ago2 antibody to recover
RNA in the RISC. After immunoprecipitation, the Ago2-small RNA
complex was eluted using elution solution, and small RNA was
isolated from the complex using Isogen (Nippon Gene, Tokyo,
Japan). Copy numbers of siRNA and VA-RNAs in the isolated RNA
(160 ng) were determined by quantitative RT-PCR using Mir-X™
miRNA first-strand synthesis and SYBR® gRT-PCR (Clontech-
Takara, Kyoto, Japan) and primers specific for the siLuc, sip53, and
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mivaRNAL The sequences of the primers were as follows: siLuc,
5'-atttcgaagtactcagegt-3'; sip53, 5'-gtagattaccactggagtc-3'; mivaR-
NAI, 5'-gacaacgggggagtgctce-3',

2.5. Real time RT-PCR analysis

Whole cell lysates for quantitative RT-PCR were prepared from
the cells transduced with Ad vectors using a CellAmp® direct
RNA Prep Kit (Takara-Bio, Otsu, Japan). After cell lysis, luciferase
and p53 mRNA levels were determined by quantitative RT-PCR
using a One Step SYBR® PrimeScript® RT-PCR Kit II (Takara-Bio,
Otsu, Japan). The primers used for quantitative RT-PCR were as
follows: luciferase-F, 5'-tcctatgattatgtecggttatgtaaa-3'; luciferase-
R, 5'-tgtagccatccatecttgtcaa-3'; p53-F, 5'-ccgeagtcagatectageg-3';
p53-R, 5'-aatcatccattgettgggacg-3'.

2.6. Luciferase assay

SK HEP-1-Luc cells were transduced with shLuc-expressing Ad
vectors. After a 36-h incubation, luciferase activity in the cells was
determined using a luciferase assay system (PicaGene LT2.0; Toyo
Inki, Tokyo, Japan).

2.7. Western blot analysis

Whole-cell extracts were prepared by suspension of the cells
in lysis buffer (20 mM HEPES [pH 7.5], 1% Triton X-100, 2mM
EGTA, 10% glycerol, 5mM dithiothreitol, 4mM phenylmethyl-
sulfonyl fluoride) 48 h after transduction. The protein content
was measured with a protein assay kit (Bio-Rad, Hercules, CA)
using bovine serum albumin as the standard. Protein samples
(15 p.g) were electrophoresed on 12.5% sodium dodecyl sulfate
(SDS)-polyacrylamide gels under reducing conditions, followed
by electrotransfer to PVDF membranes (Millipore, Bedford, MA).
After blocking with 4% skim milk prepared in TBS-T (tween-20,
0.1%), the membrane was incubated with anti-p53 antibody (Santa
Cruz Biotechnology, Santa Cruz, CA), followed by incubation in the
presence of horseradish peroxidase (HRP)-labeled anti-mouse IgG
antibody (Cell Signaling Technology, Danvers, MA). The membrane
was developed with a chemiluminescence kit (ECL Plus Western
blotting detection system; Amersham Biosciences, Piscataway, NJ),
and then the signals were read with an LAS-3000 imaging system
(Fujifilm, Tokyo, Japan).

2.8. Statistical analysis

Statistical significance was determined using Student’s (-test.
Data are presented as the means +S.D.

3. Results
3.1. Construction of shRNA-expressing FG-Ad and HD-Ad vectors

First, in order to compare the knockdown efficiencies of
FG-Ad and HD-Ad vectors expressing shRNA, we constructed
the FG-Ad and HD-Ad vectors carrying a U6 promoter-driven
shRNA-expression cassette to induce knockdown of target genes
(luciferase and human p53 genes). In addition, a CMV promoter-
driven GFP-expression cassette was incorporated into the vector
genome to precisely determine the titers of these Ad vectors (Fig. 1).
We demonstrated that the transduction efficiencies by these Ad
vectors at the same multiplicity of infection (MOI) were compara-
ble (Supplemental Figs. 1-3). SK HEP-1 cells were more susceptible
to Ad vector-mediated transduction than WI38 cells (Supplemental
Figs. 1 and 2).
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Fig. 1. Vector plasmids for the generation of FG-Ad-shRNA and HD-Ad-shRNA.
The structure of the vector plasmids (A) pAdHM4-shRNA-GFP (for FG-Ad-shRNA)
and (B) pSTK129-shRNA-GFP (for HD-Ad-shRNA). pA: bovine growth hormone
(BGH) poly A sequence; [TR: inverted terminal repeat; Amp': ampicillin resistance
gene; HPRT: intron region of human genomic HPRT stuffer sequence; €346: cosmid
(346 human genomic stuffer sequence.

3.2. Copy numbers of siRNA and VA-RNA in the RISC

Next, in order to examine whether incorporation of siRNA which
was processed from the shRNA into RISC was inhibited by VA-RNAs,
SK HEP-1 cells constitutively expressing firefly luciferase (SK HEP-
1-Luc cells) were transduced with a FG-Ad vector expressing shRNA
against the luciferase gene (shLuc) (FG-Ad-shLuc), and then, the
copy numbers of siLuc (the processed form of shLuc) and mivaR-
NAl in the RISC were determined by real-time RT-PCR. The analysis
demonstrated that the copy numbers of siLuc and mivaRNAI in the
RISC were almost comparable following the transduction with FG-
Ad-shLuc at all the MOIs (Fig. 2A). On the other hand, when the cells
were transduced with an HD-Ad vector expressing shLuc (HD-Ad-
shLuc), a significantly higher amount of siLuc was found in the RISC,
compared with FG-Ad-shLuc (Fig. 2B). Transduction with HD-Ad-
shLuc resulted in an approximately 5-fold higher amount of siLuc
in the RISC than that with FG-Ad-shLuc at the MOIs of 1, 3, and
10 (Fig. 2B). A significantly higher amount of sip53, which is pro-
cessed from an shRNA against human p53 (shp53), was also found
in the RISC for an HD-Ad vector expressing shp53 (HD-Ad-shp53),
compared with an FG-Ad vector expressing shp53 (FG-Ad-shp53),
in WI38 cells (Fig. 2C). These results suggest that the competition
between shRNA and VA-RNAs, both of which are transcribed from
the same Ad vector genome, in the processing steps leads to the
lower copy numbers of siRNA in the RISC when transduced with
FG-Ad-shRNA, compared with HD-Ad-shRNA.

3.3. Efficient knockdown of target genes by HD-Ad-shRNA

Next, to evaluate the effect of VA-RNAs on the knockdown effi-
ciencies of shRNA-expressing Ad vectors, SK HEP-1-Luc cells were
transduced with FG-Ad-shLuc or HD-Ad-shLuc at an MOl of 1, 3, or
10. In this experiment, we confirmed that a FG-Ad vector express-
ing shRNA against the other gene (p53 gene) (FG-Ad-shp53) did
not knockdown luciferase expression (Supplemental Fig. 4). HD-
Ad-shLuc mediated an approximately 10% increase in the efficiency
of knockdown of luciferase mRNA at the MOIs of 3 and 10 (Fig. 3A)
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(A) Copy numbers of siLuc (the processed form of shLuc) and mivaRNAI in the RNA-induced silencing complex (RISC) recovered from SK HEP-1-Luc cells following transduction
with FG-Ad-shLuc-GFP. (B) Copy numbers of siLuc and mivaRNAI in the RISC recovered from SK HEP-1-Luc cells following transduction with HD-Ad-shLuc-GFP. SK HEP-1-Luc
cells were transduced with FG-Ad-shLuc or HD-Ad-shLuc at a multiplicity of infection (MOI) of 1, 3 or 10. Total RNA was recovered from the RNA-induced silencing complex
(RISC) 36 h after transduction with Ad vectors. Copy numbers of siLuc and mivaRNAI were determined by quantitative RT-PCR. The copy number of siLuc in the RISC following
transduction with FG-Ad-shLuc at an MOI of 1 was normalized to 1. (C) Copy numbers of sip53 in the RISC recovered from WI38 cells following transduction with FG-Ad-shp53
or HD-Ad-shp53. WI38 cells were transduced with FG-Ad-shp53 or HD-Ad-shp53 at an MOI of 10, 30 or 100. Total RNA was isolated from the RISC 48 h after transduction,
and copy numbers of sip53 were determined by quantitative RT-PCR. The copy number of sip53 in the RISC following transduction with FG-Ad-shp53 at an MOI of 10 was
normalized to 1. These experiments were repeated at least three times, and representative data are shown. All the data are expressed as means £S.D. (n=3). *p<0.01.

and in the efficiency of knockdown of luciferase activity levels at
all MOIs (Fig. 3B), compared with FG-Ad-shLuc. Significantly higher
knockdown efficiencies were also found for HD-Ad-shp53 than
FG-Ad-shp53 in WI38 cells (Fig. 4A and B). Surprisingly, the p53-
knockdown efficiencies were more greatly improved by the use of
an HD-Ad vector, compared with the luciferase-knockdown effi-
ciencies, although the increases in the copy numbers of siLuc in the
RISC were larger than those of sip53 by the use of an HD-Ad vec-
tor. A 37% increase in the p53-knockdown efficiency was observed
when the WI38 cells were transduced with HD-Ad-shp53 at an
MOI of 100, compared with FG-Ad-shp53 (Fig. 4A). Significantly
more efficient knockdown of p53 was also found for HD-Ad-shp53
than FG-Ad-shp53 in SK HEP-1 (Supplemental Fig. 5). These results
indicate that HD-Ad-shRNA shows higher levels of knockdown effi-
ciencies than FG-Ad-shRNA.

