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A balanced deoxyribonucleotide (dNTP) supply is essen-
tial for DNA repair. Here, we found that ribonucleotide
reductase (RNR) subunits RRM1 and RRM2 accumu-
lated very rapidly at damage sites. RRM1 bound physi-
cally to Tip60. Chromatin immunoprecipitation analyses
of cells with an I-Scel cassette revealed that RRM1 bound
to a damage site in a Tip60-dependent manner. Active
RRM1 mutants lacking Tip60 binding failed to rescue an
impaired DNA repair in RRM1-depleted G1-phase cells.
Inhibition of RNR recruitment by an RRM1 C-terminal
fragment sensitized cells to DNA damage. We propose

that Tip60-dependent recrnitment of RNR plays an es-

sential role in dNTP supply for DNA repair.
Supplemental material is available at http://www.genesdev.org.
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Maintenance of the optimal intracellular concentrations
of deoxyribonucleotides (dNTPs) is critical not only for
faithful DNA synthesis during DNA replication and
repair, but also for the survival of all organisms. Ribonu-
cleotide reductase (RNR), composed of a tetrameric com-
plex of two large catalytic (RRM1) subunits and two small
subunits [RRM2 or 53R2), catalyzes de novo synthesis of
dNTPs from the corresponding ribonucleotides [Reichard
1993). This reaction is the rate-limiting process in DNA
precursor synthesis and is regulated by multiple complex
mechanisms, including transcriptional and subcellular
localization regulation of RNR {Nordlund and Reichard
2006). In order to duplicate their chromosomal DNA,
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mic instability; DNA double-strand breaks]
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mammalian S-phase cells possess 15-20 times more
dNTP pools than resting quiescent cells, whereas whole
dNTP peols were almost unchanged after DNA damage,
suggesting the presence of a unique mechanism that
supplies a sufficient quantity of ANTPs at repair sites
{Hakansson et al. 2006). DNA synthesis must function
properly in both repair and replication (INTP concentra-
tions in fibroblasts were estimated to be as follows: ~0.5
M in GO/G1-phase cells, and ~10 uM in S-phase cells,
given that the average volume of a fibroblast is 3.4 pL}
{Imaizumi et al. 1996). Although the amount of dNTPs
required for DNA repair is small, their concentration
during DNA synthesis is critical because DNA poly-
merase involved in DNA repair {Kraynov et al. 2000;
Johnson et al. 2003) has similar kinetic affinities for
dNTPs (~10 wM) to those involved in DNA replication
(~10 pM) (Dong and Wang 1995). Therefore, the dNTPs
might be compartmentalized close to the damage sites
during the DNA repair process. In this study, we show
that, in mammals, both RRMI1 and RRM2 rapidly accu-
mulated at double-strand break {DSB| sites in a Tip60-
binding-dependent manner.

Results and Discussion

In order to understand the mechanisms by which dNTPs
are sufficiently supplied at DNA damage sites in mam-
mals, we first examined changes in the subcellular
localization of RRM1 and RRM2 subunits after ionizing
irradiation (IR) irradiation. Although both RRMI and
RRM2 predominantly localized in the cytoplasm as
reported previously [Pontarin et al. 2008), we also
detected trace, but significant, signals of both proteins
in chromatin fraction (see Fig. 1C; Supplemental Fig.
S4A-D). After removing soluble RNR proteins by de-
tergent extraction, we found that RRMI and RRM2
proteins formed nuclear foci that colocalized with
vYH2AX (Fig. 1A). RRMI nuclear foci were not evident
without DNA damage {Supplemental Fig. S1A) or after
RRM1 depletion by siRNA (Supplemental Fig. S1B).
Ultravioulet A (UVA) microirradiation resulted in the
accumulation of RRM1 and RRM2 along microirradiated
lines as early as 5 min after treatment [Fig. 1B). These
accumulations were also observed when cells were not
subjected to detergent extraction or preincubation with
BrdU (Supplemental Fig. S2A B), but were significantly
compromised when Rl expression was knockdown by
siRNA (Supplemental Figs. S2C, S4B}, excluding the
possibility that accumulated signals at DSB sites were
artifacts during cell-staining processes. These results
indicated that RNR, at least in part, was rapidly recruited
to DSB sites.

