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Somatic mammalian cells possess well-established S-phase programs
with spetific regions of the genome replicated at precise times. The
ATR-Chk1 pathway plays a central role in these programs, but the
mechanism for how Chk1 regulates origin firing remains unknown.
We demonstrate here the essential role of cydin A2-Cdk1 in the
regulation of late origin firing. Activity of cyclin A2-Cdk1 was hardly
detected at the onset of S phase, but it was obvious at middle to late
S phase under unperturbed condition. Chk1 depletion resulted in
increased expression of Cdc25A, subsequent hyperactivation of cyclin
A2-Cdk1, and abnormal replication at early S phase. Hence, the
ectopic expression of cyclin A2-Cdk 1AF {constitutively active mutant)
fusion constructs resulted in abnormal origin firing, causing the
premature appearance of DNA replication at late origins at early S
phase. Intriguingly, inactivation of Cdk1 in temperature-sensitive
Cdk1 mutant cell lines (FT210) resulted in a prolonged S phase and
inefficient activation of late origin firing even at late S phase. Our
results thus suggest that cyclin A2-Cdk1 is a key regulator of S-phase
programs,
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D uplication of the eukaryotic genome is regulated by multiple
elements including initiation of DNA replication, rate of fork
progression, stability of replication forks, and the origin firing
program (1). Replication origins are fired in small groups that are
activated together within individual replication factories and thus
can be visualized as foci (2). Replication origins in a single repli-
cation factory are actually comprised of several candidate origins,
most of which are not normally used through the mechanism by
which firing of 1 origin inhibits activation of any other Mcm2-7
complexes within that factory (3). Thus, S-phase programs appear
to be regulated by 2 distinct levels of origin firing; one is the
sequential activation of replicon clusters characterized as visible
replication foci, and the other is the selection of 1 Mcm2-7 complex
around the ORC within a single replication factory.

The DNA replication checkpoint system was reported (o be
involved in the origin firing program in vertebrate cells (4). In
analysis using Xenopus egg extract, ATR/Chkl was shown to
regulate the sequential activation of early and late replication
origins (5). Chk1 also regulates the density of active replication
origins during S phase of avian cells (6). Therefore, ATR/Chk1 may
be involved in the tegulation of sequential activation of replicon
clusters and selection of origins within a single replication factory.
Chk1 has been shown to regulate the physiological turnover of
Cdc25A and its phosphatase activity, which in turn regulates several
cydlin—Cdk activities (7) that are prerequisite for origin firing
throughout S phase. .

In budding yeast, Clb5-dependent Cdk activity is indispensable
for activation of late replication origins (8), suggesting the existence
of a specific wransfactors for late origin activation in other eu-
karyotes. In fission yeast, however, clear late origins have not been
characterized {9) and replication origins fire stochastically (10, 11).
As for mammals, although almost half of origins are activated
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equally throughout S-phase progression (12), stable subunits of
chromosomes equivalent to replication foci maintain their replica-
tion timing from S phase to S phase (13).

In this article, we demonstrate that Chk1 depletion resulted in an
aberrant origin firing and a hyperactivation of cyclin A2-Cdk1 at
early S phase. Ectopic expression of cyclin A2-Cdk1AF induced
late origin firing at early S phase, and a loss of Cdkl activity
compromised activation of late origins at late S phase. Our results
thus suggested that cyclin A2-Cdk1 might function as a transregu-
lator of late origin firing in mammals.

Results

Chk1 Depletion Results in an Aberrant Origin Firing and a Hyperactivation
of Cyclin A2-Cdk1 at Eardy $ Phase. Chk1'®Y~ mouse embryonic
fibroblasts {MEFs) were infected with adencviruses expressing
either LacZ or Cre and synchronized into Gp phase by serum
starvation (14). Chk1'%%~ and Chk19sY~ MEFs were then stimu-
lated by 15% serum and double-labeled with iododeoxyuridine
(1dU) and chlorodeoxyuridine (CIdU) at the indicated times, and
their spatiotemporal patterns of replication sites were examined.
The mammalian S phase is structured so that the sequential
activation of replicon clusters occurs at spatially adjacent sites (15).
This spatial relationship is maintained in Chk1*¥~ MEFs (Fig. 14),
where 86.6 * 4.4 of foci showed colocalization visualized as yellow
color. In contrast, colocalization was detected only at 53.9 = 4.8 of
foei in Chk19%Y~ MEFs (Fig. 1B}, indicating that Chk1 depletion in
mammals resulted in the aberrant origin firing as observed in avian
cells (6). Molecular combing of single DNA molecules was per-
formed to visualize individual origin activation, measure the fork
elongation, and define replication structures (Fig. 1C and Fig. 81).
In asynchronized Chk1'¥~ MEFs infected with control LacZ
adenoviruses interorigin spacing (90.4 kb on average) was similar to
that in mock-infected cells. Chkl depletion resulted in a clear
reduction in origin spacing (34.8 kb on average)(Fig. 1C Top).
Spatiotemporal pattern of replication sites could also be affected by
fork elongation. Chk1 depletion reduced the rate of fork elongation
throughout the labeling period (Fig. 1C Middle).

Double-labeling protocol also defines 5 classes of replication
structure as described (6). Chkl depletion resulted in a significant
reduction in a proportion of consecutively elongating forks (class 1)
and an increase in number of new firing initiation during the first
(class 2) and second {class 4) labeling period (Fig. 1C Bottom). A
dramatic increase in the frequency of closely-spaced active origins
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Fig. 1.  Chk1depletionresultsinanaberrant S-phase programandan activation of cyclin A2-Cdk1 atearly S phase. {A) Chk1'0¢~ andChk 19eY~ MEFs were synchronized

at quiescence by serum starvation and then released by the addition of 15% serum. Cells were harvested ot the indicated times, and their cell cycle distributions were
analyzed by FACS. Replication sites were pulse-labeled for 15 min with 100 «M IdU and then for 15 min with 100 xM CldU, and analyzed with a Zeiss LSMS confocal
fluorescence microscope. Typical patterns of replication sites at the indicated times are presented. High-power details are from the boxed areas shown. (Scale bars:
5 and 0.5 m in detail} (8) Colocalization of 1dU and CIdU faci in Chk1'¥~ and Chk19¢¥~ MEFs. Relative colocalization of tdU and CIdU foci was determined as a
percentage of total foci in both cells {n > 30), Data are means = SD of at least 3 independent experiments. (C} Asynchronized Chk1'09= MEFs were infected with the
indicated adenoviruses and double-labzled with IdU and CldU before harvesting at 28 h after infection. Replication structures were visualized by means of dynamic
molecular combing. Adjacent erigins in replicon clusters (Orito ari), fork elongation, and replication structure defined by ref. 6 were determined (n > 100). Frequency
histograms show the distribution of separation in distance {kbpy, speed (kbp/min), and replication structure (1, elongating fork; 2, fork growing from 1 ori; 3, terminal
fusions; 4, isolated; 5, interspersed). {D) Asynchronized Chk1'e¥~ MEFs were infected with adenoviruses expressing either LacZ or Cre. Cells were labeled with 8rdU for
1 h before harvesting at 28 h after infection, and the cell cycle profiles were then analyzed by FACS. Early S-phase fraction indicated by bars was sorted, and nascent
DNA was enriched by immunoprecipitation using e-BrdU. The indicated genes were amplified by quantitative PCR, and the results are presented as a percentage of
miDNA. Data are means = SD of at least 3 independent experiments, Statistical significance was assessed by Student’s ¢ test (*, P < 0.01). (€} Synchronized Chkilox=
MEFs as in A were harvested at the indicated times, and the lysates were subjected to immunoblotting by using the indicated antibodies or to an in vitro kinase assay
(KA) for cyclin A2-Cdk1 and cyclin A2-Cdk2 with HH1 (2 ug) as a substrate. {f) Synchronized Chk 1'%~ and Chk 198V~ MEFs as in A were harvested at the indicated times,
and the lysates were immunoprecipitated by using e-¢ydin A2 antibodies after 3 times preabsorbance with «-Cdk2. The resultant immunoprecipitates (IP: cyclin A2}
orwhole-cell extracts (WE) were subjected to immunoblotting or invitro kinase assay as in £. Arrows indicate the fast {active) or slow (inactive) migrated bands of Cdki.
An asterisk represents cell lysates from Chk 1'%~ MEFs at 15 h.

{class 5) was observed. These observations suggest that Ioss of Chkl
frequently stalls and collapses active forks.

We next examined whether Chk1 regulates global sites of DNA
synthesis by quantitative ChIP using FACS-based cell sorting (16).
To avoid unexpected effects from gross changes in cell cycle profile
on this analysis, we analyzed Chk19V~ MEFs 28 h after adenoviral
infection, the time at which Chkl was completely depleted, but the
cell cycle profile was almost the same as that of Chk1'™~ cells (Fig.
1D). Cells from the first third of S phase were collected (Fig. 1D
Left). Nascent (BrdU—containing) DNA was enriched by immuno-
precipitation using «-BrdU antibodies and amptified by quantita-
tive PCR with specific prlme[s for cyclin D and e-globin for
early-replicating DNA and primers for amylase and S-globin for
late-replicating DNA. We also monitored amplification of mtDNA
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as a control, which replicates throughout the cell cycle and is equally
represented in nascent DNA preparations (16, 17). The relative
amounts of early replication (cyclin D and a-globin) in Chk1deV~
MEFs were almost the same as those in Chk1¥— cells, whereas
those of late replication (amylase and B-globin) in Chk19¢V~ MEFs
were significantly higher than those in Chk1'®/~ cells (Fig. 1D
Right). Given that 1 cell possesses ~1,000 copies of mitochondrial
genome, but they replicate throughout the cell cycle, relative
amplification of nascent DNA (~(.3) for early and late origins
appeared consistent.

Chk1 is phosphorylated during unperturbed S phase (18, 19),
which regulates the activity and stability of Cdc25 phosphatases,
leading to the inactivation of Cdks through increased phosphory-
lation of their Y15 residues (20). Thus, we speculated that Chkl
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regulates origin firing program through affecting certain cyclin—
Cdks activities. The band corresponding to Chkl was shifted
upward at 15 h and thereafter. This band shift was reversed by
phosphatase treatment, indicating that the modification was caused
by phosphorylation. Chk1 phosphorylation was also confirmed by
using phospho-specific antibodies to Chk1 at Ser-317 and Ser-345
(Fig. 1E).

Cyclin A2-Cdk1 activity was first detected at 15 h (middle
S phase) and increases thereafter. Cyclin A2~Cdk2 was de-
tected at 6 h (early S phase) and reached maximum at 18 h (Fig.
1E and Fig. 52A4). These resuvits are consistent with the recent
report that cyclin A2 starts to form a complex with Cdkl at
mid-8§ phase (21). Cyclin A2-Cdk1 activity was detected earlier
and enhanced in Chk1YV~ MEFs when compared with
Chk1'°¥~ MEFs (Fig. 1F), where immunodepletion of Cdk2
was equally achieved in both cyclin A2 immunoprecipitates
(Fig. S52B). Cyclin A2-Cdk2 activity was not apparently af-
fected by Chk1 depletion (Fig. S2A4). lntriguingly, the amount
of Cdc25A was highly elevated in Chk14eV=— MEFs. Consistent
with this increase in amount of Cdc25A, fast mobility band
(active; Y15 dephosphorylation) and slow band (inactive; Y15
phosphoryiation) of Cdkl protein were dominant in those
from Chki9V- MEFs and Chk1/oY~ MEFs, respectively (Fig.
1F). Specificity of cyclin A2-Cdk1 activity was confirmed by
Cdk1 knockdown experiment, where cyclin A2-Cdk1 activities
in both MEFs were significantly reduced after Cdkl depletion
(Fig. S3). To further confirm the functional interaction be-
tween Chk1 and cyclin A2-Cdk1, Chk1'¥~ MEFs were ireated
with UV light, which phosphorylated Chkl in an ATR-
dependent manner. Chkl phosphorylation was correlated with
the reduction of Cdc25A, the appearance of siow mobility band
of Cdkl protein, and inhibition of cyclin A2-Cdkl activity
{Fig. S4). Taken together, c¢yclin A2-Cdk1 is likely to be a
target of Chkl through regulation of Cdc25A.