3.4. Efficient knockdown of target genes by AdAVR-shRNA

As described above, HD-Ad-shRNA showed higher levels of
knockdown efficiencies than FG-Ad-shRNA; however, it is unclear
whether the deletion of VA-RNAs really contributed to the
enhanced knockdown efficiencies of HD-Ad-shRNA, because HD-
Ad vectors are devoid of all viral genes, including VA-RNAs (Palmer
and Ng, 2005). Therefore, in order to further demonstrate that
VA-RNAs inhibit shRNA-mediated knockdown, the knockdown

efficiencies of shRNA-expressing AdAVR vectors were examined
(Fig. 5A). AAAVR vectors, which were previously developed by our
group, lack VA-RNA expression due to deletion of the transcrip-
tional control elements for VA-RNA expression (Machitani et al.,
2011a). We confirmed that the transduction efficiencies of FG-Ad-
and AdAVR-shLuc at the same MOIs were comparable (Supple-
mental Fig. 3). Real-time RT-PCR analysis demonstrated that an
approximately 2-fold higher amount of siLuc was found in the RISC
following transduction with Ad AVR-shLuc, compared with FG-Ad-
shLucatan MOI of 10 (Fig. 5B). Furthermore, Ad AVR-shLuc showed
9.7% higher knockdown efficiencies than FG-Ad-shLuc at an MOI of
10 (Fig. 5C and D), suggesting that the deletion of VA-RNAs led to
an enhancement in the knockdown efficiency of shRNA-expressing
Ad vectors.

4. Discussion

The aim of this study is to examine whether an shRNA-
expressing Ad vector-mediated knockdown was inhibited by
VA-RNAs transcribed from the same Ad vector genome. So far, pre-
vious studies have reported the suppression of shRNA-mediated
RNAi by VA-RNAs (Andersson et al., 2005; Lu and Cullen, 2004);
however, shRNA and VA-RNAs were expressed separately from
the two different plasmids in these studies. In this study, we con-
structed shRNA-expressing HD-Ad vectors and AdAVR vectors,
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Fig. 3. Knockdown efficiencies of FG-Ad-shLuc and HD-Ad-shLuc in SK HEP-1-Luc
cells.

Luciferase mRNA levels (A) and luciferase activity (B) following transduction with
FG-Ad-shLuc or HD-Ad-shLuc in SK HEP-1-Luc cells, SK HEP-1-Luc cells were trans-
duced with FG-Ad-shLuc or HD-Ad-~shLuc at a muitiplicity of infection (MOI) of 1,
3 or 10. After a 36-h incubation, mRNA levels of the luciferase gene and luciferase
activity were determined. *p<0.05, **p <0.01.

which do not express VA-RNAs, and evaluated the knockdown
efficiencies. shRNA-expressing HD-Ad vectors and AdAVR vectors
exhibited higher knockdown efficiencies than shRNA-expressing
FG-Ad vectors in this study. VA-RNAs and miRNA/shRNA shares
the common processing steps, including export into cytosol, diges-
tion by dicer, and loading into RISC. Lu et al. demonstrated that
VA-RNAs competitively inhibit miRNA biogenesis (Lu and Cullen,
2004). In addition, VA-RNAs have recently been demonstrated to
suppress dicer expression by competitive binding for exportin-5
between dicer mRNA (Bennasser et al., 2011). Therefore, HD-Ad-
and AdAVR-shRNA do not inhibit miRNA processing due to the
lack of VA-RNA expression. This property is highly crucial, espe-
cially for shRNA-expressing Ad vectors. Grimnm et al. reported that
overexpression of shRNA in the liver resulted in suppression of
miRNA processing, leading to severe hepatotoxicity (Grimm et al.,
2006). Expression of both VA-RNAs and shRNA might inhibit miRNA
processing more severely than shRNA alone.

The present study suggests that HD-Ad-shRNA and AdAVR-
shRNA have greater potential to efficiently induce RNAi effects,
compared with FG-Ad-shRNA. The application of HD-Ad- and
Ad AVR-shRNA will be helpful for decreasing the viral dose required
to achieve an RNAi-mediated therapeutic effect. Furthermore, HD-
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Fig. 4. Knockdown efficiencies of FG-Ad-shp53 and HD-Ad-shp53 in WI38 cells.
(A) p53 mRNA levels following transduction with FG-Ad-shLuc or HD-Ad-shLuc in
Wi38 cells. Cells were transduced with FG-Ad-shp53 or HD-Ad-shp53 at an MOl of
10,3001 100. After a 48-h incubation, mRNA levels of the p53 gene were determined
by quantitative RT-PCR. All the data are expressed as the means : S.D.(n=4).(B) p53
protein levels following transduction with FG-Ad-shLuc or HD-Ad-shLuc in Wi38
cells. W138 cells were transduced with FG-Ad-shp53 or HD-Ad-shp53 at an MOl of
10, 30 or 100. After a 48-h incubation, Western blot analysis for p53 was performed.
These experiments were repeated at least three times, and representative data are
shown. *p <0.05, **p<0.01.

Ad-shRNA eliminates the possibility of leaky expression of the viral
gene and subsequent toxic effects, because HD-Ad vectors delete
almost all of the viral coding sequence. These characteristics could
contribute to a reduction of the immunological side effects caused
by the Ad vector itself (Chen et al., 2003; Jooss and Chirmule, 2003;
Koizumi et al., 2007; Liu and Muruve, 2003; Muruve, 2004; Sakurai
et al,, 2008; Xu et al,, 2005; Yamaguchi et al., 2007).

As described above, HD-Ad and AdAVR vectors are superior
to FG-Ad vectors in the shRNA-mediated knockdown efficiencies;
however, the expression of VA-RNAs from the plasmids resulted
in higher levels of reduction in the shRNA-mediated knockdown
efficiencies, compared with the differences in the knockdown effi-
ciencies between FG-Ad vectors and HD-Ad vectors or AAAVR
vectors shown in the present study. Andersson et al. reported
that knockdown efficiencies by plasmids expressing shLuc were
attenuated from about 80% to 30% by co-transfection with plas-
mids expressing VA-RNAs (Andersson et al., 2005). Similar results
were shown by Lu et al. (Lu and Cullen, 2004) This is probably
because the expression levels of VA-RNAs per plasmid-transfected
cell were higher than those per Ad vector-transduced cell, although
the numbers of VA-RNA-expressing cells were lower for the plas-
mid transfection than for transduction with an Ad vector.