In order to determine the molecular basis underlying
RNR recruitment at the sites of DSBs, we performed
yeast two-hybrid screening using RRM1 as a bait. Of a total
of 5 X 10° transformants from a HeLa cell cDNA library,
45 positive colonies were confirmed to be lacZ-positive.
They contained overlapping ¢cDNAs derived from three
genes: RRM2 and 53R2 (both encoding a small subunit of
RNR), and another encoding Tip60 histone acetyltransfer-
ase {Tip60). Small C-terminal RRM1 deletion mutants
(A761-C and A781-C] failed to bind Tip60, but retained the
ability to bind to RRM2 (Supplemental Fig. $3A}. In
contrast, the N-terminal truncation mutant of Tip60
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Figure 1. Tip60-dependent recruitment of RNR at DSB sites. (A)
HelLa cells were exposed to IR at 1 Gy, subjected to in situ detergent
extraction after 5 min, and immunostained with the indicated
antibodies. Bars, 5 pm. (B) GM02063 cells were subjected to UVA
microirradiation and immunostained with the indicated anti-
bodies after 5 min. RRM1 or RRM2 and yH2AX signals are shown
in green and red, respectively, in merged images. Bars, 10 pm. {C) IR-
irradiated HeLa cell lysates treated with the indicated siRNAs were
fractionated as described in the Materials and Methods. (Left panels)
The fractions were subjected to immunoblotting using the indicated
antibodies. (Right panel) The RRM1 bands were quantitated, and the
results are presented as percentages of S1 fraction. Data are mean =
standard deviation (n = 3). (D) Sf9 lysates expressing RRMI1-HA,
RRM2, or GST-His-Tip60 were subjected to GST pull-down or HA
pull-down assays using the indicated antibodies. (E] Chromatin frac-
tions from IR- or mock-treated HeLa cells (after 5 min) were solu-
bilized with micrococcal nuclease. The solubilized extracts were
immunoprecipitated with anti-Tip60 antibodies or control IgG. The
resulting precipitates and a 10% input (1/10 Input) were immuno-
blotted with the indicated antibodies. {F) The affinity-purified Tip60
complexes, as described in the Materials and Methods, were sub-
jected to immunoblotting using the indicated antibodies. (G)
GMO02063 cells were treated with control, Tip60, or GFP siRNAs
and then subjected to UVA microirradiation as in B.

(TC2) could interact with RRM1, but no mutant with any
additional truncation of TC2 was able to do so [Supple-
mental Fig. S3B). Full-length Tip60 failed to bind full-
length RRM2 (Supplemental Fig. S3C). We generated the
C-terminal fragment of RRM1 (amino acids 701-792) with
a SV40 nuclear localization signal [INLS-RCI-HA) and
examined its ability to bind Tip60 in vivo and in vitro.
NLS-RC1-HA, but not a control NL-GFP-HA fragment,
was detected in the anti-Myc immunoprecipitates when
transiently coexpressed with Tip60-Myc (Supplemental
Fig. S3D). Purified MBP-fused RC1 produced in Escher-
ichia coli was capable of binding to GST-Tip60 expressed
in insect cells (Supplemental Fig. S3E). Both A761-C and
A781-C failed to bind chromatin, further confirming that
the binding of RRM1 to chromatin required its interaction
with Tip60 (Supplemental Fig. S3F).

Similarly to Chkl (Niida et al. 2007; Shimada et al.
2008), endogenous RRM1 was present in cytosolic (S1),
nucleoplasmic (S2), and chromatin-bound (P2} fractions
{Supplemental Fig. S4A). Tip60 existed predominantly in
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the chromatin-bound fraction (P2). Both RRM1 and Tip60
proteins in this fraction were partly solubilized by treat-
ment with micrococcal nuclease (Mnase), suggesting that
they associated with chromatin. RRM1 knockdown
showed a significant decrease of RRM1 protein levels in
both soluble and chromatin-bound fractions (Supplemen-
tal Fig. S4B). IKKa and Orc2 were detected predominantly
in soluble and chromatin fractions, respectively, indicat-
ing that cell fractionation was done successfully. Ectopic
RRMI1-HA present in the chromatin fraction was in-
creased when Tip60-Myc-His was coexpressed, although
a low level of RRM1-HA was detected in the absence of
Tip60-Myc-His, presumably due to the presence of en-
dogenous Tip60 (Supplemental Fig. S4C). The amounts of
RRMI1 and Tip60 bound to the chromatin were not af-
fected by DNA damage (Supplemental Fig. S4D). How-
ever, depletion of Tip60 resulted in a reduction in the
amount of RRM1 on chromatin (Fig. 1C). Taken together,
chromatin binding of RRM1 appeared to be Tip60-
dependent. RRM1-HA, but not the RRM2 subunit alone,
formed a complex with GST-His-Tip60 in insect cells
[Fig. 1D, left panels). RRM2 also formed a complex with
GST-His-Tip60 in 2 manner dependent on the presence of
RRMI-HA. Consistently, accumulation of RRM2 at DSB
sites was compromised when RRM1 was depleted (Sup-
plemental Fig. S2D). Immunoprecipitations using anti-
HA antibodies demonstrated that RRM1-HA bound to
both RRM2 and GST-His-Tip60 (Fig. 1D, right panels).
RRMI and RRM2 were detected in the precipitates of
anti-Tip60 antibodies from the solubilized chromatin,
even in the absence of DNA damage (Fig. 1E). To further
confirm the interaction between RNR and Tip60, we
purified the Tip60 complex from HeLa cell nuclear
extracts expressing Flag-HA Tip60 as reported previously
(Ikura et al. 2000, 2007). RRM1 and RRM2, as well as
PAF400/TRRAP as a positive control (Murr et al. 2006),
were detected in Tip60 complex from extracts with or
without DNA damage (Fig. 1F). Tip60 knockdown by
siRINA or shRN A abrogated accumulation of RRM1 along