Aberrant Origin Firing in Cefls Expressing Cyclin A2-CdK1AF Fusion
Protein. To examine the role of each cyclin—-Cdk complex in the
origin firing program, we generated a cyclin A2-Cdkl fusion
construct. Because cyclin-Cdk activities are regulated mainly by the
phosphorylation of Y15, we generated a constitutively active mu-
tant (CdkAF) in which residues at inhibitory phosphorylation sites
were ‘replaced with alanine and phenylalanine and therefore the
mutant was not affected by the Chk1-Cde25 pathway. Recombi-
nant cyclin A2-Cdk?AF, cyclin A2-CdklAF, and cyclin Bl-
Cdk1AF complexes and the fusion proteins were examined for their
enzymatic kinetics by using histone HI (FH1) and lamin B as
substrates. Dose-dependent increases in activities of both cyclin—
Cdks complex and their fusion proteins were observed (Fig. 24).
The kinetic values of these complexes were the same as those of the
fusion proteins (Table S1).

Expression of cyclin BI-Cdk1AF, but not cyclin A2-Cdk2AF or
cyclin A2-Cdk1AF, induced yH2AX foci in HeLa cells (Fig. 2B).
Amounts of cyclin BI-Cdk1AF, cyclin A2-Cdk1, and cyclin A2~
Cdk2 fusion proteins expressed at 24 h after infection were almost
equal to endogenous Cdk1 and Cdk2 proteins, respectively (Fig. 2C
and Fig. 85). Again, YH2AX was not detected by immunoblotting
in cells expressing cyclin A2-Cdkl or cyclin A2-Cdk2 fusion

rotein.
P Expression of cyclin A2-Cdk1AF and cyclin A2-Cdk2AF fusion
protein at the endogenous level did not appear to affect the gross
progression of S phase (Fig. 34) although they arrested the cell cycle
at M phase because of their inability to be degraded by APC-C at
mitosis and thus mitotic exit was inhibited. The expression of cyclin
A2-Cdkl1AF fusion protein caused the appearance of late replica-
tion sites during early S phase when cells were double-labeled with
1dU and CIdU (Fig. 3B). Dynamic molecular combing revealed that
expression of cyclin A2-Cdk1AF fusion protein reduced origin
spacing (75.0 kb on average), whereas that of cyclin A2-Cdk2AF
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Fig. 2. Enzymatic kinetics of cyclin-Cdk fusion proteins. {A) Bacutoviruses

expressing cyclin AZ together with thase expressing Cdk2 or Cdk1 {Complex)
or those expressing cyclin A2-Cdk?2, cyclin A2~Cdk1, or cyclin B1-Cdk 1 fusion
protein (Fusion) were used 1o infect insect cells. Their complexes or fusion
proteins were purified and subjected to an in vitro kinase assay using lamin B
(2 g} or HH1 (2 pg) as a substrate or subjected to immunoblotting by using
Cdk2 or Cdk1 antibadies (IB). (8) Hela cells were infected with adenoviruses
expressing the indicated proteins 24 h before fixing and immunostained with
a-yH2AX antibodies. Their nucleiwere counterstained with DAPL. Asa positive
control, cells infected with adenaviruses expressing LacZ were treated with IR
(10Gy). {(Magnifications: 100x.}{C) HeLa cells were infected with adenoviruses
expressing either cyclin A2-Cdk 1AF or cyclin A2-Cdk2AF fusion proteins. Cells
were harvested at the indicated times, and the lysates were subjected to
immunoblotting using a-Cdk 1 (Upper Left), -Cak2 (Upper Right), or a-yH2AX
antibodies (Lower). As a control, Hela celis were treated with bleomygin for
24 h {20 pg/mL).

did not (113.0 kb on average)(Fig. 3C Top and Fig. $6). Unlike Chk1
depletion, expression of cyclin A2-Cdk2AF did not cause signifi-
cant changes in the proportion of abnormal replication structures
(Fig. 3C Bottom). Taken together, these results suggested that cyclin
AZ-Cdkl1 had a specific role in the origin firing program.

ChIP analysis revealed that considerable enrichment of early-
and late-replicating DNA was specifically observed in the early and
late S-phase fractions of control LacZ cells, respectively (Fig. 3D).
Ectopic expression of cyclin A2-Cdk1AF resulted in the dramatic
increase in replication of late origins in early S-phase fractions, but
that of cyclin A2-Cdk2AF did not apparently affect it.

Cdk1Is Required for Proper Timing of Origin Firing. FT210 cells possess
a temperature-sensitive Cdk1 gene product (22). FACS analysis
revealed a 2-h-longer S phase in FT210 cells compared with the
parental FM3A cells (Fig. 44). S-phase progression of FT210 cells
at a permissive temperature was almost the same as that of FM3A
cells. The progression of the spatiotemporal pattern of DNA
replication sites in FM3A at the nonpermissive temperature was
almost the same as in HeLa cells or MEFs. In contrast, the specific
paitern of DNA replication sites observed in late S phase showing
a few large internal foci was hardly detected in FT210 cells even at
late S phase at nonpermissive temperature (Fig, 44). Loss of Cdk1
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Statistical significance was assessed by Student’s t test (¥, P < 0.01).

resulted in a significant increase in origin spacing (104.7 kb on
average) when compared with contro} cells (78.6 kb on average)
(Fig. 4B Top and Fig. §6). Loss of Cdk1 did not cause changes in
the proportion of replication structures, further supporting the
notion that Cdk1 is not involved in the stabilization of replication
forks. .

ChIP analysis revealed that replication patterns of early S-phase
fractions in both cells were very similar, whereas replication of late
origins in late S-phase fraction from FT210 cells was specifically
impaired (Fig. 54 Right). Cdk2 activity during S phase in FT210
cells appeared the same as that in FM3A cells (Fig. $7). Collectively,
these results suggested that Cdk1 activity is involved in the proper
timing of late origin firing.

Finally, we attempted to determine the molecular basis by which
cyclin A2-Cdkl1 regulates origin firing program. In Xenopus and
yeast systems, it was reported that cyclins, Cdk1 specifically, interact
with the origin recognition complexes (ORCs) (23, 24). To examine
whether the specific interaction of Cdkl to ORCs is conserved
among mammals, we performed ChIP analysis with o-Cdk1 and
a-Cdk2 antibodies. Both Cdkl and Cdk2 were detected at genes
replicating early, whereas Cdkl was specifically detected at genes
replicating late (Fig. 5B). Relative binding of Cdkl and Cdk2
appeared somewhat low, presumably because of an asynchronous
cell cycle. These results suggested that the specific binding of Cdk1
to late origins may also be involved in the regulation of origin firing
programs.

Discussion

Conditional Chkl knockout MEFs revealed that Chkl plays an
important role in the regulation of origin firing at 2 distinct levels
in mammals, namely activation of origins within a single replication
factory and activation of replicon clusters (Fig. 1 A-D). Consistent
with our observations, it was very recently proposed that Chkl
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suppresses initiation in both inactive, later-firing clusters and active
clusters, and the former is more strongly repressed (25). We then
successfully showed that expression of cyclinA2-Cdk1AF fusion
proteins activated origin firing at both levels as Chk1 depletion did
(Fig. 3 B-D}. The expression patterns of Cdk1 and cyclins during S
phase and the enhancement of their activities in response to Chkl
depletion are also consistent with our conclusions (Fig. 1 E and F).
The most striking evidence for the involvement of Cdk1 in DNA
replication is the fact that inactivation of Cdk1 in mammalian cells
resulted in a prolonged S phase accompanied by ineffective firing
of late replicon clusters and reduced the density of active origins
(Figs. 4 and 54). Although our present results clearly demonstrate
that cyclin A2-Cdkl is involved in the regulation of late origin
firing, functioning downstream of Chkl, we cannot rule out the
possibility that cyclin A2-Cdk2 has a redundant function. Hocheg-
ger et al. (26) reported that Cdkl activity was essential for DNA
replication initiation when Cdk2 was depleted in chicken DT40
cells. When Cdk2 was present, Cdk1 inhibition did not delay S phase
or block centrosome duplication. In this regard, DNA replication in
DTA40 cells appears complete within a shorter period (8 h) when
compared with mammalian cells (10 h at 37 °C), Therefore, it is
possible that DT40 cells possess a strong Cdk?2 activity, presumably
because of a loss of functional p53 that reduces the level of p21 Cdk
inhibitor, and the high Cdk2 activity may compensate for the loss
of Cdkl activity in the context of S-phase control. In agreement
with this notion, both CdkI and Cdk2 were recently reported to be
involved in the control of DNA replication and replication origin
firing under unperturbed S phase in the Xenopus system (27). It was
also suggested that Cdkl and Cdk2 must have different activities
toward the genuine substrates involved in DNA replication al-
though one kinase alone is minimally sufficient to promote sub-
stantial DNA replication,

Neither cyclin A2-Cdkl nor cyclin A2-Cdk2 appeared to be
involved in the stabilization of replication forks during S phase
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when replication structures were assessed by dynamic molecular
combing technology (Fig. 3C). This idea was further supported by
the observations that ectopic expression of cyclin A2-Cdk1AF and
cyclin A2-Cdk2AF failed to induce DNA damage (Fig. 2 B and C).
These findings present a clear contrast to the case with Chkl
depletion in which stability of replication forks during S phase was
strikingly reduced. Therefore, Chk1 likely regulates the fork sta-
bility in a manner independent of cyclin-Cdk activities.

Cdk activities have both positive and negative roles during S
phase, namely to initiate DNA synthesis and prevent rereplication.
A quantitative model has proposed for explain the biphasic effects
of Cdks (28). In addition to a quantitative model, the accessibility
of Cdk to substrates could play a role in the regulation of the
S-phase program. Studies in Xenopus and yeast systems suggested
that Cdk1 specifically interacts with ORC and phosphorylates the
components more efficiently than Cdk2 although this interaction is
proposed to be involved in prevention of rereplication (23, 24). We
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Fig. 5. Impaired late origin firing in temperature-sensitive Cdk1 mutant
FT210 cells. {A) Asynchronous FM3A and FT210 ceils were shifted at 39 °C for
4 h. Cells were pulse-labeled with BrdU (25 pM) for 1 h and sorted into early
(E) or late (L) fractions. Replication firing at the indicated origins was analyzed
by ChIP analysis as in Fig. 30. Data are means = SD of at least 3 Independent
experiments. Statistical significance was assessed by Student's t test {*, P <
0.01). Filled bars indicate FM3A cells; empty bars indicate FT210 cells. {B)
Asynchronous FM3A cells were cultured st 33 °C and harvested. Cell lysates
were subjected to ChIP analysis as described in Materials and Methods, Data
are means x SD of at least 3 independent experiments. Statistical significance
was assessed by Student’s t test (+, P < 0.01).

found that Cdk1 could bind to both early and late origins but Cdk2
failed to bind to late origins (Fig. 5B). Thus, Cdk? could potentially
activate early origin firing. This notion is supported by the fact that
Cdk1 could complement the Cdk2 function of S-phase initiation in
Cdk2-depleted cells (26). However, because neither ectopic expres-
sion of cyclin A2-Cdk2AF nor cyelin A2~-Cdk1AF resulted in the
further enhancement of early origin activation (Fig. 3D), activation
of endogenous cyclin A/E-Cdk2 at the S-phase onset appeared to
be sufficient for early origin firing, Furthermore, given that the
majority of endogenous Cdkl and Cdk2 existed in soluble fractions
(Fig. S8), the origin activation program appeared to be regulated
not only by induction of Cdks and their binding to prereplicative
complex components, but also by alternative ways such as complex
formation with cyclins or regulation of inhibitory phosphorylation
of Cdks. In this regard, it was very recently reported that Cdkl
started to form a complex with cyclin A2 after cyclin A2-Cdk2
complexes reached a plateau in mid S phase (21). Taken together,
our results suggest that cyclin A2-Cdkl may regulate origin firing
program through both its specific accessibility to late origins and
regulation of Cdk1 activity at late S phase,

In conclusion, the present results indicate that ATR/Chk1-cyclin
A2-Cdk1 controls the activation of late replication origins and the
density of active origins in mammals. Similar regulation was re-
ported in a budding yeast system in which Clb5-Cdk1 was required
for late origin firing (8). Taken together, these results suggest the
existence of conserved mechanisms for the temporal program of
origin activation among a number of eukaryotes.