There was no apparent correlation between the knockdown effi-
ciencies of shRNA-expressing Ad vectors and the copy numbers of
the siRNA in the RISC. About 5-fold higher amounts of siLuc were
found in the RISC following transduction with HD-Ad-shLuc, com-
pared with FG-Ad-shLuc; however, HD-Ad-shLuc showed only a
7.4% increase in the knockdown efficiencies compared with FG-
Ad-shLuc (Fig. 3A and B). Although AdAVR-shLuc mediated about
2-fold elevation in the copy number of siLuc in the RISC at MOI of
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(A) The structure of the vector plasmid, pAd AVR-shLuc-GFP. pA: bovine growth hormone (BGH) pA sequence; [TR: inverted terminal repeat; Amp®: ampicillin resistance gene.
(B) Copy numbers of siLuc in the RISC recovered from SK HEP-1-Luc cells following transduction with FG-Ad-shLuc or AdAVR-shLuc. SK HEP-1-Luc cells were transduced
with FG-Ad-shLuc or Ad AVR-shLuc at a multiplicity of infection (MOI) of 1, 3 or 10. After a 36-h incubation, total RNA was extracted from the RISC. The copy numbers of siLuc
were determined by quantitative RT-PCR. The copy number of siLuc in the RNA-induced silencing complex (RISC) following transduction with FG-Ad-shLuc at an MOl of 1
was normalized to 1. The data are expressed as the means £ S.D. (n=3).(C, D) Luciferase mRNA levels (C) and luciferase activity (D) following transduction with FG-Ad-shLuc
or Ad AVR-shLuc. SK HEP-1-Luc cells were transduced with FG-Ad-shLuc or HD-Ad-shLuc at an MO of 1, 3 or 10. After a 36-h incubation, mRNA levels of the luciferase
gene and luciferase production were determined. These experiments were repeated at least three times, and representative data are shown. The data are expressed as the

means +S.D. (n=4). *p<0.05, *p<0.01.

10, compared with FG-Ad-shLuc, approximately 10% increase in the
knockdown efficiency was found for AdAVR-shLuc. On the other
hand, HD-Ad-shp53 showed a 37.3% increase in the knockdown
efficiencies in WI38 cells, compared with FG-Ad-shp53 (Fig. 4A),
although there was an approximately 2-fold increase in the copy
number of sip53 following transduction with HD-Ad-shp53, com-
pared with FG-Ad-shp53 (Fig. 2C). It might be difficult to largely
improve the knockdown efficiency of shLuc used in this study by
deletion of VA-RNA gene from the Ad vector genome because suf-
ficiently efficient knockdown of luciferase gene was obtained even
by FG-Ad-shLuc. By contrast, knockdown of p53 by FG-Ad-shp53
was less efficient than that of luciferase by FG-Ad-shLuc. Therefore,
deletion of VA-RNA gene more largely elevated the knockdown
efficiencies of shp53. A previous study demonstrated that over-
expression of Ago2 more dramatically improved the knockdown
efficiency of less efficient siRNA than high potent siRNA (Diederichs
et al., 2008). The degree of increase in the knockdown efficiencies
of HD-Ad-shRNA would be different depending on target genes,
transduced cells, and/or knockdown capacity of shRNA.

5. Conclusions

In summary, we have demonstrated that VA-RNAs expressed
from the Ad vector genome inhibited efficient knockdown by Ad
vector-mediated RNAI. To the best of our knowledge, this is the first
study demonstrating the effects of Ad vector-derived VA-RNAs on

Ad vector-mediated RNAi. HD-Ad and AdAVR vectors are highly
promising as a platform for shRNA-mediated knockdown and to
provide important clues for the improvement of RNAi-mediated
knockdown systems using Ad vectors.
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CCAAT/enhancer binding protein-mediated regulation of TGF
receptor 2 expression determines the hepatoblast fate decision
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ABSTRACT

Human embryonic stem cells (hESCs) and their derivatives are
expected to be used in drug discovery, regenerative medicine and the
study of human embryogenesis. Because hepatocyte differentiation
from hESCs has the potential to recapitulate human liver
development in vivo, we employed this differentiation method to
investigate the molecular mechanisms underlying human hepatocyte
differentiation. A previous study has shown that a gradient of
transforming growth factor beta (TGFB) signaling is required to
segregate hepatocyte and cholangiocyte lineages from hepatoblasts.
Although CCAAT/enhancer binding proteins (¢/EBPs) are known to
be important transcription factors in liver development, the
relationship between TGFB signaling and c¢/EBP-mediated
transcriptional regulation in the hepatoblast fate decision is not well
known. To clarify this relationship, we examined whether ¢/EBPs
could determine the hepatoblast fate decision via regulation of TGFB
receptor 2 (TGFBR2) expression in the hepatoblast-like celis
differentiated from hESCs. We found that TGFBR2 promoter activity
was negatively regulated by ¢/EBPa and positively regulated by
c/EBPB. Moreover, c/EBPa overexpression could promote
hepatocyte differentiation by suppressing TGFBR2 expression,
whereas c/EBP( overexpression could promote cholangiocyte
differentiation by enhancing TGFBR2 expression. Our findings
demonstrated that ¢/EBPa and c/EBPB determine the lineage
commitment of hepatoblasts by negatively and positively regulating
the expression of a common target gene, TGFBR2, respectively.

KEY WORDS: Hepatoblasts, ¢c/EBP, CEBP, Human ESCs

INTRODUCTION

Many animal models, such as chick, Xenopus, zebrafish and mouse,
have been used to investigate the molecular mechanisms of liver
development. Because many functions of the key molecules in liver
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development are conserved in these species, studies on liver
development in these animals can be highly informative with respect
that in humans. However, some functions of important molecules in
liver development might differ between human and other species.
Although analysis using genetically modified mice has been
successfully performed, it is not of course possible to perform
genetic experiments to elucidate molecular mechanisms of liver
development in human. Pluripotent stem cells, such as human
embryonic stem cells (hESCs). are expected to overcome some of
these problems in the study of human embryogenesis, including
liver development, because the gene expression profiles of this
model are similar to those in normal liver development (Agarwal et
al., 2008: DeLaForest et al., 2011).

During liver development, hepatoblasts differentiate into
hepatocytes and cholangiocytes. A previous study has shown that a
high concentration of transforming growth factor beta (TGFp) could
give rise to cholangiocyte differentiation from hepatoblasts
(Clotman et al., 2005). To transmit the TGFp signaling, TGFp
receptor 2 (TGFBR2) has to be stimulated by TGFB1, TGFf2 or
TGFB3 (Kitisin et al., 2007). TGFp binding to the extracellular
domain of TGFBR2 induces a conformational change, resulting in
the phosphorylation and activation of TGFBRI. TGFBRI
phosphorylates SMAD2 or SMAD?3, which binds to SMAD4, and
then the SMAD complexes move into the nucleus and function as
transcription factors to express various kinds of differentiation-
related genes (Kitisin et al., 2007). Although the function of
TGFBR2 in regeneration of the adult liver has been thoroughly
examined (Oe et al., 2004), the function of TGFBR2 in the
hepatoblast fate decision has not been elucidated.

CCAAT/enhancer binding protein (¢/EBP) transcription factors
play decisive roles in the differentiation of various cell types,
including hepatocytes (Tomizawa et al., 1998; Yamasaki et al.,
2006). The analysis of ¢/EBPa (Cebpa) knockout mice has shown
that many abnormal pseudoglandular structures, which co-express
antigens specific for both hepatocytes and cholangiocytes, are
present in the liver parenchyma (Tomizawa et al., 1998). These data
demonstrated that ¢/EBPa plays an important role in hepatocyte
differentiation. It is also known that the suppression of ¢/EBPa
expression in periportal hepatoblasts stimulates cholangiocyte
differentiation (Yamasaki et al., 2006). Although the function of
¢/EBPa in liver development is well known, the relationship
between TGFB signaling and c¢/EBPa-mediated transcriptional
regulation in the hepatoblast fate decision is poorly understood.
¢/EBP is also known to be an important factor for liver function
(Chen et al., 2000), although the function of ¢/EBPB in the cell fate
decision of hepatoblasts is not well known. ¢/EBPa and ¢/EBPB
bind to the same DNA binding site. However, the promoter activity
of hepatocyte-specific genes, such as those encoding hepatocyte
nuclear factor 6 (HNF6, also known as ONECUT1) and UGT2B1,
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is positively regulated by ¢/EBPa but not ¢/EBPP (Hansen ct al.
1998: Plumb-Rudewicz et al., 2004). suggesting that the functions
of ¢/EBPa and ¢/EBPf in the hepatoblast fate decision might be
different.

In the present study. we first examined the function of TGFBR2
in the hepatoblast fate decision using hESC-derived hepatoblast-like
cells, which have the ability to self-replicate. differentiate into both
hepatocyte and cholangiocyte lineages. and repopulate the liver of
carbon tetrachloride (CCly)~treated immunodelicient mice. In vitro
gain- and loss-of~-function analyses and in vivo transplantation
analysis were performed. Next. we investigaied how TGFBR2
expression is regulated in the hepatoblast fate decision, Finally, we
examined whether our findings could be reproduced in delta-like 1
homolog (DIk D)-positive hepatoblasts obtained from the liver of
E13.5 mice. To the best of our knowledge. this study provides the
first evidence of ¢/EBP-mediated regulation of TGFBR2 expression
in the human hepatoblast fate decision.