" with microirradiated lines (Fig. 1G; Supplemental Fig.

S2E). These results suggested that RRM1 recruitment at
DSB sites was Tip60-dependent.

To determine precisely whether RRM1 was recruited
at the site of DNA damage, we generated Ku-deficient
mouse embryonic fibroblasts (MEFs) in which a single
DSB was introduced after infection with adenoviruses
expressing I-Scel. This DSB was not rapidly repaired by
nonhomologous end-joining, making it easy to detect pro-
teins accumulating at this DSB site by chromatin immu-
noprecipitation (ChIP) analysis (STEFKu70~/~phprt-DR-
GFP) (Fig. 2A,; Pierce et al. 2001). Introduction of the DSB
was confirmed by Southern blotting (Supplemental Fig.
S5). ChIP analyses revealed a substantial increase in the
binding of RRM1 as well as Rad51 and Tip60 to a DNA
break site. An increase in acetylation of histone H4 was
also observed at the damage site (Fig. 2B). These were not
seen on infection with control LacZ. Tip60 depletion by
two independent siRNAs resulted in a loss of RRMI1
binding to a DSB site, as well as a reduction in acetylation
of histone H4 (Fig. 2C). A mutant Tip60 lacking histone-
acetylating activity could recruit RRM1 to the DSB site
similarly to wild-type RRM1 (Supplemental Fig. S6A).
Inhibition of ATM, ATR, and DNA-PK by caffeine did
not affect RRM1 recruitment (Supplemental Fig. S6B).
These results further supported the notion that complex
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Figure 2. RRMI is recruited at DSB sites in a Tip60-dependent
manner. (A) Map of the I-Scel cassette construct containing the

- 1-Scel site, the probe for Southern blotting, and a set of primers for
the ChIP assay. {B] STEFKu70~/~phprt-DR-GFP cells infected with
I-Scel adenoviruses were subjected to ChIP analysis using the in-
dicated antibodies as described in the supporting Materials and
Methods. Data are shown as percentages of increases in PCR prod-
ucts from cells expressing I-Scel (I-Scel) relative to those from cells
expressing Lac Z (LZ). Data are mean * standard deviation (n = 3).
|C) STEFKu70~'~phprt-DR-GFP cells were transfected with two
independent Tip60 siRNAs (Tip60-1 and Tip60-2) or control siRNA.
ChIP analysis was performed as in B. (Bottom panels) Aliquots of
cell lysates were subjected to immunoblotting using anti-Tip60
antibodies. (D) The constructs used are schematically represented,
and the specific interaction between RRM1 mutants and Tip60
was assayed using yeast two-hybrid screening. (E) An in vitro RNR
assay of complexes containing wild-type or various RRM1 mutants
was performed as described in the Materials and Methods. (Black
bars] —HU; (white bars) +HU (10 mM). Data are mean * standard
deviation (n = 3). (F) Sf9 lysates expressing GST-His-Tip60 and the
indicated RRM1-HA were subjected to GST pull-down assay using
the indicated antibodies. (G) Knockout-knock-in STEFKu70~'~phprt-
DR-GFP cells expressing wild-type or A776CA781-C RRMI-HA
were generated by transfection with vectors for either wild-type or
A776CA781-C RRMI and then with RRM1 siRNA. Expression vec-
tors of wild type and A776CA781-C contain mutations in a specific
sequence targeted by siRNA. (Top panel] Cells were subjected to
ChIP analysis using anti-HA antibodies as in B. (Bottom panels)
Aliquots of cell lysates were subjected to immunoblotting using the
indicated antibodies.

formation between RNR and Tip6é0 is required for re-
cruitment of RNR to sites of DNA damage.