Katsuno et al.



Materials and Methods

Antibodies. Antibodies used in this study were as follows: «~CDK2 (s¢-748; Santa
Cruz), o-Cyclin A2 {5¢-751; Santa Cruz), o-Cde2 (s¢-54; Santa Cruz), o-Cyclin B1
{sc-245; Santa Cruz), rat a-BrdU (ab6326; Abcam), mouse a-Brdu (347580; 8D),
a-yH2AX (05-636; Upstate), a-rabbit IgG HRP (NA9I34; GE Healthcare), a-mouse
1gG HRP {NA931; GE Healthcare), Alexz Fluor 555-conjugated goat a-mouse IgG
(A-21422; Invitrogen), and Alexa Fluor 488-conjugated rabbit a-rat IgG (A-21210;

“Invitrogen).

Cell Cufture and Double Labeling with 1dU and CldU. Hela cells, Chk19¥= MEFs,
Chk1de¥= MEEs, FM3A, and FT210 cells were cultured as described (14, 29). For
analyses of origin firing programs, cells were incubated with 100 xM 1dU for 15
min, then 100 uM CidU for 15 min, fixed with 4% paraformaldehyde, and
permabilized. Cellular DNA was denatured in 1.5 M HCl and stained as reported
(6). The spatiotemporal patterns of replication were analyzed by counting at least
300 cells by 2 individuals under blinded conditions.

Dynamic Meolecular Combing and Immunofluorescent Detection. Genomic DNA was
prepared and combed onto the silanated cover slips as described (30) with
modifications as detailed (31). Atotal of 2 X 108 cells were pulse-labeled for 20
minwith 100 pM IdU, washed with P85 twice, and pulse-labeled far 20 min with
100 uM CIgU. For preparation of genomic DNA, to remove the mitochondrial
genome the nuclei were extracted with buffer A[250 mM sucrose, 20 mM Hepes
(pH 7.5), 10 mM KCI, 1.5 mM MgClz, 1 mM EDTA (pH 8.0}, 1 mM EGTA (pH 6.8}, 1
mM DTT, 0.1 mM PMSF] before resuspension into low-melting point agarose.
Combed DNA molecules were heat-denatured in 50% formamide, 2 X $5C at

72 °C for 12 min, For immunodetection of labeled DNA, denatured DNA mole- -

cules were incubated with mouse a-BrdU mAb{1:5} and rat a-BrdUmAb (1:25) for
1 h at 37°C_ After washing with PBS and 0.05% Tween 20 for 5 min 3 times, DNA
molecules were incubated with Alexa Fluor 555-conjugated goat o-mouse 1gG
(1:500) and Alexa Fluor 488-conjugatedrabhit a-rat IgG (1:500) for30 min at 37°C.
All antibodies were diluted in blocking solution [1% (wt/vol) blocking reagent in
PBS, 0.05% Tween 20]. After washing with PBS and 0.05% Tween 20 for 5 min 3
times, coverslips were mounted in VECTASHIELD {Vector Laboratories}). To esti-
mate the extension of DNA molecules, coverslips were prepared with A-DNA, and
then the DNA molecules were stained with 6.7 mM YOYO-1 at 25°C for 1 h.
YOYO-1-stained DNA molecules measured 21 = 0.9 xm. As the virus gename is
48.5 kbp, the extension of DNA molecules is 2,32 = 0.11 kbp/um, DNA fibers were
examined with a Zeiss Axioplan 2 MOTwith a 63X Plan-APOCHROMAT (NA 1.4)
objective lens, equipped with MicroMAX CCD camera {Princeton Instruments).
Fluorescent signals were measured by using MetatMorph version 6.1 software
{Universal Imaging).

Construction of Cyclin A2-Cdk1, Cyclin A2-Cdk2, and Cydin B1-Cdk1 Fusion Vectors,
For subcloning of full-tength mouse Cdk1 and Cdk1AF, either cDNAs from mouse
MEFs or pcDNA3.1Cdk1AF were used as a template. The PCR products were
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digested with EcoRl and Noti and subcloned into pcDNA3.iMyc/HisA vectar
{invitrogen), For subclening of full-length mouse Cdk2 and CAkZAF, either CDNAs
frommouse MEFs or pcDNA3.1Cdk2AF were used as 2 template. For preparation
of cyclin A2-Cdk 1, cyclin A2-Cdk2, and cyclin B1-Cdk1 fusion constructs, sets of
primers and mouse cDNA derived from MEFs as a template were used. The PCR
products were digested with BamHi and EcoRl and subcloned into
peDNA3.Cdk IMyc/HisA or pcDNA3.1Cdk2MydHisA vectors, The primer sets
used are listed in Table 51.

Purification of Recomhinant Cyclin—Cdk Fusion Proteins. pcDNA3. 1oyclin A2-Cdk1,
pCDNA3. 1oyclin A2-Cdk2, pcDNA3. 1cyclin B1-Cdk1, and their AF mutants were
digested with BamHI and Pmel. The fragments were subcloned into pvL1392
vector and transfected into Sf9 ¢elis. 519 cells infected with baculoviruses express-
ing cyclin—Cdk fusion proteins oz coinfected with the individual cyclins and Cdks
were lysed with immunoprecipitation kinase buffer {7) containing a mixture of
protease inhibitors. The fusion proteins and cyclin-Cdk complexes were purified
by ProBond Resin {Invitrogen) and used for the in vitro kinase assay.

Preparation of Adenoviruses Expressing Cyclin-Cdk Fusion Proteins. The BamHI-
Pmel fragments of cyclin—Cdk fusion constructs were subcloned into pENTER
vector {Invitrogen} predigested with BamH} and EcoRV. pENTERgyclin—Cdks and
PENTEReyclin-CdkAFs were then subcioned into pAdCMV vectors according to
the manufacturer’s instructions {Invitrogen). pAdcyclin-Cdks and pAdcyclin-
CdkAFs were transfected into 293A cells (Invitrogen).

ChIP Assay. Asynchronized Chk 10~ MEFs, Chic19¢V= MEFs, Hela cells infected
with adenoviruses expressing cyclin A2-Cdk 1AF or cyclin A2-Cdk2AF, and mouse
FM3A or FT210 cellswere labeled with 25 uM BrdU before cell sorting. Cells were
thensorted into early and late S-phase fractions by using a cellsorter {BD). At [east
60,000 cells were collected during each phase and used for the chromatin prep-
aration. Nascent DNA was enriched by immunoprecipitation using -BrdU anti-
bodiesas reported (16) and subjected to quantitative PCR with the ABIPRiISM 7000
system using Power SYBR Green PCR Master Mix (Applied Biosystems}. Primers
used for PCR are listed in Table S$1. As a control, mtDNA in BrdU-containing DNA
was also amplified, and the results were presented asa percentage of mtDNA. For
Cdk1 and Cdk2 bindings to origins, FM3A ¢ells were cultured at 33 °C, and ChIP
analysis was performed with oCdk 1 and a-Cdk2 antibodies as described (14). The
results were presented as a percentage of inpui.
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Hepatocyte-like cells from human embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs) are
expected to be a useful source of cells drug discov-
ery. Although we recently reported that hepatic com-
mitment is promoted by transduction of SOX17 and
HEX into human ESC- and iPSC-derived cells, these
hepatocyte-like cells were not sufficiently mature for
drug screening. To promote hepatic maturation, we
utilized transduction of the hepatocyte nuclear factor
40, (HNF40) gene, which is known as a master regula-
tor of liver-specific gene expression. Adenovirus vector-
mediated overexpression of HNF4o in hepatoblasts
induced by SOX17 and HEX transduction led to upreg-
ulation of epithelial and mature hepatic markers such
as cytochrome P450 (CYP) enzymes, and promoted
hepatic maturation by activating the mesenchymal-
to-epithelial transition (MET). Thus HNF4a might play
an important role in the hepatic differentiation from
human ESC-derived hepatoblasts by activating the MET.
Furthermore, the hepatocyte like-cells could catalyze the
toxication of several compounds. Our method would be
a valuable tool for the efficient generation of functional
hepatocytes derived from human ESCs and iPSCs, and
the hepatocyte-like cells could be used for predicting
drug toxicity.

Received 19 July 2011; accepted 28 September 2011, published online

8 November 2011. doi:10.1038/mt.2011.234

INTRODUCTION

Human embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) are able to replicate indefinitely and differen-
tiate into most of the body’s cell types.'? They could provide an
unlimited source of cells for various applications. Hepatocyte-
like cells, which are differentiated from human ESCs and iPSCs,

would be useful for basic research, regenerative medicine, and
drug discovery.* In particular, it is expected that hepatocyte-
like cells will be utilized as a tool for cytotoxicity screening in
the early phase of pharmaceutical development. To catalyze the
toxication of several compounds, hepatocyte-like cells need to
be mature enough to exhibit hepatic functions, including high
activity levels of the cytochrome P450 (CYP) enzymes. Because
the present technology for the generation ofhepatocyte-like cells
from human ESCs and iPSCs, which is expected to be utilized
for drug discovery, is not refined enough for this application,
it is necessary to improve the efficiency of hepatic differentia-
tion. Although conventional methods such as growth factor-
mediated hepatic differentiation are useful to recapitulate liver
development, they lead to only a heterogeneous hepatocyte
population.”-¢ Recently, we showed that transcription factors
are transiently transduced to promote hepatic differentiation
in addition to the conventional differentiation method which
uses only growth factors.” Ectopic expression of Sry-related
HMG box 17 (SOX17) or hematopoietically expressed homeo-
box (HEX) by adenovirus (Ad) vectors in human ESC-derived
mesendoderm or definitive endoderm (DE) cells markedly
enhances the endoderm differentiation or hepatic commitment,
respectively.”* However, further hepatic maturation is required
for drug screening.