RESULTS

Hepatoblast-like cells are generated from hESCs

First, we investigated whether the hepatoblast-like cells (HBCs),
which were differentiated from hESCs as  described in
supplementary material Fig. STA, have similar characteristics to
human hepatoblasts. We recently found that hESC-derived HBCs
could be purified and maintained on human laminin 111 (LN111)-
coated dishes (Takayama et al.. 2013). The long-term cultured HBC
population (HBCs passaged more than three times were used in this
study) were nearly homogencous and expressed human hepatoblast
markers such as alpha-fetoprotein (AFP). albumin (ALB).
cytokeratin 19 (CK19, also known as KRT19) and EPCAM
(Schmelzer et al., 2007) (supplementary material Fig. S1B). In
addition, most of the colonies observed on human LN 111-coated
plates were ALB and CK 19 double positive, although a few colonies
were ALB single positive, CIC19 single positive, or ALB and CK19
double negative (supplementary material Fig. S1C). To examine the
hepatocyte differentiation capacity of the HBCs in vivo. these cells
were transplanted into CCly-treated immunodeficient mice. The
hepatocyte functionality of the transplanted cells was assessed by
measuring secreted human ALB levels in the recipient mice
(supplementary material Fig. S1D). Human ALB serum was
detected in the mice that were transplanted with the HBCs, but not
in the control mice. These results demonstrated that the HBCs
generated from hESCs have similar characteristics to human
hepatoblasts and would therefore provide a valuable tool to
investigate the mechanisms of human liver development. In the
present study, HBCs generated from hESCs were used to elucidate
the mechanisms of the hepatoblast fate decision.

TGFBR2 expression is decreased in hepatocyte

differentiation but increased in cholangiocyte differentiation
The HBCs used in this study have the ability to differentiate into
both hepatocyte-like cells [cytochrome P450 3A4 (CYP3A4)
positive: Fig. 1B] and cholangiocyte-like cells (CK19 positive;
Fig. 1C) (the protocols are described in Fig. 1A). Because the
expression pattern of TGFBR2 during differentiation from
hepatoblasts is not well known, we examined it in hepatocyte and
cholangiocyte differentiation from HBCs. TGFBR2 was
downregulated during hepatocyte differentiation from HBCs
(Fig. 1D), but upregulated in cholangiocyte differentiation from
HBCs (Fig. 1E). After the HBCs were cultured on Matrigel, the cells
were fractionated into three populations according to the level of
TGFBR2 expression (TGFBR2-negative, -lo or -hi: Fig. 1F). The
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HBC-derived TGEBR2-lo cells sirongly  expressed a7 and
CYP3A4 (hepatocyte markers). whereas the HBC-derived TGFBR2-
hi cells strongly expressed SOX9 and integrin B4 (ITGB4)
(cholangiocyte markers). These data suggest that the TGFBR2
expression level is decreased in hepatic differentiation. but increased
in biliary differentiation of the HBCs.

The cell fate decision of HBCs is regulated by TGF} signals

To examine the function of TGEBIL. 2 and B3 (all of which are
ligands of TGIFBR2) in the hepatoblast fate decision, HBCs were
cultured in medium containing TGEBL, B2 or B3 (Fig. 2A.B). The
expression levels of cholangiocyte marker genes were upregulated
by addition of TGFB1 or TGFR2, but not TGEP3 (Fig. 2A), whereas
those of hepatocyte markers were downregulated by addition of
TGEBT or TGFP2 (Fig. 2B). To ascertain that TGFBR2 is also
important in the hepatoblast fate decision. HBCs were cultured in
medium containing SB-431542, which inhibits TGFf signaling
(Fig. 2C.D). Hepatocyte marker genes were upregulated by
inhibition of TGFp signaling (Fig. 2C). whereas cholangiocyte
markers were downregulated (Fig. 2D). To conlirm the function of
TGEBL, B2 and B3 in the hepatoblast fate decision, colony assays of
the HBCs were performed in the presence or absence of TGFB1. 2
or B3 (Fig. 212). The number of CK 19 single-positive colonies was
significantly increased in TGFf1- or f2-treated HBCs. By contrast,
the number of ALB and CK19 double-positive colonies was reduced
in TGFfB1-, B2- or B3-treated HBCs. These data indicated that
TGFBI and B2 positively regulate the biliary differentiation of
HBCs. Taken together, the findings suggested that TGFBR2 might
be a key molecule in the regulation of hepato-bilary lincage
segregation.

TGFBR2 plays an important role in the cell fate decision of
HBCs
To examine whether TGFBR2 plays an important role in the
hepatoblast fate decision. in vitro gain- and loss-of-function analysis
of TGFBR2 was performed in the HIBCs. We used siRNA in
knockdown experiments (supplementary material Fig. S2) during
HBC differentiation on Matrigel. Whereas TGFBR2-suppressing
SiRNA (si-TGFBR2) transfection upregulated the expression of
hepatocyte markers, it downregulated cholangiocyte markers
(Fig. 3A). si-TGFBR2 transfection increased the percentage of
asialoglycoprotein receptor 1 (ASGRI1)-positive hepatocyte-like
cells (IFig. 3B). By contrast, it decreased the percentage of aquaporin
I (AQP)-positive cholangiocyte-like cells. These results suggest
that TGFBR2 knockdown promotes hepatocyte ditferentiation,
whereas it inhibits cholangiocyte differentiation. Next. we used Ad
vector to perform efficient transduction into the HBCs
(supplementary material Fig. S3) and ascertained 7GFBR2 gene
expression in TGFBR2-expressing Ad vector (Ad-TGFBR2)-
transduced cells (supplementary material Fig. S4). Ad-TGFBR2
transduction downregulated the expression of hepatocyte markers,
whereas it upregulated cholangiocyte markers (Fig.3C). Ad-
TGFBR2 transduction decreased the percentage of ASGR 1-positive
hepatocyte-like cells but increased the percentage of AQP 1-positive
cholangiocyte-like cells (Fig.3D). These results suggest that
TGFBR2 overexpression inhibits hepatocyte differentiation, whereas
it promotes cholangiocyte differentiation. Taken together, these
results suggest that TGFBR2 plays an important role in deciding the
differentiation lineage of HBCs.
To investigate whether hepatoblasts would undergo differentiation
in a TGFBR2-associated manner in  vivo, HBCs
transfected/transduced with si-control, si-TGFBR2, Ad-LacZ or Ad-
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TGFBR2

TGFBR2 were transplanted into CCly-treated immunodeficient mice
(Fig. 3E,F). Although some of the si-control-transfected or Ad-
LacZ-transduced HBCs remained as HBCs (HNF4o and CK19
double positive), most of them showed in vitro differentiation
toward hepatocyte-like cells (HNF4a single positive) (Fig. 3E, top
row). By contrast, Ad-TGFBR2-transduced HBCs were
predominantly committed to cholangiocyte-like cells (CK19 single
positive) and si-TGFBR2-transfected HBCs were predominantly
committed to hepatocyte-like cells (HNF4u single positive) (Fig. 3E,
bottom row). Ad-TGFBR2 transduction decreased the percentage of
HNF4a-positive hepatocyte-like cells, whereas it increased the
percentage  of  CKI19-positive  cholangiocyte-like  cells
(supplementary material Fig. S5). The hepatocyte functionality of
the in vivo differentiated HBCs was assessed by measuring secreted
human ALB levels in the recipient mice (Fig. 3F). Mice that were
transplanted with Ad-TGFBR2-transduced HBCs showed lower
human ALB serum levels than those transplanted with Ad-LacZ-
transduced HBCs, and the mice that were transplanted with si-
TGFBR2-transfected HBCs showed higher human ALB serum

levels than those transplanted with si-control-transfected HBCs.
These data suggest that cholangiocyte or hepatocyte differentiation
was promoted by TGFBR2 overexpression or knockdown,
respectively. Thus. based on these data from in vitro and in vivo
experiments, TGFBR2 plays an important role in deciding the
differentiation lineage of HBCs.