We then examined if RNR recruitment at damage sites
was required for effective DNA repair. We first generated
RRM1 mutants that lack the ability to bind Tip60 but
retain RNR activity. Given that the C-terminal CXXC
motif of RRMI is important for RNR function (Zhang
et al. 2007), we constructed RRM1 mutants containing
the CXXC motif but lacking Tip60-binding ability (A761-
786 and A776CA781-C) (Fig. 2D). Wild-type RRM1 or its
mutants were coexpressed with RRM2 in insect cells, and
the resultant complexes were subjected to an in vitro
RNR assay (Fukushima et al. 2001). RNR complexes con-
taining wild-type, A761-786, and A776CA781-C RRM1
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retained hydroxyurea (HU)-sensitive RNR activity {(HU is
a specific RNR inhibitor), whereas an inactive C429S
mutant or GST protein as a negative control did not show
RNR activity (Fig. 2E). The specific activity of RNR con-
taining wild-type, A761-787, and A776CA781-C RRM1
(~50 nmol/mg per minute) was similar to that reported
previously (Guittet et al. 2001}, confirming the reliability
of our results. The A776CA781-C mutant failed to form
a complex with GST-Tip60 (Fig. 2F). ChIP analysis using
RRM! knockout-knock-in STEFKu70~/~phprt-DR-GFP
cells revealed that the A776CA781-C mutant failed to
accumulate at the DSB site (Fig. 2G). These results in-
dicated that direct interaction of RRMI to Tip60 is re-
quired for triggering its accumulation at the DSB site.

A comet assay revealed that DNA damage in cells was
repaired efficiently within 1 h in the absence of HU.
However, treatment with HU, and RRM1 or RRM2
depletion, resulted in an impairment of DNA repair
(Fig. 3A,B). RNR activity was thus essential for effective
repair. Ectopic expression of wild-type RRM1 with mu-
tations in a specific sequence targeted by siRNA effec-
tively rescued the impaired DNA repair in cells depleted
of endogenous RRM1 (Fig. 3C). In contrast, ectopic expres-
sion of C429S, A761-786, and A776CA781-C RRM1 failed
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Figure 3. Recruitment of active RNR at DNA damage sites is
a prerequisite for effective DNA repair. (A) HeLa cells were treated
with (open bars) or without (filled bars) 2.5 mM HU, exposed to IR (4
Gy), and subjected to a comet assay as described in the Materials and
Methods. The results were obtained by counting at least 50 cells
per sample in three independent experiments. (B HeLa cells were
transfected with a control (filled bars) or RRM1 or RRM2 siRNA
(open bars), and DNA repair was evaluated as in A. Cell lysates were
subjected to immunoblotting using the indicated antibodies. (C)
HelLa cells were transfected with or without (filled bars) either wild-
type (gray bars), C429S (open bars), A776CA781-C (dotted), or A761-
786 (hatched) RRM1. RRMI1-transfected cells were then transfected
with RRM1 siRNA. Expression vectors of wild type and various
RRM1 mutants contain mutations in a specific sequence targeted by
siRNA. DNA repair activity and expression of RRM1 were examined
as in B. (D) Knockout-knock-in Hela cells expressing wild type or
A776CA781-C RRM1-HA were exposed to IR, and cell lysates were
subjected to immunoblotting as in C.
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to do so. ATM was activated independently of Tip60
binding to RNR, but this activation was enhanced and
prolonged in cells expressing A776CA781-C, presumably
due to impaired DNA repair (Fig. 3D). It is therefore
conceivable that recruitment of active RNR at DNA
damage sites is a prerequisite for effective DSB repair,
but not for activation of checkpoint signaling. Tip60 is
also known to participate in transcriptional regulation of
several genes. Neither RRM1 nor RRM2 proteins were
affected by Tip60 depletion or overexpression {Supplemen-
tal Fig. S7), indicating that the effect of Tip60 did not result
" from changes in RRMI and RRM2 expression.