The transcription factor hepatocyte nuclear factor 4o
(HNF40,) is initially expressed in the developing hepatic diver-
ticulum on E8.75,%" and its expression is elevated as the liver
develops. A previous loss-of-function study showed that HNF4o
plays a critical role in liver development; conditional deletion
of HNF4a. in fetal hepatocytes results in the faint expression of
many mature hepatic enzymes and the impairment of normal
liver morphology." The genome-scale chromatin immunopre-
cipitation assay showed that HNF4o. binds to the promoters of
nearly half of the genes expressed in the mouse liver,"* including
cell adhesion and junctional proteins,'* which are important in
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HNF4¢ Promotes Hepatic Maturation

the hepatocyte epithelial structure." In addition, HNF4a plays a
critical role in hepatic differentiation and in a wide variety of liver
functions, including lipid and glucose metabolism.'*'¢ Although
HNF4a could promote transdifferentiation into hepatic lineage
from hematopoietic cells,”” the function of HNF40. in hepatic
differentiation from human ESCs and iPSCs remains unknown.
A previous study showed that hepatic differentiation from mouse
hepatic progenitor cells is promoted by HNF4q, although many
of the hepatic markers that they examined were target genes of
HNF40.'® They transplanted the HNF40-overexpressed mouse
hepatic progenitor cells to promote hepatic differentiation, but
they did not examine the markers that relate to hepatic matu-
ration such as CYP enzymes, conjugating enzymes, and hepatic
transporters.

In this study, we examined the role of HNF4q in hepatic dif-
ferentiation from human ESCs and iPSCs. The human ESC- and
iPSC-derived hepatoblasts, which were efficiently generated by
sequential transduction of SOX17 and HEX, were transduced
with HNF4o.-expressing Ad vector (Ad-HNF40), and then the
expression of hepatic markers of the hepatocyte-like cells were
assessed. In addition, we examined whether or not the hepato-
cyte-like cells, which were generated by sequential transduction
of SOX17, HEX, and HNF4q, were able to predict the toxicity of
several compounds.

© The American Society of Gene & Cell Therapy
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RESULTS

Stage-specific HNF4o transduction in hepatoblasts
selectively promotes hepatic differentiation

The transcription factor HNF40o: plays an important role in both
liver generation'' and hepatic differentiation from human ESCs
and iPSCs (Supplementary Figure S1). We expected that hepatic
differentiation could be accelerated by HNF4o. transduction. To
examine the effect of forced expression of HNF40: in the hepatic
differentiation from human ESC- and iPSC-derived cells, we used a
fiber-modified Ad vector."” Initially, we optimized the time period
for Ad-HNF4o transduction. Human ESC (H9)-derived DE cells
(day 6) (Supplementary Figures S2 and S3a), hepatoblasts (day
9) (Supplementary Figures S2 and S$3b), or a heterogeneous
population consisting of hepatoblasts, hepatocytes, and cholangi-
ocytes (day 12) (Supplementary Figures S2 and S3c) were trans-
duced with Ad-HNF4o and then the Ad-HNF4o-transduced
cells were cultured until day 20 of differentiation (Figure 1).
We ascertained the expression of exogenous HNF4o in human
ESC-derived hepatoblasts (day 9) transduced with Ad-HNF4a
(Supplementary Figure S4). The transduction of Ad-HNF4o
into human ESC-derived hepatoblasts (day 9) led to the highest
expression levels of the hepatocyte markers albumin (ALB)* and
o-1-antitrypsin (Figure 1a). In contrast, the expression levels of
the cholangiocyte markers cytokeratin 7 (CK7)*' and SOX9** were
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Figure 1 Transduction of HNF4u into hepatoblasts promotes hepatic differentiation. (a—c) The human ESC (H9)-derived cells, which were
cultured for 6, 9, or 12 days according to the protocol described in Figure 2a, were transduced with 3,000 vector particles (VP)/cell of Ad-HNF4o.
for 1.5 hours and cultured until day 20. The gene expression levels of (a) hepatocyte markers (ALB and o-1-antitrypsin), (b) cholangiocyte markers
(CK7 and SOX9), and (c) pancreas markers (PDXT and NKX2.2) were examined by real-time RT-PCR on day 0 (human ESCs (hESCs)) or day 20 of
differentiation. The horizontal axis represents the days when the cells were transduced with Ad-HNF4a.. On the y-axis, the level of the cells without
Ad-HNF40 transduction on day 20 was taken as 1.0. All data are represented as means + SD (n = 3). ESC, embryonic stem cell; HNF4o, hepatocyte

nuclear factor 40; RT-PCR, reverse transcription-PCR.
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downregulated in the cells transduced on day 9 as compared with
nontransduced cells (Figure 1b). This might be because hepatic
differentiation was selectively promoted and biliary differen-
tiation was repressed by the transduction of HNF4a in hepato-
blasts. The expression levels of the pancreas markers PDXI** and
NKX2.2* did not make any change in the cells transduced on day
9 as compared with nontransduced cells (Figure I¢c). Interestingly,
the expression levels of the pancreas markers were upregulated,
when Ad-HNF4o transduction was performed into DE cells (day
6) (Figure 1c). These results suggest that HNF40 might promote
not only hepatic differentiation but also pancreatic differentiation,
although the optimal stage of HNF4 transduction for the differ-
entiation of each cell is different. We have confirmed that there
was no difference between nontransduced cells and Ad-LacZ-
transduced cells in the gene expression levels of all the markers
investigated in Figure la—c (data not shown). We also confirmed
that Ad vector-mediated gene expression in the human ESC-
derived hepatoblasts (day 9) continued until day 14 and almost
disappeared on day 18 (Supplementary Figure S5). These results
indicated that the stage-specific HNF40 overexpression in human
ESC-derived hepatoblasts (day 9) was essential for promoting effi-
cient hepatic differentiation.

HNF40 Promotes Hepatic Maturation

Transduction of HNF4¢ into human ESC- and
iPSC-derived hepatoblasts efficiently promotes
hepatic maturation

From the results of Figure 1, we decided to transduce hepatoblasts
(day 9) with Ad-HNF4o. To determine whether hepatic maturation
is promoted by Ad-HNF4o transduction, Ad-HNF4o-transduced
cells were cultured until day 20 of differentiation according to
the schematic protocol described in Figure 2a. After the hepatic
maturation, the morphology ofhuman ESCs was gradually changed
into that of hepatocytes: polygonal with distinct round nuclei
(day 20) (Figure 2b). Interestingly, a portion of the hepatocyte-
like cells, which were ALB®-, CK18%-, CYP2D6-, and CYP3A4%-
positive cells, had double nudlei, which was also observed in
primary human hepatocytes (Figure 2b,c, and Supplementary
Figure $6). We also examined the hepatic gene expression levels
on day 20 of differentiation (Figure 3a,b). The gene expression
analysis of CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP3A4, and
CYP7A1% showed higher expression levels in all of Ad-SOX17-,
Ad-HEX-, and Ad-HNF4o-transduced cells (three factors-
transduced cells) as compared with those in both Ad-SOX17- and
Ad-HEX-transduced cells (two factors-transduced cells) on day 20
(Figure 3a). The gene expression level of NADPH-CYP reductase
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Figure 2 Hepatic differentiation of human ESCs and iPSCs transduced with three factors. (a) The procedure for differentiation of human ESCs
and iPSCs into hepatocytes via DE cells and hepatoblasts is presented schematically. The hESF-DIF medium was supplemented with 10 pg/ml human
recombinant insulin, 5pg/ml human apotransferrin, 10 pmol/l 2-mercaptoethanol, 10 pmol/l ethanolamine, 10 pmol/!l sodium selenite, and 0.5 mg/ml
fatty-acid-free BSA. The L15 medium was supplemented with 8.3% tryptose phosphate broth, 8.3% FBS, 10 pmol/I hydrocortisone 21-hemisuccinate,
1 pmol/l insulin, and 25 mmol/l NaHCO,. (b) Sequential morphological changes (day 0-20) of human ESCs (H9) differentiated into hepatocytes via
DE cells and hepatoblasts are shown. Red arrow shows the cells that have double nuclei. (€) The morphology of primary human hepatocytes is shown.
Bar represents 50 um. BSA, bovine serum albumin; DE, definitive endoderm; ESC, embryonic stem cell; iPSC, induced pluripotent stem cell.
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Figure 3 Transduction of HNF4a promotes hepatic maturation from human ESCs and iPSCs. (a,b) The human ESCs were differentiated into
hepatocytes according to the protocol described in Figure 2a. On day 20 of differentiation, the gene expression levels of (a) CYP enzymes (CYPTA2,
CYP2C9, CYP2C19, CYP2D6, CYP3A4, and CYP7AT) and (b) POR were examined by real-time RT-PCR in undifferentiated human ESCs (hESCs), the
hepatocyte-like cells, and primary human hepatocytes (PH, hatched bar). On the y-axis, the expression level of primary human hepatocytes, which
were cultured for 48 hours after the cells were plated, was taken as 1.0. (c—e) The hepatocyte-like cells (day 20) were subjected to immunostaining
with (€) anti-drug-metabolizing enzymes (CYP2D6, CYP3A4, and CYP7AT1), (d) anti-hepatic surface protein (ASCGR1 and c-Met), and (e) anti-ALB
antibodies, and then the percentage of antigen-positive cells was examined by flow cytometry on day 20 of differentiation. All data are represented
as means + SD (n = 3). ESC, embryonic stem cell; HNF4o, hepatocyte nuclear factor 4o; iPSC, induced pluripotent stem cell.

(POR)%, which is required for the normal function of CYPs, was
also higher in the three factors-transduced cells (Figure 3b). The
gene expression analysis of ALB, a-1-antitrypsin (0-1-AT), tran-
sthyretin, hepatic conjugating enzymes, hepatic transporters, and
hepatic transcription factors also showed higher expression levels
in the three factors-transduced cells (Supplementary Figures $7
and $8). Moreover, the gene expression levels of these hepatic
markers of three factor-transduced cells were similar to those of
primary human hepatocytes, although the levels depended on the
type of gene (Figure 3a,b, and Supplementary Figures S7 and
$8). To confirm that similar results could be obtained with human
iPSCs, we used three human iPS cell lines (201B7, Dotcom, and
Tic). The gene expression of hepatic markers in human ESC- and
iPSC-derived hepatocytes were analyzed by real-time reverse
transcription-PCR on day 20 of differentiation. Three human
iPS cell lines as well as human ESCs also effectively differentiated
into hepatocytes in response to transduction of the three factors
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(Supplementary Figure 89). Interestingly, we observed differences
in the hepatic maturation efficiency among the three human iP$S
cell lines. That is, two of the human iPS cell lines (Tic and Dotcom)
were more committed to the hepatic lineage than another human
iPS cell line (201B7). Because almost homogeneous hepatocyte-like
cells would be more useful in basic research, regenerative medicine,
and drug discovery, we also examined whether our novel methods
for hepatic maturation could generate a homogeneous hepatocyte
population by flow cytometry analysis (Figure 3c-e). The per-
centages of CYP2D6-, CYP3A4-, and CYP7Al-positive cells were
~80% in the three factors-transduced cells, while they were ~50%
in the two factors-transduced cells (Figure 3c). The percentages
of hepatic surface antigen (asialoglycoprotein receptor 1 (ASGR1]
and met proto-oncogene (c-Met))-positive cells (Figure 3d) and
ALB-positive cells (Figure 3e) were also ~80% in the three fac-
tors-transduced cells. These results indicated that a nearly homo-
geneous population was obtained by our differentiation protocol
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using the transduction of three functional genes (SOX17, HEX,
and HNF40).