TGFBR2 promoter activity and expression are negatively
regulated by c/EBPo and positively regulated by c/EBPg

A previous study has shown that TGFBR2 expression is upregulated
in Hnf6 knockout mice (Clotman et al., 2005), although we

. confirmed by ChIP assay that HNF6 does not bind to the 7TGFBR2

promoter region (data not shown). Because ¢/EBPo. is important in
the hepatoblast fate decision (Suzuki et al., 2003), we expected that
¢/EBPs might directly regulate TGFBR2 expression. The TGFBR2
promoter region was analyzed to examine whether TGFBR2
expression is regulated by ¢/EBPs. Some ¢/EBP binding sites
(supplementary material Fig. S6) were predicted by rVista 2.0
(http://rvista.dcode.org/) (Fig. 4A). By performing a ChIP assay, one
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Fig. 2. Hepatocyte and cholangiocyte differentiation from HBCs is regulated by TGF signaling. (A,B) HBCs were cultured in differentiation hESF-DIF
medium containing 10 ng/mi TGFR1, TGFP2 or TGFR3 for 10 days. The expression levels of cholangiocyte (A) and hepatocyte (B) marker genes were
measured by real-time RT-PCR. On the y-axis, the gene expression level of cholangiocyte markers in untreated cells (NONE) was taken as 1.0. (C,D) HBCs
were cultured in differentiation hESF-DIF medium containing SB-431542 (10 uM) for 10 days. Control cells were treated with solvent only (0.1% DMSQO).
Expression levels of hepatocyte (C) and cholangiocyte (D) marker genes were measured by real-time RT-PCR. On the y-axis, the gene expression level of
hepatocyte markers in untreated cells (control) was taken as 1.0. (E) HBC colony formation assay in the presence or absence of 10 ng/ml TGFf1, TGFB2 or
TGFR3. HBCs were plated at 200 cells/cm? on human LN111-coated dishes. The colonies were separated into four groups based on the expression of ALB
and CK19: double-negative, ALB negative and CK19 positive, ALB positive and CK19 negative, and double positive. The numbers represent wells in which the
colony was observed in three 96-well plates (total 288 wells). Five days after plating, the cells were fixed with 4% PFA and used for double immunostaining.
*P<0.05, *P<0.01 (compared with NONE). Error bars indicate s.d. Statistical analysis was performed using the unpaired two-tailed Student’s t-test (n=3).

¢/EBP binding site was found in the 7GFBR2 promoter region
(Fig. 4B). A reporter assay of the 7GFBR2 promoter region showed
that ¢/EBPS activates TG FBR2 promoter activity. whereas ¢/EBPe
inhibits it (Fig. 4C). In addition, TGFBR2 expression was
downregulated by Ad-c/EBPa transduction, whereas TGFBR2 was
upregulated by Ad-c/EBPp transduction in HepG2 cells (TGFBR2
positive) (Fig. 4D). We ascertained the expression of ¢/EBPa or
c¢/EBPS (CEBP4 or CEBPB — Human Gene Nomenclature
Committee) in the Ad-c/EBPa- or Ad-¢/EBP-transduced cells,
respectively (supplementary material Fig. S4). These results
demonstrated that the promoter activity and expression of 7TGFBR2
were directly regulated by both ¢/EBPa and ¢/EBPB.

c/EBPs determine the cell fate decision of HBCs via
regulation of TGFBR2 expression

To elucidate the relationship between TGFBR2 and ¢/EBPs (¢/EBPa
and ¢/EBPB) in the hepatoblast fate decision, we first examined the

94

temporal gene expression patterns of TGFBR2, ¢/EBPa and ¢/EBPS
in hepatocyte and cholangiocyte differentiation. During hepatocyte
differentiation, 7GIBR2 expression was downregulated, whereas
¢/EBPa was upregulated (supplementary material Fig. STA, top).
During cholangiocyte differentiation, ¢/EBPa was downregulated,
whereas TGFBR2 and ¢/EBPS were upregulated (supplementary
material Fig. STA, bottom). In addition, the ratio of ¢/EBPa to
¢/EBPf was significantly increased in hepatocyte differentiation, but
significantly  reduced in  cholangiocyte  differentiation
(supplementary material Fig. S7B). High-level expression of ¢/EBPa
was detected in TGFBR2-negative cells, but not in TGFBR2-hi cells
(supplementary material Fig. S7C). By contrast, high-level
expression of ¢/EBPf} was detected in TGFBR2-hi cells. but not in
TGFBR2-negative cells. These results suggest that TGFBR2 is
negatively regulated by ¢/EBPu and positively regulated by ¢/EBPfS
in the differentiation model from HBCs as well as in the HepG2 cell
line (Fig. 4).
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ChiP experiments showed that ¢/EBPa or ¢/EBP is recruited to
the TGFBR2 promoter region containing the ¢/EBP binding site in
hepatocyte-like cells or cholangiocyte-like cells, respectively
(Fig. 5A), suggesting that ¢/EBPa and ¢/EBP oppositely regulate
TGFBR2 promoter activity in the differentiation from HBCs. We
confirmed that ¢/EBPa or ¢/EBPB was mainly recruited to the
TGFBR2 promoter region containing the ¢/EBP binding site in
TGFBR-negative or TGFBR2-positive cells, respectively
(supplementary material Fig. S7D). Taken together, we concluded
that c/EBPa and ¢/EBPJ are able to regulate the cell fate decision
of HBCs via regulation of TGFBR2 expression. During
differentiation from HBCs, TGFBR2 expression was negatively
regulated by ¢/EBPa and positively regulated by ¢/EBPS (Fig. 5B).
To examine whether ¢/EBPa or ¢/EBPB could regulate the
differentiation from HBCs, in vitro gain- and loss-of-function
analyses were performed. si-c/EBPa transfection downregulated
hepatocyte marker gene expression, whereas it upregulated
cholangiocyte marker genes (Fig.5C). By contrast, si-c/EBPS
transfection upregulated hepatocyte marker and downregulated
cholangiocyte marker gene expression (Fig. 5C). In accordance, Ad-
¢/EBPa transduction upregulated hepatocyte marker genes and
downregulated cholangiocyte markers (Fig. 5D), whereas Ad-

Ad-LacZ

transplanted into CCls-treated (2 mg/kg)
Rag2/ll2rg double-knockout mice by intrasplenic
injection. (E) Expression of human HNF4a (red)
and CK19 (green) was examined by double
immunohistochemistry 2 weeks after
transplantation. Nuclei were counterstained with
DAPI (blue). (F) Levels of human ALB in recipient
mouse serum were measured 2 weeks after
transplantation. *P<0.05, **P<0.01 (compared
with Ad-LacZ-transduced or si-control-transfected
cells). Error bars indicate s.d. Statistical analysis
was performed using the unpaired two-tailed
Student’s ftest (n=3).

Ad-TGFBR2
si~control
si-TGFBR2

¢/EBPJ transduction downregulated hepatocyte markers and
upregulated cholangiocyte marker genes. Promotion of hepatocyte
differentiation by Ad-c/EBPa transduction was inhibited by Ad-
TGFBR2 transduction, whereas inhibition of cholangiocyte
differentiation by Ad-c/EBPa transduction was rescued by Ad-
TGFBR2 transduction (Fig.SE). In addition, promotion of
hepatocyte differentiation by si-¢/EBPJ transfection was inhibited
by Ad-TGFBR2 transduction, whereas inhibition of cholangiocyte
differentiation by si-c/EBPpB transfection was rescued by Ad-
TGFBR2 transduction (Fig.5F). We further confirmed that
inhibition of hepatocyte differentiation by si-¢/EBPa-transfection
was rescued by si-TGFBR2 transfection (supplementary material
Fig. S8). Taken together, these results led us to conclude that ¢/EBPa
and ¢/EBPB could determine the cell fate of HBCs by negatively and
positively  regulating TGFBR2  expression, respectively
(supplementary material Fig. S9).

c/EBPs organize the differentiation of fetal mouse
hepatoblasts through regulation of TGFBR2 expression