ChIP analyses revealed that NLS-RC1-HA specifically
inhibited RRM1 binding, but did not affect Rad51 or
Tip60 binding, or increase H4 acetylation at the DSB site
in STEFKu70~'~phprt-DR-GFP celis (Fig. 4A). Expression
of NLS-RC1-HA suppressed accumulation of endogenous
RRM1 at DNA damage sites (Supplemental Fig. S8A,B),
but did not affect the foci formation of 53BP1 at DSB sites
(Fig. 4B), or complex formation and activity (Supplemen-
tal Fig. S9A,B) of endogenous RNR. However, cells
expressing NLS-RC1-HA, but not NLS-GFP-HA, had
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Figure 4. Inhibition of recruitment of RNR at DSB sites by ectopic
expression of NLS-RC1-HA abrogates DNA repair and sensitizes
cells to DNA damage. (A) STEFKu70~'~phprt-DR-GFP cells express-
ing NLS-RC1-HA (SV40 NLS-RC! fragment, 701-792 amino acids}
or NLS-GFP-HA (GFP fragment, 1-93 amino acids) were subjected
to ChIP analysis as in Figure 2B. {Top panels) Cell lysates were
subjected to immunoblotting using the indicated antibodies. (B, left
panels) Tet-on HeLa cells expressing NLS-RC1-HA or NLS-GFP-HA
were treated with or without tetracycline (1 pg/mL), exposed to IR
[4 Gy), and subjected to immunostaining with the indicated anti-
bodies and a comet assay as in Figure 3A. (Right panels) IR-untreated
lysates were subjected to immunoblotting using the indicated
antibodies. (C) Asterisk (*) represents nonspecific bands. (D) These
cells were exposed to the indicated dose of IR, and a quantitative
colony formation assay was performed 8 d after treatment. Data are
mean * standard deviation (n = 3). (E) Knockout-knock-in HeLa
cells expressing either wild-type (filled bars| or A776CA781-C {open
bars] RRM1-HA were synchronized as described in the Materials and
Methods. Synchronized cells were then released into G1 phase or
S phase (time —3) and exposed to IR (4 Gy) 3 h after release (time 0).
{Right panels) DNA repair was evaluated as in A. [Left panels) Cell
cycle distributions are presented.
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unrepaired DNA in the tail at 2 h (Fig. 4C). A quantitative
colony formation assay was used to examine the DNA
damage sensitivity of cells expressing NLS-RC1-HA. In-
duction of NLS-RC1-HA sensitized cells to IR (Fig. 4D).

Given that levels of ANTP pools are higher during S phase
than during G1 phase (Hakansson et al. 2006), recruitment
of RNR at damage sites may function at a specific phase of
the cell cycle where dNTP pools are low. To address this
issue, we synchronized cells at S phase or G1 phase by
arrest and release of thymidine or nocodazole, respectively.
Recruitment of wild-type RRM1 at a DSB site was observed
at both G1 and S phase (Supplemental Fig. S10). However,
a comet assay revealed that A776CA781-C failed to rescue
the impaired DNA repair in RRM1-depleted cells at G1
phase, but not at S phase (Fig. 4E). Consistently, RRM1
mutation of Tip60 binding slightly sensitizes cells to
Zeocin (Supplemental Fig. S11A), which causes DNA
strand breaks, but not to MMC (Supplemental Fig. S11B),
which can cause interstrand cross-linking repaired mainly
at S-G2 phase. Intriguingly, this G1-phase-specific impair-
ment of DNA repair was restored when excess amounts of
dADP, dGDP, dCDP, and dUMP (250 uM)| were supplied in
the culture medium [Supplemental Fig. 5$12). These results
suggested that recruitment of RNR was required specifi-
cally for effective DNA repair in cells with low levels of
dNTPs. .

The present study suggests that the RNR recruitment
to DSB sites likely provides mechanistic insights into the
regulatory events that ensure a balanced supply of dNTPs
during mammalian DNA repair. RNR appears to form
a complex with Tip60 independently of DNA damage.
Thus, it is possible that the RNR-Tip60 complex might
have an alternative function, such as regulation of tran-
scription. In response to DNA damage, regulation of the
RNR subunit by Wtml and Difl in budding yeast is
radically different in terms of cellular localization (Lee
and Elledge 2006; Lee et al. 2008) from that observed in
the present study; however, important changes in the
subcellular localization of RNR might be conserved.

. Given that Tip60 is a key regulator of DNA damage

responses, the concomitant recruitment of RNR at dam-
age sites suggests the presence of a synthetic regulatory
mechanism for DNA repair in mammals.