The three factors-transduced cells have characteristics
of functional hepatocytes

The hepatic functions of the hepatocyte-like cells, such as the
uptake of low-density lipoprotein (LDL) and CYP enzymes activ-
ity, of the hepatocyte-like cells were examined on day 20 of dif-
ferentiation. Approximately 87% of the three factors-transduced
cells uptook LDL in the medium, whereas only 44% of the two
factors-transduced cells did so (Figure 4a). The activities of CYP
enzymes of the hepatocyte-like cells were measured according to
the metabolism of the CYP3A4, CYP2C9, or CYP1A2 substrates
(Figure 4b). The metabolites were detected in the three factors-
transduced cells and their activities were higher than those of
the two factors-transduced cells (dimethyl sulfoxide (DMSO)
column). We further tested the induction of CYP3A4, CYP2C9,
and CYP1A2 by chemical stimulation, since CYP3A4, CYP2C9,
and CYPIA2 are the important prevalent CYP isozymes in the
liver and are involved in the metabolism of a significant propor-
tion of the currently available commercial drugs (rifampicin or
omeprazole column). It is well known that CYP3A4 and CYP2C9
can be induced by rifampicin, whereas CYP1A2 can be induced
by omeprazole. The hepatocyte-like cells were treated with either
of these. Although undifferentiated human ESCs responsed to
neither rifampicin nor omeprazole (data not shown), the hepato-
cyte-like cells produced more metabolites in response to chemical
stimulation as well as primary hepatocytes (Figure 4b). The activ-
ity levels of the hepatocyte-like cells as compared with those of
primary human hepatocytes depended on the types of CYP; the
CYP3A4 activity of the hepatocyte-like cells was similar to that of
primary human hepatocytes, whereas the CYP2C9 and CYP1A2
activities of the hepatocyte-like cells were slightly lower than those
of primary human hepatocytes (Figure 3a). These results indi-
cated that high levels of functional CYP enzymes were detectable
in the hepatocyte-like cells.

The metabolism of diverse compounds involving uptake,
conjugation, and the subsequent release of the compounds is
an important function of hepatocytes. Uptake and release of
Indocyanine green (ICG) can often be used to identify hepato-
cytes in ESC differentiation models.”” To investigate this function
in our hepatocyte-like cells, we compared this ability of the three
factors-transduced cells with that of the two factors-transduced
cells on day 20 of differentiation (Figure 4c). The three factors-
transduced cells had more ability to uptake ICG and to excrete ICG
by culturing without ICG for 6 hours. We also examined whether
the hepatocyte-like cells could store glycogen, a characteristic of
functional hepatocytes (Figure 4d). On day 20 of differentiation,
the three factors-transduced cells and the two factors-transduced
cells were stained for cytoplasmic glycogen using the Periodic
Acid-Schiff staining procedure. The three factors-transduced cells
exhibited more abundant storage of glycogen than the two-factors-
transduced cells. These results showed that abundant hepatic func-
tions, such as uptake and excretion of ICG and storage of glycogen,
were obtained by the transduction of three factors.

Many adverse drug reactions are caused by the CYP-dependent
activation of drugs into reactive metabolites.** In order to examine
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metabolism-mediated toxicity and to improve the safety of drug
candidates, primary human hepatocytes are widely used.” Because
primary human hepatocytes have quite different characteristics
among distinct lots and because it is difficult to purchase large
amounts of primary human hepatocytes that have the same char-
acteristics, hepatocyte-like cells are expected to be used for this
purpose. To examine whether our hepatocyte-like cells could be
used to predict metabolism-mediated toxicity, the hepatocyte-
like cells were incubated with four substrates (troglitazone, acet-
aminophen, cyclophosphamide, and carbamazepine), which are
known to generate toxic metabolites by CYP enzymes, and then
the cell viability was measured (Figure 4e). The cell viability of the
two factors plus Ad-LacZ-tansduced cells were higher than that
of the three factors-transduced cells at each different concentra-
tion of four test compounds. These results indicated that the three
factors-transduced cells could more efficiently metabolize the test
compounds and thereby induce higher toxicity than either the two
factors-transduced cells or undifferentiated human ESCs. The cell
viability of the three factors-transduced cells was slightly higher
than that of primary human hepatocytes.

HNF4o promotes hepatic maturation by activating
mesenchymal-to-epithelial transition

HNF4o is known as a dominant regulator of the epithelial
phenotype because its ectopic expression in fibroblasts (such as
NIH 3T3 cells) induces mesenchymal-to-epithelial transition
(MET)", although it is not known whether HNF4c can promote
MET in hepatic differentiation. Therefore, we examined whether
HNF4o transduction promotes hepatic maturation from hepa-
toblasts by activating MET. To clarify whether MET is activated
by HNF40 transduction, the human ESC-derived hepatoblasts
(day 9) were transduced with Ad-LacZ or Ad-HNF4q, and the
resulting phenotype was analyzed on day 12 of differentiation
(Figure 5). This time, we confirmed that HNF4o transduction
decreased the population of N-cadherin (hepatoblast marker)-
positive cells,” whereas it increased that of ALB (hepatocyte
marker)-positive cells (Figure 5a). The number of CK7 (cholan-
giocyte marker)-positive population did not change (Figure 5a).
To investigate whether these results were attributable to MET, the
alteration of the expression of several mesenchymal and epithe-
lial markers was examined (Figure 5b). The human ESC-derived
hepatoblasts (day 9) were almost homogeneously N-cadherin®
(mesenchymal marker)-positive and E-cadherin' (epithelial
marker)-negative, demonstrating that human ESC-derived hepa-
toblasts have mesenchymal characteristics (Figure 5a,b). After
HNF4o. transduction, the number of E-cadherin-positive cells
was increased and reached ~90% on day 20, whereas that of
N-cadherin-positive cells was decreased and was less than 5% on
day 20 (Supplementary Figure S10). These results indicated that
MET was promoted by HNF4o. transduction in hepatic differen-
tiation from hepatoblasts. Interestingly, the number of growing
cells was decreased by HNF4q transduction (Figure 5c¢), and the
cell growth was delayed by HNF40: transduction (Supplementary
Figure S11). This decrease in the number of growing cells might
have been because the differentiation was promoted by HNF4¢
transduction. We also confirmed that MET was promoted by
HNF4o transduction in the gene expression levels (Figure 5d).
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Figure 4 Transduction of the three factors enhances hepatic functions. The human ESCs were differentiated into hepatoblasts and transduced with
3,000 VP/cell of Ad-LacZ or Ad-HNF4o. for 1.5 hours and cultured until day 20 of differentiation according to the protocol described in Figure 2a. The
hepatic functions of the two factors plus Ad-LacZ-transduced cells (SOX17+HEX+LacZ) and the three factors-transduced cells (SOX17+HEX+HNF40)
were compared. (a) Undifferentiated human ESCs (hESCs) and the hepatocyte-like cells (day 20) were cultured with medium containing Alexa-Flour
488-labeled LDL (green) for 1 hour, and immunohistochemistry and flow cytometry analysis were performed. The percentage of LDL-positive cells
was measured by flow cytometry. Nuclei were counterstained with DAPI (blue). The bar represents 100 pm. (b) Induction of CYP3A4 (left), CYP2C9
(middle), or CYPTA2 (right) by DMSO (gray bar), rifampicin (black bar), or omeprazole (black bar) in the hepatocyte-like cells (day 20) and primary
human hepatocytes (PH), which were cultured for 48 hours after the cells were plated. On the y-axis, the activity of primary human hepatocytes
that have been cultured with medium containing DMSO was taken as 1.0. (c) The hepatocyte-like cells (day 20) (upper column) were examined for
their ability to take up Indocyanin Green (ICG) and release it 6 hours thereafter (lower column). (d) Glycogen storage of the hepatocyte-like cells
(day 20) was assessed by Periodic Acid-Schiff (PAS) staining. PAS staining was performed on day 20 of differentiation. Glycogen storage is indicated
by pink or dark red-purple cytoplasms. The bar represents 100 um. (e) The cell viability of undifferentiated human ESCs (black), two factors plus
Ad-LacZ-tansduced cells (green), the three factors-transduced cells (blue), and primary human hepatocytes (red) was assessed by Alamar Blue assay
after 48 hours exposure to different concentrations of four test compounds (troglitazone, acetaminophen, cyclophosphamide, and carbamazepine).
The cell viability is expressed as a percentage of cells treated with solvent only treat: 0.1% DMSO except for carbamazepine: 0.5% DMSO. All data
are represented as means + SD (n = 3). ESC, embryonic stem cell; DMSO, dimethyl sulfoxide; LDL, low-density lipoprotein.
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Figure 5 HNF4o promotes hepatic differentiation by activating MET. Human ESCs were differentiated into hepatoblasts according to the
protocol described in Figure 2a, and then transduced with 3,000 VP/cell of Ad-LacZ or Ad-HNF4a: for 1.5 hours, and finally cultured until day 12 of
differentiation. (a) The hepatoblasts, two factors plus Ad-LacZ-transduced cells (SOX17+HEX+LacZ) (day 12), and the three factors-transduced cells
(SOX17+HEX+HNF40) (day 12) were subjected to immunostaining with anti-N-cadherin, ALB, or CK7 antibodies. The percentage of antigen-positive
cells was measured by flow cytometry. (b) The cells were subjected to immunostaining with anti-N-cadherin (green), E-cadherin (green), or HNF4o.
(red) antibodies on day 9 or day 12 of differentiation. Nuclei were counterstained with DAPI (blue). The bar represents 50 um. Similar results were
obtained in two independent experiments. (¢) The cell cycle was examined on day 9 or day 12 of differentiation. The cells were stained with Pyronin
Y (y-axis) and Hoechst 33342 (x-axis) and then analyzed by flow cytometry. The growth fraction of cells is the population of actively dividing cells
(G1/5/G2/M). (d) The expression levels of AFP, PROX1, a-T-antitrypsin, ALB, CK7, SOX9, N-cadherin, Snaill, Ceacam1, E-cadherin, pl15, and p21 were
examined by real-time RT-PCR on day 9 or day 12 of differentiation. The expression level of hepatoblasts (day 9) was taken as 1.0. All data are repre-
sented as means + SD (n = 3). () The model of efficient hepatic differentiation from human ESCs and iPSCs in this study is summarized. The human
ESCs and iPSCs differentiate into hepatocytes via definitive endoderm and hepatoblasts. At each stage, the differentiation is promoted by stage-
specific transduction of appropriate functional genes. In the last stage of hepatic differentiation, HNF4c: transduction provokes hepatic maturation by
activating MET. ESC, embryonic stem cell; HNF4a, hepatocyte nuclear factor 4a; iPSC, induced pluripotent stem cell; MET, mesenchymal-to-epithelial
transition; RT-PCR, reverse transcription-PCR; VP, vector particle.

and; elucidation of the HNF40. function in hepatic maturation from
human ESCs. We initially confirmed the importance of transcrip-
tion factor HNF4q in hepatic differentiation from human ESCs by

The gene expression levels of hepatocyte markers (0.-1-antitrypsin
and ALB)* and epithelial markers (CeacamI and E-cadherin) were
upregulated by HNF4o: transduction. On the other hand, the gene

expression levels of hepatoblast markers (AFP and PROX1)*, mes-
enchymal markers (N-cadherin and Snail)®, and cyclin dependent
kinase inhibitor (p15 and p21)* were downregulated by HNF4o.
transduction. HNF4a transduction did not change the expression
levels of cholangiocyte markers (CK7 and SOX9). We conclude
that HNF4o. promotes hepatic maturation by activating MET.

DISCUSSION

This study has two main purposes: the generation of functional
hepatocytes from human ESCs and iPSCs for application to drug
toxicity screeningin the early phase of pharmaceutical development

Molecular Therapy vol. 20 no. I jan. 2012

using a published data set of gene array analysis (Supplementary
Figure §1).* We speculated that HNF40. transduction could
enhance hepatic differentiation from human ESCs and iPSCs.