We have demonstrated that ¢/EBPs may determine the HBC fate
decision via regulation of the expression level of TGFBR2. To
examine whether our findings could be replicated in native liver
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Fig. 4. TGFBR2 promoter activity and
expression are negatively regulated by
¢/EBPa and positively regulated by
c/EBPB. (A) Candidate /EBP binding sites
{hatched boxes) in the TGFBR2 promoter
region as predicted using rVista 2.0 (see
supplementary material Fig. §7). (B) hESCs
(H9 cells) were differentiated into hepatoblasts
and then a ChiP assay performed. The
antibodies and primers employed are
summarized in supplementary material
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development, fetal hepatoblasts were purified from E13.5 mice. The
gene expression level of 7GHBR2 in fetal mouse hepatoblasts was
negatively or positively regulated by EBPa or ¢/EBPS.
respectively  (Iig.  6A.B). The promotion of hepatocyte
differentiation by Ad-c¢/EBPu transduction was inhibited by Ad-
TGFBR2 transduction, whereas the inhibition of cholangiocyte
differentiation by Ad-¢/EBPa transduction was rescued by Ad-

TGEBR2 transduction (Fig. 6C). In addition. the promotion of

hepatocyte differentiation by si-¢/EBPp transfection was inhibited
by Ad-TGFBR2 transduction, whereas the
cholangiocyte differentiation by si-¢/EBPJ transfection was rescued
by Ad-TGFBR2 transduction (Fig. 6D). Taken together, these results
led us to conclude that ¢/EBPu and ¢/EBPp could determine the cell
fate of fetal mouse hepatoblasts by negatively and positively
regulating  TGFBR2 expression, respectively. Our in vitro
differentiation system could also prove useful in elucidating the
molecular mechanisms of human liver development.

DISCUSSION

The purpose of this study was to better understand the molecular
mechanisms of the hepatoblast fate decision in humans. To elucidate
the molecular mechanisms of liver development, both conditional
knockout mouse models and cell culture systems are useful. For
example, DeLaForest et al. demonstrated the role of HNF4a in
hepatocyte differentiation using hESC culture systems (DeLaForest
etal., 2011). The technology for inducing hepatocyte differentiation
from hESCs has recently been dramatically advanced (Takayama et
al.. 2012a). Because it is possible to generate functional HBCs from
hESCs, which can self-replicate and differentiate into both
hepatocyte and cholangiocyte lineages (supplementary material
Fig. ST and Fig. 1). the differentiation model of HBCs generated
from hESCs should provide a powerful tool for analyzing the
molecular mechanisms of human liver development.
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relative fuciferase activity

inhibition of

(TGFBR2-positive cells) were transduced with
3000 VPsicell of Ad-LacZ, Ad-c/EBPu or Ad-
¢/EBPJ for 1.6 hours and cultured for 48
hours. The expression level of TGFBR2Z in
HepG2 cells was measured by real-time RT-
PCR. On the y-axis, the gene expression level
in Ad-LacZ-transduced cells was taken as 1.0.
*P<0.05, **P<0.01. Error bars indicate s.d.
Statistical analysis was performed using the
unpaired two-tailed Student's t-test (n=3).

In this study, the molecular mechanisms of the hepatoblast fate
decision were elucidated using hESC culture systems. HBC
cultured on human LNIIT expressed hepatoblast markers
(supplementary material Fig. ST) and had the ability to differentiate
into both hepatocyte-like cells and cholangiocyte-like cells (Fig. 1).
Because a previous study showed that low and high concentrations
of TGFB were required for hepatocyte and cholangiocyte
differentiation, respectively (Clotman et al., 2003), we expected that
TGFBR2 might contribute to the hepatoblast fate decision. Although
TGFBL. B2 and B3 are all ligands of TGFBR2, TGFB3 did not
promote cholangiocyte differentiation (Fig. 2). This might have been
because only TGFB3 is unable to upregulate the expression of
SOX9, which is the key factor in bile duct development in vivo and
cholangiocyte differentiation in vitro (Antoniou et al., 2009). We
examined the function of TGFBR2 in the hepatoblast fate decision,
and found that its overexpression promoted cholangiocyte
differentiation, whereas TGFBR2 knockdown promoted hepatocyte
differentiation (Fig. 3). Although an exogenous TGFp ligand was
not added to the differentiation medium, the endogenous TGF
ligand present in Matrigel, which was used in our differentiation
protocol, might have bound to TGFBR2. It might also be that the
cells committed to the biliary lineage express TGFf. as a previous
study showed that bile duct epithelial cells express TGFf (Lewindon
et al., 2002).

To examine the molecular mechanism regulating TGFBR2
expression, the 7GFBR2 promoter region was analyzed (Fig. 4).
TGFBR2 promoter activity was negatively regulated by ¢/EBPu and
positively regulated by </EBPB. <¢/EBPa overexpression
downregulated TGFBR2 promoter activity in spite of the fact that
¢/EBPa protein has no repression domain (Yoshida et al., 2006).
CTBP1 and CTBP2 (Vernochet et al., 2009) are known to be co-
repressors of ¢/EBPg, and as such constitute candidate co-repressors
recruited to the ¢/EBP binding site in the TGFBR2 promoter region.
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Fig. 5. ¢/EBPa and ¢/EBPB promote hepatocyte and cholangiocyte differentiation by regulating TGFBR2 expression, respectively. (A) HBCs were
differentiated into hepatocyte-like cells or cholangiocyte-like cells according to the scheme outlined in Fig. 1A. On day 10 after hepatocyte or cholangiocyte

differentiation, recruitment of ¢/EBPa or ¢/EBPJ to the TGFBR2 promoter region

was examined by ChIP assay. (B-D) HBCs were transfected with 50 nM si-

control, si-c/EBPa or si-c/EBPS and cultured in differentiation hESF-DIF medium for 10 days (B left, C). The expression levels of TGFBR2 and hepatocyte and
cholangiocyte markers were then measured by real-time RT-PCR. (B right, D) HBCs were transduced with 3000 VPs/cell of Ad-LacZ, Ad-c/EBPa or Ad-c/EBPB
for 1.5 hours and cultured in differentiation hESF-DIF medium for 10 days. The expression levels of TGFBR2 and hepatocyte and cholangiocyte markers were
then measured by real-time RT-PCR. On the y-axis, the gene expression level in the si-control-transfected or Ad-LacZ-transduced cells was taken as 1.0 in B,
and levels in HBCs were taken as 1.0 in C and D. (E) HBCs were transduced with 3000 VPs/cell each of Ad-LacZ + Ad-LacZ, Ad-¢/EBPa + Ad-LacZ, or Ad-
c/EBPa + Ad-TGFBR2 for 1.5 hours and cultured in differentiation hESF-DIF medium for 10 days. The efficiency of hepatocyte or cholangiocyte differentiation
was measured by estimating the percentage of ASGR1-positive or AQP1-positive cells, respectively, by FACS analysis. (F) HBCs were transduced with 3000

VPs/cell of Ad-LacZ or Ad-TGFBR2 and then transfected with 50 nM si-controt or si-c/EBPB and cultured in hESF-DIF medium for 10 days. The efficiency of
hepatocyte or cholangiocyte differentiation was measured by estimating the percentage of ASGR1-positive or AQP1-positive cells, respectively, by FACS
analysis. *P<0.05, **P<0.01. Error bars indicate s.d. Statistical analysis was performed using the unpaired two-tailed Student’s t-test (n=3).

Proteome analysis of ¢/EBPo would provide an opportunity to
identify the co-repressor of ¢/EBPa. Because large numbers of
nearly homogeneous hepatoblasts can be differentiated from hESCs,
as compared with the isolation of fetal liver hepatoblasts, hepatocyte
differentiation technology trom hESCs might prove useful in
proteome analysis.