To generate functional hepatocytes from human ESCs and iPSCs
and to elucidate the function of HNF4o in hepatic differentiation
from human ESCs, we examined the stage-specific roles of HNF4a..
We found that hepatoblast (day 9) stage-specific HNF4o transduc-
tion promoted hepatic differentiation (Figure 1). Because endog-
enous HNF4ais initially expressed in the hepatoblast,*'® our system
might adequately reflect early embryogenesis. However, HNF40
transduction at an inappropriate stage (day 6 or day 12) promoted
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bidirectional differentiation; heterogeneous populations, which
contain the hepatocytes and pancreas cells or hepatocytes and cho-
langiocytes, were obtained, respectively (Figure 1), consistent with a
previous report that HNF4« plays an important role not only in the
liver but also in the pancreas. Therefore, we concluded that HNF4o
plays a significant stage-specific role in the differentiation of human
ESC- and iPSC-derived hepatoblasts to hepatocytes (Figure 5e).

We found that the expression levels of the hepatic functional
genes were upregulated by HNF4a transduction (Figure 3a,b,
and Supplementary Figures S7 and $8). Although the ¢/EBPa
and GATA4 expression levels of the three factors-transduced
cells were higher than those of primary human hepatocytes, the
FOXA1, FOXA2, FOXA3, and HNF1a, which are known to be
important for hepatic direct reprogramming and hepatic differ-
entiation,*?¢ expression levels of three factors-transduced cells
were slightly lower than those of primary human hepatocytes
(Supplementary Figure S8). Therefore, additional transduction
of FOXA1, FOXA2, FOXA3, and HNF1a might promote further
hepatic maturation. Some previous hepatic differentiation proto-
cols that utilized growth factors without gene transfer led to the
appearance only of heterogeneous hepatocyte populations.* The
HNF4o transduction led not only to the upregulation of expres-
sion levels of several hepatic markers but also to an almost homo-
geneous hepatocyte population; the differentiation efficacy based
on CYPs, ASGR1, or ALB expression was ~80% (Figure 3c-e). The
efficient hepatic maturation in this study might be attributable to
the activation of many hepatocyte-associated genes by the trans-
duction of HNF4q, which binds to the promoters of nearly half of
the genes expressed in the liver."? In the later stage of hepatic mat-
uration, hepatocyte-associated genes would be strongly upregu-
lated by endogenous transcription factors but not exogenous
HNF4o0. because transgene expression by Ad vectors was almost
disappeared on day 18 (Supplementary Figure S5). Another rea-
son for the efficient hepatic maturation would be that sequential
transduction of SOX17, HEX, and HNF4a could mimic hepatic
differentiation in early embryogenesis.

Next, we examined whether or not the hepatocyte-like cells
had hepatic functions. The activity of many kinds of CYPs was
upregulated by HNF4o transduction (Figure 4b). Ad-HNF4o-
transduced cells exhibit many characteristics of hepatocytes:
uptake of LDL, uptake and excretion of ICG, and storage of gly-
cogen (Figure 4a,c,d). Many conventional tests of hepatic char-
acteristics have shown that the hepatocyte-like cells have mature
hepatocyte functions. Furthermore, the hepatocyte-like cells can
catalyze the toxication of several compounds (Figure 4e). Although
the activities to catalyze the toxication of test compounds in pri-
mary human hepatocytes are slightly higher than those in the
hepatocyte-like cells, the handling of primary human hepatocytes
is difficult for a number of reasons: since their source is limited,
large-scale primary human hepatocytes are difficult to prepare as
a homogeneous population. Therefore, the hepatocyte-like cells
derived from human ESCs and iPSCs would be a valuable tool for
predicting drug toxicity. To utilize the hepatocyte-like cells in a
drug toxicity study, further investigation of the drug metabolism
capacity and CYP induction potency will be needed.

We also investigated the mechanisms underlying efficient
hepatic maturation by HNF4o transduction. Although the
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number of cholangiocyte populations did not change by HNF4a.
transduction, we found that the number of hepatoblast popula-
tions decreased and that of hepatocyte populations increased,
indicating that HNF40ot promotes selective hepatic differentiation
from hepatoblasts (Figure 5a). As previously reported, HNF4a
regulates the expression of a broad range of genes that code for
cell adhesion molecules,' extracellular matrix components, and
cytoskeletal proteins, which determine the main morphological
characteristics of epithelial cells.'"***" In this study, we elucidated
that MET was promoted by HNF4a transduction (Figure 5b,d).
Thus, we conclude that HNF4o overexpression in hepatoblasts
promotes hepatic differentiation by activating MET (Figure 5e).

Using human iPSCs as well as human ESCs, we confirmed
that the stage-specific overexpression of HNF4o could promote
hepatic maturation (Supplementary Figure §9). Interestingly, the
differentiation efficacies differed among human iPS cell lines: two
of the human iPS cell lines (Dotcom and Tic) were more commit-
ted to the hepaticlineage than another human iPS cell line (201B7)
(Supplementary Figure S7). Therefore, it would be necessary to
select a human iPS cell line that is suitable for hepatic matura-
tion in the case of medical applications, such as drug screening
and liver transplantation. The difference of hepatic differentiation
efficacy among the three iPSC lines might be due to the differ-
ence of epigenetic memory of original cells or the difference of the
inserted position of the foreign genes for the reprogramming.

To control hepatic differentiation mimicking embryogenesis,
we employed Ad vectors, which are one of the most efficient tran-
sient gene delivery vehicles and have been widely used in both
experimental studies and clinical trials.* We used a fiber-modified
Ad vector containing the EF-1ot promoter and a stretch of lysine
residue (KKKKKKK, K7) peptides in the C-terminal region of
the fiber knob."” The K7 peptide targets heparan sulfates on the
cellular surface, and the fiber-modified Ad vector containing the
K7 peptides was shown to be efficient for transduction into many
kinds of cells induding human ESCs and human ESC-derived
cells.”*'” Thus, Ad vector-mediated transient gene transfer should
be a powerful tool for regulating cellular differentiation.

In summary, the findings described here demonstrate that
transcription factor HNF4a plays a crucial role in the hepatic
differentiation from human ESC-derived hepatoblasts by activat-
ing MET (Figure 5e). In the present study, both human ESCs and
iPSCs (three lines) were used and all cell lines showed efficient
hepatic maturation, indicating that our protocol would be a uni-
versal tool for cell line-independent differentiation into functional
hepatocytes. Moreover, the hepatocyte-like cells can catalyze the
toxication of several compounds as primary human hepatocytes.
Therefore, our technology, by sequential transduction of SOX17,
HEX, and HNF4q, would be a valuable tool for the efficient gen-
eration of functional hepatocytes derived from human ESCs and
iPSCs, and the hepatocyte-like cells could be used for the predic-
tion of drug toxicity.

MATERIALS AND METHODS

Human ESC and iPSC culture. A human ES cell line, H9 (WiCell Research
Institute, Madison, HI), was maintained on a feeder layer of mitomycin
C-treated mouse embryonic fibroblasts (Millipore, Billerica, MA) with Repro
Stem (Repro CELL, Tokyo, Japan) supplemented with 5ng/ml fibroblast
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growth factor 2 (FGF2) (Sigma, St Louis, MO). Human ESCs were dissoci-
ated with 0.1 mg/ml dispase (Roche Diagnostics, Indianapolis, IN) into small
clumps and then were subcultured every 4 or 5 days. H9 was used follow-
ing the Guidelines for Derivation and Utilization of Human Embryonic Stem
Cells of the Ministry of Education, Culture, Sports, Science and Technology
of Japan. Two human iPS cell lines generated from the'human embryonic
lung fibroblast cell line MCRS5 were provided from the JCRB Cell Bank (Tic,
JCRB Number: JCRB1331; and Dotcom, JCRB Number: JCRB1327).¥40
These human iPS cell lines were maintained on a feeder layer of mitomy-
cin C-treated mouse embryonic fibroblasts with iPSellon (Cardio, Kobe,
Japan) supplemented with 10ng/ml FGF2. Another human iPS cell line,
201B7, generated from human dermal fibroblasts was kindly provided by
DrS. Yamanaka (Kyoto University).? The human iPS$ cell line 201B7 was main-
tained on a feeder layer of mitomycin C-treated mouse embryonic fibroblasts
with Repro Stem (Repro CELL) supplemented with 5ng/ml FGF2 (Sigma).
Human iPSCs were dissociated with 0.1 mg/ml dispase (Roche Diagnostics)
into small clumps and were then subcultured every 5 or 6 days.

In vitro differentiation. Before the initiation of cellular differentiation, the
medium of human ESCs and iPSCs was exchanged for a defined serum-free
medium, hESF9, and cultured as we previously reported.? hESF9 consists
of hESF-GRO medium (Cell Science & Technology Institute, Sendai, Japan)
supplemented with 10g/ml human recombinant insulin, 5 ptg/ml human
apotransferrin, 10pumol/l 2-mercaptoethanol, 10pmol/l ethanolamine,
10pumol/l sodium selenite, oleic acid conjugated with fatty-acid-free bovine
albumin (BSA), 10 ng/ml FGF2, and 100 ng/ml heparin (all from Sigma).

The differentiation protocol for the induction of DE cells,
hepatoblasts, and hepatocytes was based on our previous report with some
modifications.” Briefly, in mesendoderm differentiation, human ESCs
and iPSCs were dissociated into single cells and cultured for 3 days on
Matrigel (Becton, Dickinson and Company, Tokyo, Japan) in hESE-DIF
medium (Cell Science & Technology Institute) supplemented with 10 g/
ml] human recombinant insulin, 5pg/ml human apotransferrin, 10 tmol/l
2-mercaptoethanol, 10pumol/l ethanolamine, 10 umol/l sodium selenite,
0.5mg/ml BSA, and 100ng/ml Activin A (R&D Systems, Minneapolis,
MN). To generate mesendoderm cells and DE cells, human ESC-derived
cells were transduced with 3,000 vector particles (VP)/cell of Ad-SOX17 for
1.5 hours on day 3 and cultured until day 6 on Matrigel (BD) in hESF-DIF
medium (Cell Science & Technology Institute) supplemented with 10 g/
ml human recombinant insulin, 5 tg/m] human apotransferrin, 10 tmol/l
2-mercaptoethanol, 10umol/l ethanolamine, 10 umol/l sodium selenite,
0.5 mg/ml BSA, and 100 ng/ml Activin A (R&D Systems). For induction of
hepatoblasts, the DE cells were transduced with 3,000 VP/cell of Ad-HEX
for 1.5 hours on day 6 and cultured for 3 days on a Matrigel (BD) in hESF-
DIF (Cell Science & Technology Institute) medium supplemented with
the 10 ug/ml human recombinant insulin, 5pg/ml human apotransferrin,
10 umol/l 2-mercaptoethanol, 10 pumol/l ethanolamine, 10pumol/l sodium
selenite, 0.5mg/ml BSA, 20 ng/ml bone morphogenetic protein 4 (R&D
Systems), and 20 ng/ml FGF4 (R&D Systems). In hepatic differentiation,
hepatoblasts were transduced with 3,000 VP/cell of Ad-LacZ or Ad-
HNF4o for 1.5hr on day 9 and were cultured for 11 days on Matrigel
(BD) in L15 medium (Invitrogen, Carlsbad, CA) supplemented with 8.3%
tryptose phosphate broth (BD), 8.3% fetal bovine serum (Vita, Chiba,
Japan), 10pmol/l hydrocortisone 21-hemisuccinate (Sigma), 1pumol/l
insulin, 25 mmol/l NaHCO, (Wako, Osaka, Japan), 20 ng/ml hepatocyte
growth factor (R&D Systems), 20 ng/ml Oncostatin M (R&D Systems),
and 10~ mol/l Dexamethasone (Sigma).