We found that Ad-c/EBPu transduction could promote hepatocyte
differentiation by suppressing TGFBR2 expression (Fig. 5). Our
findings might thus provide a detailed explanation of the phenotype
of ¢/EBPa knockout mice; that is, hepatocyte differentiation is

inhibited and cholangiocyte differentiation is promoted in these mice
(Yamasaki et al., 2006). We also found that Ad-c/EBPB transduction
could promote cholangiocyte differentiation by enhancing TGFBR2
expression. Because both ¢/EBPa and ¢/EBPp can bind to the same
binding site, reciprocal competition for binding is likely to be
influenced by regulating ¢/EBPa or ¢/EBPJ expression. Therefore,
the expression ratio between ¢/EBPa and ¢/EBPB might determine
the cell fate of hepatoblasts by regulating the expression level of
TGFBR2. We confirmed that our findings could be reproduced in
fetal mouse hepatoblasts (Fig. 6). Because a previous study had
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Fig. 6. c/EBPs control the differentiation of fetal mouse hepatoblasts
through regulation of TGFBR2 expression. Fetal mouse hepatoblasts
(Dik1-positive cells; the purity was over 98%) were sorted from E13.5 mouse
liver. (A) Fetal mouse hepatoblasts were transfected with 50 nM si-control, si-
c/EBPa or si-c/EBPR and cultured for 5 days. The expression of TGFBR2
was measured by real-time RT-PCR. (B) Fetal mouse hepatoblasts were
transduced with 3000 VPs/cell of Ad-LacZ, Ad-c/EBPa or Ad-c/EBPf for 1.5
hours and cultured for 5 days. The expression of TGFBR2 was measured by
real-time RT-PCR. On the y-axis, the gene expression level in the si-control-
transfected cells or Ad-LacZ-transduced cells was taken as 1.0. (C) Fetal
mouse hepatoblasts were transduced with 3000 VPs/cell each of Ad-LacZ +
Ad-LacZ, Ad-c/EBPa + Ad-LacZ, or Ad-c/EBPa + Ad-TGFBR2 for 1.5 hours
and cultured for 5 days. On day 5, the expression levels of hepatocyte (¢AT
and Cyp7af) and cholangiocyte (Agp71 and integrin B4) markers were
measured by real-time RT-PCR. (D) Fetal mouse hepatoblasts were
transduced with 3000 VPs/cell of Ad-LacZ or Ad-TGFBR2 and then
transfected with 50 nM si-control or si-c/EBP and cultured for 5 days. On
day 5, the gene levels of hepatocyte (AT and Cyp7af) and cholangiocyte
(AgpT and integrin B4) markers were measured by real-time RT-PCR. On the
y-axis, the gene expression level in the si-control-transfected or Ad-LacZ-
transduced cells was taken as 1.0. *P<0.05, **P<0.01. Error bars indicate
s.d. Statistical analysis was performed using the unpaired two-tailed
Student’s -test (n=3).

shown that the addition of hepatocyte growth factor (HGF) to
hepatoblasts upregulated the expression of ¢/EBPa and
downregulated the expression of ¢/EBPP (Suzuki et al., 2003), the
ratio between ¢/EBPo and ¢/EBPP might be determined by HGF
during hepatocyte differentiation.

In this study, we have identified for the first time that TGFBR2 is
a target of ¢/EBPs in the hepatoblast fate decision (supplementary
material Fig. $9). ¢/EBPa promotes hepatocyte differentiation by
downregulating the expression of TGFBR2, whereas ¢/EBPB
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promoles cholangioeyte differentiation by upregulating TGFBR2
expression. This study might have revealed a molecular mechanism
underlying the lincage commitment ol human hepatoblasts
controlled by a gradient of TG signaling. We believe that similar
procedures that adopt the model of human pluripotent stem cell
(including human iPS celly differentiation will be used not only for
the clucidation of molecular mechanisms  underlying human
hepatoeyte and bitiary differentiation but also for investigating the
causes of congenital anomalies of the human liver and biliary tract.

MATERIALS AND METHODS

Ad vectors

Ad veetors were constructed by an improved in virro ligation method
(Mizuguchi and Kay, 1998, Mizuguchi and Kay. 1999). The human ¢/EBPa
and ¢/LBPf genes (accession numbers NM_004364 and NM_005194.
respectively) were amplified by PCR using the following primers: ¢/EBPa.
Fwd S“GCTCTAGATGCCGGGAGAACTCTAACTC-3" and Rev 5'-
GCGGTACCAAACCACT GGGTCC-3% EBPR. Fwd - 5~
GCATCTAGATTCATGCAACGCCTGC . and Rev 5%
ATAGGTACCTAAAATTACCGACGGGCTCC-3, The human TGEIBR2
gene was purchased from Addgene (plasmid 16622). The human ¢/£BPo.
EBPR or TGFBR2 gene was inserted into pBSKIT (Invitrogen), resulting
in pBSKH-¢/EBPa, -¢/EBPH or ~TGFBR2. Then, human ¢/ tBPa, ¢ EBPS
or TGFBR2 was inserted into pHMEFS (Kawabata et al.. 2005), which
contains the human elongation factor la (£ /e, also known as LEFIAT)
promoter, resulting in pHMEF5-¢/EBPw, -¢/EBPP or -TGFBR2. pHMEFS-
c/EBPu, -c/EBPP or -TGFBR2 was digested with I-Ceul/Pl-Scel and ligated
into [-Ceul/Pl-Scel-digested pAdHMA1-K7 (Koizumi et al., 2003). resulting
in pAd-c/EBPu, -¢/EBPS or -TGFBR2. The human £//a promoter-driven
lacZ- or FOXA2-expressing Ad vectors (Ad-LacZ or Ad-FOXA2,
respectively) were constructed previously (Takayama et al., 2012b; Tashiro
etal., 2008). All Ad vectors contain a stretch of lysine residues (K7) in the
C-terminal region of the fiber knob for more efficient transduction of
hESCs, definitive endoderm cells and HBCs, in which transfection
cfficiency was almost 100%, and the Ad vectors were purified as described
previously (Takayama et al,, 2012a; Takayama et al., 2011). The vector
particle (VP) titer was determined by a spectrophotometric method (Maizel
ctal., 1968).

hESC culture

The HO hESC line (WiCell Research Institute) was maintained on a feeder
layer of mitomycin C-treated mouse embryonic fibroblasts (Merck
Millipore) in ReproStem medium (ReproCELL) supplemented with 5 ng/ml
FGF2 (Katayama Kagaku Kogyo). H9 was used following the Guidelines
for Derivation and Utilization of Human Embryonic Stem Cells of the
Ministry of Education, Culture, Sports, Science and Technology of Japan
and the study was approved by the Independent Ethics Committee.

Generation and maintenance of hESGC-derived HBCs

Before the initiation of cellular differentiation, the hESC medium was
exchanged for a defined serum-free medium. hESF9, and cultured as
previously reported (Furue et al., 2008). The differentiation protocol for the
induction of definitive endoderm cells and HBCs was based on our previous
reports with some modifications (Takayama et al.. 2012a; Takayama et al.,
2012b; Takayama et al., 2011). Briefly, in mesendoderm differentiation,
hESCs were cultured for 2 days on Matrigel Matrix (BD Biosciences) in
differentiation hESF-DIF medium, which contains 100 ng/ml activin A
(R&D Systems); hESF-DIF medium was purchased from Cell Science &
Technology Institute; differentiation hESF-DIF medium was supplemented
with 10 pg/ml human recombinant insulin, 5 pg/ml human apotransferrin,
10 uM 2-mercaptoethanol, 10 M ethanolamine, 10 pM sodium selenite,
0.5 mg/mi bovine fatty acid-free serum albumin (alf from Sigma) and 1xB27
Supplement (without vitamin A; lnvitrogen). To generate definitive
endoderm cells, the mesendoderm cells were transduced with 3000 VPs/cell
of FOXA2-expressing Ad vector (Ad-FOXA2) for 1.5 hours on day 2 and
cuftured until day 6 on Matrigel in differentiation hESF-DIF medium
supplemented with 100 ng/ml activin A. For induction of the HBCs, the
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definitive endoderm cells were cultured for 3 days on Matrigel in
differentiation hESF-DIF medium supplemented with 20 ng/ml BMP4
(R&D Systems) and 20 ng/ml FGF4 (R&D Systems). Transient
overexpression of FOXA2 in the mesendoderm cells is not necessary for
establishing HBCs, but it is helpful for efficient generation of the HBCs. The
HBCs were first purified from the hESC-derived cells (day 9) by selecting
attached cells on a human recombinant LN111 (BioLamina)-coated dish 15
minutes after plating (Takayama et al., 2013). The HBCs were cultured on
a human LNIIl-coated dish (2.0210* cells/em?) in maintenance
DMEM/F 12 medium [DMEM/F12 medium (Invitrogen) supplemented with
10% fetal bovine serum (FBS), 1~ insulin/transferrin/selenium, 10 mM
nicotinamide, 0.1 uM dexamethasone (DEX) (Sigma), 20 mM HEPES,
25 mM NaHCO;, 2 mM r-glutamine, and penicillin/streptomycin} which
contained 40 ng/ml HGF (R&D Systems) and 20 ng/ml epidermal growth
factors (EGF) (R&D Systems). The medium was refreshed every day. The
HBCs were dissociated with Accutase (Millipore) into single cells, and
subcultured every 6 or 7 days. The HBCs used in this study were passaged
more than three times.