Ad vectors. Ad vectors were constructed by an improved in vitro ligation
method.** The human HNF40. gene (accession number NM_000457) was
amplified by PCR using primers designed to incorporate the 5" Not I and
3" Xba I restriction enzyme sites: Fwd 5 -ggcctctagatggaggcagggagaatg-3’
and Rev 5’-cccegeggecgeageggettgetagataac-3'. The human HNF4ol gene
was inserted into pBSKII (Invitrogen), resulting in pBSKII-HNF4q, and
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then the human HNF40 gene was inserted into pHMEFS5,* which contains
the human elongation factor-1o (EF-101) promoter, resulting in pHMEF-
HNF40. The pHMEF-HNF40: was digested with I-Ceul/PI-Scel and ligated
into I-Ceu I/PI-Scel-digested pAdHM41-K7," resulting in pAd-HNF4o.
The human EF-1a: promoter-driven LacZ-, SOX17-, or HEX-expressing
Ad vectors, Ad-LacZ, Ad-SOX17, or Ad-HEX, were constructed previ-
ously.” Ad-LacZ, Ad-SOX17, Ad-HEX, and Ad-HNF40, each of which
contains a stretch of lysine residue (K7) peptides in the C-terminal region
of the fiber knob for more efficient transduction of human ESCs, iPSCs,
and DE cells, were generated and purified as described previously.” The VP
titer was determined by using a spectrophotometric method.*

LacZ assay. Human ESC- and iPSC-derived cells were transduced with
Ad-LacZ at 3,000 VP/cell for 1.5 hours. After culturing for the indicated
number of days, 5-bromo-4-chloro-3-indolyl PB-D-galactopyranoside
(X-Gal) staining was performed as described previously.#

Flow cytometry. Single-cell suspensions of human ESCs, iPSCs, and their
derivatives were fixed with methanol at 4 °C for 20 minutes and then incu-
bated with the primary antibody, followed by the secondary antibody.
Flow cytometry analysis was performed using a FACS LSR Fortessa flow
cytometer (BD).

RNA isolation and reverse transcription-PCR. Total RNA was isolated
from human ESCs, iPSCs, and their derivatives using ISOGENE (Nippon
Gene) according to the manufacturer’s instructions. Primary human hepa-
tocytes were purchased from CellzDirect, Durham, NC. complementary
DNA was synthesized using 500 ng of total RNA with a Superscript VILO
cDNA synthesis kit (Invitrogen). Real-time reverse transcription-PCR
was performed with Tagman gene expression assays (Applied Biosystems,
Foster City, CA) or SYBR Premix Ex Taq (TaKaRa) using an ABI PRISM
7000 Sequence Detector (Applied Biosystems). Relative quantification
was performed against a standard curve and the values were normalized
against the input determined for the housekeeping gene, glyceraldehyde
3-phosphate dehydrogenase. The primer sequences used in this study are
described in Supplementary Table S1.

Immunohistochemistry. The cells were fixed with methanol or 4% para-
formaldehyde (Wako). After blocking with phosphate-buffered saline
containing 2% BSA (Sigma) and 0.2% Triton X-100 (Sigma), the cells
were incubated with primary antibody at 4°C for 16 hours, followed by
incubation with a secondary antibody that was labeled with Alexa Fluor
488 (Invitrogen) or Alexa Fluor 594 (Invitrogen) at room temperature for
1 hour. All the antibodies are listed in Supplementary Table S2.

Assay for CYP activity. To measure cytochrome P450 3A4, 2C9, and 1A2
activity, we performed Lytic assays by using a P450-GloTM CYP3A4
Assay Kit (Promega, Madison, WI). For the CYP3A4 and 2C9 activity
assay, undifferentiated human ESCs, the hepatocyte-like cells, and pri-
mary human hepatocytes were treated with rifampicin (Sigma), which
is the substrate for CYP3A4 and CYP2C9, at a final concentration of
25 umol/l or DMSO (0.1%) for 48 hours. For the CYP1A2 activity assay,
undifferentiated human ESCs, the hepatocyte-like cells, and primary
human hepatocytes were treated with omeprazole (Sigma), which is the
substrate for CYP1A2, at a final concentration of 10 uM or DMSO (0.1%)
for 48 hours. We measured the fluorescence activity with a luminometer
(Lumat LB 9507; Berthold, Oak Ridge, TN) according to the manufac-
turer’s instructions.

Pyronin Y/Hoechst Staining. Human ESC-derived cells were stained with
Hoechst33342 (Sigma) and Pyronin Y (PY) (Sigma) in Dulbecco’s modi-
fied Eagle medium (Wako) supplemented with 0.2 mmol/l HEPES and 5%
FCS (Invitrogen). Samples were then placed on ice for 15 minutes, and
7-AAD was added to a final concentration of 0.5 mg/ml for exclusion of
dead cells. Fluorescence-activated cell-sorting analysis of these cells was
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performed on a FACS LSR Fortessa flow cytometer (Becton Dickinson)
equipped with a UV-laser.

Cellular uptake and excretion of ICG. ICG (Sigma) was dissolved in
DMSO at 100 mg/ml, then added to a culture medium of the hepatocyte-
like cells to a final concentration of 1 mg/ml on day 20 of differentiation.
After incubation at 37°C for 60 minutes, the medium with ICG was
discarded and the cells were washed with phosphate-buffered saline. The
cellular uptake of ICG was then examined by microscopy. Phosphate-
buffered saline was then replaced by the culture medium and the cells
were incubated at 37 °C for 6 hours. The excretion of ICG was examined
by microscopy.

Periodic Acid-Schiff assay for glycogen. The hepatocyte-like cells were
fixed with 4% paraformaldehyde and stained using a Periodic Acid-Schiff
staining system (Sigma) on day 20 of differentiation according to the man-
ufacturer’s instructions.

Cell viability tests. Cell viability was assessed by Alamar Blue assay kit
(Invitrogen). After treatment with test compounds*~* (troglitazone, acet-
aminophen, cyclophosphamide, and carbamazepine) (all from Wako) for 2
days, the culture medium was replaced with 0.5 mg/ml solution of Alamar
Blue in culturing medium and cells were incubated for 3 hours at 37°C.
The supernatants of the cells were measured at a wavelength of 570nm
with background subtraction at 600 nm in a plate reader. Control refers to
incubations in the absence of test compounds and was considered as 100%
viability value.

Uptake of LDL. The hepatocyte-like cells were cultured with medium con-
taining Alexa-488-labeled LDL (Invitrogen) for 1 hour, and then the cells
that could uptake LDL were assessed by immunohistochemistry and flow
cytometry.

Primary human hepatocytes. Cryopreserved human hepatocytes were
purchased from CellzDirect (lot Hu8072). The vials of hepatocytes were
rapidly thawed in a shaking water bath at 37 °C; the contents of the vial were
emptied into prewarmed Cryopreserved Hepatocyte Recovery Medium
(CellzDirect) and the suspension was centrifuged at 100g for 10 minutes
at room temperature. The hepatocytes were seeded at 1.25 x 10° cells/cm?
in hepatocyte culture medium (Lonza, Walkersville, MD) containing
10% FCS (GIBCO-BRL) onto type I collagen-coated 12-well plates. The
medium was replaced with hepatocyte culture medium containing 10%
FCS (GIBCO-BRL) 6 hours after seeding. The hepatocytes, which were
cultured 48 hours after plating the cells, were used in the experiments.

SUPPLEMENTARY MATERIAL

Figure S1. Genome-wide screening of transcription factors involved
in hepatic differentiation emphasizes the importance of the transcrip-
tion factor HNF4a.

Figure $2. Summary of specific markers for DE cells, hepatoblasts,
hepatocytes, cholangiocytes, and pancreas cells.

Figure $3. The formation of DE cells, hepatoblasts, hepatocytes, and
cholangiocytes from human ESCs.

Figure S4. Overexpression of HNF40. mRNA in hepatoblasts by Ad-
HNF4o transduction.

Figure $5. Time course of LacZ expression in hepatoblasts transduced
with Ad-LacZ.

Figure $6. The morphology of the hepatocyte-like cells.

Figure $7. Upregulation of the expression levels of conjugating en-
zymes and hepatic transporters by HNF4o. transduction.

Figure $8. Upregulation of the expression levels of hepatic transcrip-
tion factors by HNF4o transduction.

Figure $9. Generation of hepatocytes from various human ES or iPS
cell lines.

Figure $10. Promotion of MET by HNF4a transduction.

136

© The American Society of Gene & Cell Therapy

Figure $11. Arrest of cell growth by HNF4o transduction.
Table $1. List of Tagman probes and primers used in this study.
Table $2. List of antibodies used in this study.
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ARTICLE INFO ABSTRACT

Host tropism of hepatitis C virus (HCV) is limited to human and chimpanzee. HCV infection has never
been fully understood because there are few conventional models for HCV infection. Human induced plu-
ripotent stem cell-derived hepatocyte-like (iPS-Hep) cells have been expected to use for drug discovery to
predict therapeutic activities and side effects of compounds during the drug discovery process. However,
the suitability of iPS-Hep cells as an experimental model for HCV research is not known. Here, we inves-
tigated the entry and genomic replication of HCV in iPS-Hep cells by using HCV pseudotype virus (HCVpv)
and HCV subgenomic replicons, respectively. We showed that iPS-Hep cells, but not iPS cells, were sus-
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Eig?;%?te ceptible to infection with HCVpv. The iPS-Hep cells expressed HCV receptors, including CD81, scavenger
Replication receptor class B type 1 (SR-BI), claudin-1, and occludin; in contrast, the iPS cells showed no expression of

SR-BI or claudin-1. HCV RNA genome replication occurred in the iPS-Hep cells. Anti-CD81 antibody, an
inhibitor of HCV entry, and interferon, an inhibitor of HCV genomic replication, dose-dependently atten-
uated HCVpv entry and HCV subgenomic replication in iPS-Hep cells, respectively. These findings suggest

Experimental model

that iPS-Hep cells are an appropriate model for HCV infection.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Hepatitis Cvirus (HCV),a hepatotropic member of the Flaviviridae
family, is the leading cause of chronic hepatitis, cirrhosis and hepa-
tocellular carcinoma. Approximately 130-200 million people are
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RT, reverse transcription; PCR, polymerase chain reaction; GAPDH, glyceraldehyde
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estimated to be infected with HCV worldwide. Each year, 3-4 million
people are newly infected with HCV [1]. Thus, overcoming HCV is a
critical issue for the World Health Organization.

HCV contains a positive strand ~9.6 kb RNA encoding a single
polyprotein (~3000 aa), which is cleaved by host and viral prote-
ases to form structural proteins (core, E1, E2, and p7) and non-
structural proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) [1].
These virus proteins might be potent targets for anti-HCV drugs.
However, combination therapy with interferon and ribavirin,
which often causes severe side-effects leading to treatment termi-
nation, has been the only therapeutic choice [2]. Very recently, new
direct antiviral agents have been approved or are under clinical tri-
als; these agents include NS3 protease inhibitors, NS5A inhibitors,
and NS5B polymerase inhibitors [2-4]. However, the emergence of
drug resistance is a serious problem associated with the use of di-
rect antiviral agents [5].

Host targets are alternative targets for the development of anti-
HCV drugs. A liver-specific microRNA (miRNA), miR-122, facilitates
the replication of the HCV RNA genome in cultured liver cells [6].
Administration of a chemically modified oligonucleotide comple-
mentary to miR-122 results in long-lasting suppression of HCV with
no appearance of resistant HCV in chimpanzees [7]. Epidermal
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growth factor receptor (EGF-R) and ephrin factor A2 (EphA2) are
host cofactors for HCV entry [8]. Inhibitors of EGF-R and EphA2
attenuated HCV entry, and prevented the appearance of viral escape
variants [8]. These findings strongly indicate that identification of
host factors associated with infection of human liver by HCV is a po-
tent strategy for anti-HCV drug development. Because the host tro-
pism of HCV is limited to human and chimpanzee [9], there is no
convenient model for the evaluation of HCV infections. This has
led to a delay in the development of anti-HCV agents targeting host
factors.

Takahashi and Yamanaka developed human induced pluripo-
tent stem (iPS) cells from human somatic cells [10]. The stem cells
can be redifferentiated in vitro, leading to new models for drug dis-
covery, including iPS-based models for drug discovery, toxicity
assessment, and disease modeling [11,12].

Recently, several groups reported that iPS cells can be success-
fully differentiated into hepatocyte-like (iPS-Hep) cells that show
many functions associated with mature hepatocytes [13-19]. How-
ever, whether iPS-Hep cells are suitable as a model for HCV infec-
tion has not been fully determined. Here, we investigated HCV
entry and genomic replication in iPS-Hep cells by using HCV pseud-
otype virus (HCVpv) and HCV subgenomic replicons, respectively.

2. Materials and methods

2.1. Cell culture

Huh?7 cells were cultured in Dulbecco's modified Eagle’s medium
supplemented with 10% fetal calf serum (FCS). An iPS cell-line (Dot-
com) generated from the human embryonic lung fibroblast cell-line
MCR5 was obtained from the Japanese Collection of Research
Bioresources Cell Bank [20,21]. The iPS cells were maintained on a
feeder layer of mitomycin C-treated mouse embryonic fibroblasts
(Millipore, Billerica, MA) in iPSellon culture medium (Cardio, Hyo-
g0, Japan) supplemented with 10 ng/ml fibroblast growth factor-2.

2.2. In vitro differentiation

Before the initiation of cellular differentiation, the medium of
the iPS cells was replaced with a defined serum-free medium,
hESF9, and the cells were cultured as previously reported [22].
The iPS cells were differentiated into iPS-Hep cells by using adeno-
virus (Ad) vectors expressing SOX17, the homeotic gene HEX or
hepatocyte nuclear factor 4o (HNF-4a) in addition to the appropri-
ate growth factors, cytokines, and supplements, as described previ-
ously [19].

2.3. Reverse transcription (RT)-polymerase chain reaction (PCR)
analysis of HCV receptors

Total RNA samples were reverse-transcribed using the Super-
Script VILO cDNA Synthesis Kit (Invitrogen, Carlsbad, CA), and the
resultant cDNAs were PCR amplified by using Ex Taq DNA polymer-
ase (TaKaRa Bio Inc., Shiga, Japan) and specific paired-primers for
CD81 (5'-cgccaaggatgtgaagcagttc-3’ and 5’'-tcccggagaagaggtcate-
gat-3'), scavenger receptor class B type I (SR-BI; 5'-attccgatcagtgcaa
catga-3’ and 5'-cagttttgcttcctgeageacag-3'), claudin-1 (5'-tcagcact
geectgecccagt-3' and 5'-tggtgttgggtaagaggttgt-3'), occludin (5'-tca
gggaatatccacctatcacttcag-3’ and  5’-catcagcagcagccatgtactcttcac-
3", or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (5'-tct
tcaccaccatggagaag-3' and 5'-accacctggtgctcagtgta-3'). The expected
sizes of the PCR products were 245 bp for CD81, 788 bp for SR-BI,
521 bp for claudin-1, 189 bp for occludin, and 544 bp for GAPDH.
The PCR products were separated on 2% agarose gels and visualized
by staining with ethidium bromide.

2.4. HCVpv infection

Pseudotype vesicular stomatitis virus (VSV) bearing HCV enve-
lope glycoproteins (HCVpv) and VSV envelope glycoproteins
(VSVpv) were prepared as described previously [23]. iPS, iPS-Hep
and Huh?7 cells were treated with HCVpv or mixtures of HCVpv or
VSVpv and anti-CD81 monoclonal antibody (JS-81; BD Biosciences,
Franklin Lakes, NJ) or control mouse IgG for 2 h. After an additional
24 h of culture, the luciferase activities were measured by using a
commercially available kit (PicaGene, Toyo Ink, Tokyo, Japan).

2.5. Preparation of Ad vector expressing the HCV replicon

Ad vectors expressing a tetracycline (tet)-controllable and RNA
polymerase (pol) I promoter-driven HCV subgenomic replicon con-
taining renilla luciferase (AdP;235-HCV), a replication-incompetent
HCV subgenomic replicon containing renilla luciferase (AdP,235-
AGDD), tet-responsive trans-activator (Ad-tTA) or a tet-controlla-
ble RNA pol-1 driven firefly luciferase (AdP;235-fluc) were prepared
by using an in vitro ligation method as described previously
[24-26]. The biological activity (infectious unit) of the Ad vectors
was measured by using an Adeno-X rapid titer kit (Clontech,
Mountain View, CA).

2.6. HCV replication assay

iPS, iPS-Hep and Huh7 cells were infected with AdP,;235-HCV or
AdP235-AGDD at multiplicity of infection (MOI; infectious unit per
cell) of 3, and Ad-tTA at MOI of 15. After 24 h; the cells were treated
with 10 pg/ml of doxycycline (Dox) for 48 h. Renilla luciferase
activities in the lysates were then measured with the use of the
Renilla Luciferase Assay System (Promega, Madison, WI). To nor-
malize for the infectivity of Ad vector, iPS, iPS-Hep and Huh?7 cells
were co-infected with AdP;235-fluc (3 MOI) and Ad-tTA (15 MOI).
After a 72-h incubation; the firefly luciferase activities in the lysates
were measured, and the renilla luciferase activities were normal-
ized by dividing by the corresponding firefly luciferase activities.

2.7. Quantitative analysis of plus- and minus-strand HCV RNA

iPS, iPS-Hep and Huh7 cells were co-infected with AdP;235-HCV
or AdP;235-AGDD (3 MOI), and Ad-tTA (15 MOI). After 24 h, the cells
were treated with 10 pg/ml of Dox for 48 h. Total RNA was reverse-
transcribed into cDNA by using the Thermoscript reverse transcrip-
tase kit (Invitrogen) as described previously [27,28]. Real-time PCR
was performed with SYBR Premix Ex Taq (TaKaRa Bio Inc.) by using
Applied Biosystems StepOne Plus (Applied Biosystems, Foster City,
CA). The transcription products of the HCV plus-strand RNA,
minus-strand RNA, and GAPDH gene, were amplified by using spe-
cific primers for HCV plus-strand RNA (RC1 primer, 5'-gtctagc-
catggcgttagta-3’; and RC21 primer, 5'-ctcccggggeactcgeaage-3'),
HCV minus-strand RNA (tag primer, 5'-ggccgtcatggtggcgaataa-3;
and RC21 primer), and GAPDH (5'-ggtggtctcctctgacttcaaca-3' and
5'-gtggtegttgagggeaatg-3'), respectively. The copy numbers of the
transcription products of the HCV plus- and minus-strand RNA were
normalized with those of the GAPDH gene and infectivity of Ad vec-
tor as described in the Section 2.6.

2.8. Inhibition of HCV replication by interferon-o8

iPS-Hep and Huh7 cells were infected with AdP235-HCV (3
MOI) and Ad-tTA (15 MOI). After 24 h of infection, the cells were
treated with 10 pg/ml of Dox and recombinant human inter-
feron-o8 (IFN) at the indicated concentration. After an additional
48-h incubation, renilla luciferase activity in the lysates was mea-
sured with the use of the Renilla Luciferase Assay System. Cell
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viability was measured with the use of a WST-8 kit (Nacalai Tes-
que, Kyoto, Japan).

3. Results
3.1. Infection of iPS-Hep cells with HCVpv

HCV entry requires sequential interaction between the enve-
lope proteins and multiple cellular factors, including CD81, SR-BI,
claudin-1, and occludin [29]. To investigate expression of these
receptors in iPS-Hep cells, we performed RT-PCR analysis. iPS cells
expressed CD81 and occludin, but not SR-BI and claudin-1. In con-
trast, iPS-Hep and Huh7 cells expressed all four receptors (Fig. 1A).
HCVpv have been widely used in studies of the mechanism of HCV
entry and in screens for inhibitors of HCV infection [30]. We there-
fore investigated HCVpv infection in iPS-Hep cells. iPS cells showed
no susceptibility to HCVpv infection. In contrast, HCVpv dose-
dependently infected iPS-Hep cells as well as Huh7 cells, a popular
model cell line for HCV research (Fig. 1B). Treatment of the cells
with IgG did not affect susceptibility of iPS-Hep or Huh7 cells to
HCVpv infection, even at 1gG concentrations of 1 pg/ml. In contrast,
anti-CD81 antibody dose-dependently inhibited HCVpv infection
of iPS-Hep and Huh7 cells, and the antibody treatment did not af-
fect infection of VSVpv with iPS-Hep (Fig. 1C). These findings sug-
gest that iPS-Hep cells are a useful model for HCV infection.
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3.2. Replication of subgenomic HCV RNA in iPS-Hep cells

We previously developed Ad vectors containing tet-controlla-
ble and RNA pol I-driven HCV RNA subgenomic replicons
(AdP;235-HCV [replication competent], and AdP235-AGDD [rep-
lication incompetent]). The replicons encoded luciferase, and
monitoring of luciferase activity in infected cells was a simple
and convenient method to evaluate HCV replication [24]. Here,
we found cells transduced with the replication-competent HCV
replicon expressed luciferase in iPS-Hep cells, but not in iPS cells
(Fig. 2A). In contrast, cells transduced with the replication-incom-
petent HCV replicon did not express luciferase (Fig. 2A). Taken
together, these results suggest that replication of the HCV RNA
genome occurred in the iPS-Hep cells. To confirm replication of
the HCV genome, we investigated production of minus-strand
HCV RNA from the positive-strand HCV RNA genome by perform-
ing real time-PCR analysis. The results of this analysis showed
that minus-strand HCV RNA was produced in iPS-Hep cells and
Huh7 cells, but not in iPS cells (Fig. 2B). To investigate whether
the iPS-Hep cells could be used to screen for drugs that suppress
HCV replication, we treated the cells with a suppressor of HCV
replication, IFN. Treatment with IFN resulted in dose-dependent
attenuated replication of the HCV genome with no cytotoxicity
(Fig. 3A and B). These findings suggest that the iPS-Hep cells
are a suitable system to use for monitoring the replication of
the HCV RNA genome.
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Fig. 1. HCV infection assay in iPS-Hep cells. (A) Expression of HCV receptors in iPS-Hep cells. Total RNA samples from Huh7, iPS, and iPS-Hep cells were subjected to RT-PCR
analysis as described in the Section 2. The PCR products were separated on 2% agarose gels, followed by staining with ethidium bromide. (B) Infection of iPS-Hep cells with
HCVpv. iPS, iPS-Hep and Huh7 cells were infected with HCVpv at the indicated dilution. After 2 h of infection, the cells were cultured with fresh medium for 24 h. Then,
luciferase activities were measured. Data are presented as means + SD (n = 3). (C) Effect of anti-CD81 antibody on infection of iPS-Hep cells with HCVpv. iPS-Hep (upper panel)
and Huh7 (lower panel) cells were treated with mixtures of HCVpv (open column) or VSVpv (gray column) and anti-CD81 antibody or control mouse IgG at the indicated
concentrations. After a 2-h incubation, the cells were cultured with fresh medium for 24 h. Then, the luciferase activities were measured. Data represent the percentage of

vehicle-treated cells. Data are presented as means =SD (n=3).