In vitro hepatocyte and cholangiocyte differentiation

To induce hepatocyte differentiation, the HBCs were cultured on a Matrigel-
coated dish (7.5x10% cells/cm?) in Hepatocyte Culture Medium (HCM
without EGF; Lonza) supplemented with 20 ng/ml HGF, 20 ng/ml
Oncostatin M (OsM) (R&D Systems) and 1 pM DEX. To induce
cholangiocyte differentiation, the HBCs were cultured in collagen gel. To
establish collagen gel plates. 500 ul collagen gel solution [400 pl type [-A
collagen (Nitta gelatin), 50 pl 10x DMEM and 50 pl 200 mM HEPES buffer
containing 2.2% NaHCO; and 0.05 M NaOH] was added to each well, and
then the plates were incubated at 37°C for 30 minutes. The HBCs (57107
cells) were resuspended in 500 pl differentiation DMEM/F12 medium
[DMEM/F12 medium supplemented with 20mM HEPES, 2mM L-
glutamine, 100 ng/m! EGF and 40 ng/ml ILGF2 (IGF2)], and then mixed
with 500 pl of the collagen gel solution and plated onto the basal layer of
collagen. After 30 minutes, 2 ml differentiation DMEM/F 12 medium was
added to the well.

Inhibition of TGFp signaling

SB-431542 (Santa Cruz Biotechnology), which is a small molecule that acts
as a selective inhibitor of activin receptor-like kinase (ALK) receptors
[ALK4, ALKS and ALK7 (also known as ACVRIB, TGFBR! and
ACVRIC)}, was used to inhibit TGFp signaling in HBCs.

Flow cytometry

Single-cell suspensions of hESC-derived cells were fixed with 2%
paraformaldehyde (PFA) at 4°C for 20 minutes, and then incubated with
primary antibody (supplementary material Table S1) followed by secondary
antibody (supplementary material Table S2). Flow cytometry analysis was
performed using a FACS LSR Fortessa flow cytometer (BD Biosciences).
Cell sorting was perforimed using a FACS Aria (BD Biosciences).

RMNA isolation and reverse transcription (RT)-PCR

Total RNA was isolated from hESCs and their derivatives using ISOGENE
(Nippon Gene). cDNA was synthesized using 500 ng total RNA with the
SuperScript VILO cDNA Synthesis Kit (Invitrogen). Real-time RT-PCR was
performed with SYBR Green PCR Master Mix (Applied Biosystems) using
an Applied Biosystems StemOnePlus real-time PCR system. Relative
quantification was performed against a standard curve and the values were
normalized against the input determined for the housekeeping gene G4PDH.
Primers are described in supplementary material Table S3.

Immunohistochemistry

Cells were fixed with 4% PFA. After incubation with 0.1% Triton X-100
(Wako), blocking with Blocking One (Nakalai Tesque) or PBS containing
2% FBS, 2% BSA and 0.1% Triton X-100, the cells were incubated with
primary antibody (supplementary material Table S1) at 4°C overnight,
followed by secondary antibody (supplementary material Table S2) at room

temperature for 1 hour. Immunopositive cells were counted in at least eight
randomly chosen fields.

HBC colony formation assay

For the colony formation assay, HBCs were cultured at a low density (200
cells/em?) on a human LN111-coated dish in maintenance DMEM/F12
medium supplemented with 25 uM LY-27632 (ROCK inhibitor; Millipore).

Transplantation of clonally derived HBCs

Clonally derived HBCs were dissociated using Accutase and then suspended
in maintenance DMEM/F 12 medium without serum. The HBCs (1x10° cells)
were transplanted 24 hours after administration of CCly (2 mg/kg) by
intrasplenic injection into 8- to 10-week-old Rug2//12rg double-knockout mice.
Recipient mouse livers and blood were harvested 2 weeks after transplantation.
Grafts were fixed with 4% PFA and processed for immunohistochemistry.
Serum was extracted and subjected to ELISA. All animal experiments were
conducted in accordance with institutional guidelines.

ELiSA
Levels of human ALB in mouse serum were examined by ELISA using kits
from Bethyl Laboratories according to the manufacturer’s instructions.

Culture of mouse Dik1* cells

Dik1* hepatoblasts were isolated from E13.5 mouse livers using anti-mouse
DIk1 monoclonal antibody (MBL International Corporation, D187-4) as
described previously (Tanimizu et al., 2003). DIk1™ cells were resuspended
in DMEM/F12 (Sigma) containing 10% FBS, 1~ insulin/transferrin/
selenium (ITS), 10 mM nicotinamide (Wako), 0.1 uM DEX and 5 mM
L-glutamine. Cells were plated on laminin-coated dishes and cultured in
medium containing 20 ng/ml HGF, EGF and 25 pM LY-27632 (ROCK
inhibitor).

lacZ assay

Hepatoblasts were transduced with Ad-LacZ at 3000 VPs/cell for 1.5 hours.
The day after transduction (day 10), 5-bromo-4-chloro-3-indolyl B-p-
galactopyranoside (X-Gal) staining was performed as described previously
(Kawabata et al., 2005).

Reporter assays

The effects of ¢/EBPa or ¢/EBPf overexpression on TGFBR2 promoter
activity were examined using a reporter assay. An 8 kb fragment of the 5’
flanking region of the TGFBR2 gene was amplified by PCR using the
following primers: Fwd, 5'-CCGAGCTCATGTTTGATGAAGTGTCTAG-
CTTCCAAGG-3": Rev, 5-GGCTCGAGCCTCGACGTCCAGCCCCT-3".
The fragment was inserted into the Sacl/Xhol sites of pGL3-basic
(Promega), resulting in a pGL3-TGFBR2 promoter region (pGL3-TGFBR2-
PR). To generate a TGFBR2 promoter region containing mutations in the
¢/EBP binding site, the following primers were used in PCR (mutations are
indicated by lowercase letters): Fwd, 35-CACTAGTATTCAgTG-
AtCcgAAAATATGG-3"; Rev, 3'-CACTAGTATTCAgTGAtCcgAAAA-
TATGG-3"; this resulted in pGL3-mTGFBR2-PR. HEK293 cells were
maintained in DMEM (Wako) supplemented with 10% FBS, penicillin and
streptomycin, and 2mM L-glutamine. In reporter assays, 60 ng pGL3-
TGFBR2-PR or pGL3-mTGFBR2-PR was transfected together with 720 ng
each expression plasmid (pHMEFS, pHMEF5-¢c/EBPe. and pHMEFS-
¢/EBPB) and 60 ng internal control plasmid (pCMV-Renilla luciferase) using
Lipofectamine 2000 reagent (Invitrogen). Transfected cells were cultured
for 36 hours, and a Dual Luciferase Assay (Promega) was performed
according to the manufacturer’s instructions.

siRNA-mediated knockdown

Predesigned siRNAs targeting ¢/EBPa, ¢/EBPf and TGFBR2 mRNAs were
purchased from Thermo Scientific Dharmacon. Cells were transfected with
50 nM siRNA using RNAIMAX (Invitrogen) transfection reagent according
to the manufacturer’s instructions. As a negative control, we used scrambled
siRNA (Qiagen) of a sequence showing no significant similarity to any
mammalian gene.
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Chromatin immunoprecipitation (ChiP) assay

The ChIP assay kit was purchased from Upstate. Cells were crosslinked
using formaldehyde at a final concentration of 1% at 37°C for 10 minutes,
and then genomic DNA was fragmented by sonicator. The resulting DNA-
protein complexes were immunoprecipitated using the antibodies described
in supplementary material Table S1 or control 1gG as described in
supplementary material Table S2. The precipitated DNA fragments were
analyzed by real-time RT-PCR using the primers shown in supplementary
material Table S4 to amplity the TGFBR2 promoter region including the
¢/EBP binding sites or fl-actin locus as a control. The results of quantitative
ChIP analysis (Fig. 5A) were expressed as the amount of amplified 7GFBR2
promoter region relative to input DNA taken as 100%.

Statistical analysis
Statistical analysis was performed using an unpaired two-tailed Student’s 1-
test. All data are represented as mean #+ s.d. (#73).
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