Materials and methods

Antibodies

Antibodies used were as follows: a-Rad51 {Ab-1, Oncogene Research
Products), a-RRM1 (sc-11733 and sc-11731, Santa Cruz Biotechnologies|,
«-HA (11 666 606 001, Roche Applied Sciences; and PM002, MBL), a-Myc
(sc-40 and sc-789, Santa Cruz Biotechnologies), a-RRM2{sc-10844, Santa
Cruz Biotechnologies), o-GST (sc-459, Santa Cruz Biotechnologies),
a-Chk1 {sc-8408, Santa Cruz Biotechnologies), a-IKKa (sc-7182, Santa
Cruz Biotechnologies), a-Orc2 [sc-13238, Santa Cruz Biotechnologies),
a-ATM (sc-23921, Santa Cruz Biotechnplogies), a-ATMp1981 (no. 4526,
Cell Signaling], o-acetylated histone H4 (no. 06-866, Upstate Biotechnol-
ogies}, and a-phospho-histone H2AX (411-pc-020, TREVIGEN; and 05-636,
Upstate Biotechnologies). Anti-Tip60 rabbit polyclonal antibodies were
generated by immunization with recombinant GST-His-Tip60 produced in
insect cells, and the serum obtained was affinity-purified using a GST-His-
Tip60 column.

Two-hybrid interaction assays

The pGBKT7-RRM1 plasmid was generated by insertion of the full-length
human RRM1-encoding sequence. pGBKT7-RRM1 was transformed into
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the yeast strain AH101 and mated with yeast Y187 pretransformed with
a HeLa cell cDNA library (BD Biosciences). The deletion mutants of
RRM1 and Tip60 were amplified by PCR using specific sets of primers.
Primer sequences are supplied in the Supplemental Material.

Affinity purification of Tipé0 complex

Affinity purification of Tip60 complex was performed as described pre-
viously (Ikura et al. 2000, 2007). For the induction of DNA damage, cells
were y-irradiated (12 Gy) after centrifugation.

In situ detergent extraction and immunofluorescence analysis

Immunofluorescence on paraformaldehyde-fixed cells was performed
according to a previous report (Green and Almouzni 2003), using the
indicated antibodies.

Microirradiation

Microirradiation was performed as described previously (Tkura et al. 2007).
In brief, GM02063 cells were maintained on the microscope stage in
a Chamlide TC live-cell chamber system (Live Cell Instrument) at 37°C.
Microirradiation was performed using an LSM510 confocal microscope
|Carl Zeiss). Sensitization of cells was performed by incubating the cells
for 20 h in medium containing 2.5 1M deoxyribosylthymine and 0.3 pM
bromodeoxyuridine (Sigma), and then staining with 2 pg/mL Hoechst
33258 (Sigma) for 10 min before UVA microirradiation. The 364-nm line of
the UVA laser was used for microirradiation (three pulses at 30 pW).
Samples were examined with a Zeiss Axioplan 2 equipped with a charge-
coupled device camera AxioCam MRm controlled by Axiovision software
|Zeiss).

Knockdown experiments

Hela cells or STEFKu70~/"phprt-DR-GFP cells were transfected with
either control siRNA (Silencer Negative Control #1, Ambion 4611),
siRNAs for human Tip60 {sc-37966, Santa Cruz Biotechnologies), mouse
Tip60-1 (sc-37967, Santa Cruz Biotechnologies), mouse Tip60-2
(D-057795-02-0010, Dharmacon)|, or RRM1 (GGAUCGCUGUCUCUAA
CUUtt) using Lipofectamine 2000 reagent (Invitrogen).

Subcellular fractionation and Mnase treatment

Subcellular fractionation was performed according to a previous report
[Mendez and Stillman 2000). The isolated chromatin fraction (1 x 10°
cells) was treated with Mnase (15 U) for 30 min at 37°C.

Establishment of STEFKu70™'~ cells containing
a phprt-DR-GFP cassette

The phprt-DR-GFP vector (10 ug) was linearized with Pvul and transfected
into STEFKu70~/~ cells. Cells were selected with 1.25 pg/mL puromycin
for 12 d, and single colonies were screened by Southern blotting using
puromycin cDNA as a probe. Clones having only one copy of the phprt-
DR-GFP cassette were used for experiments.

Establishment of Tet-on HelLa cells expressing NLS-RC1

pcDNA4/TO-NLS-RC1 (10 pg) was linearized with Xhol and transfected
into HeLa T-Rex cells (Invitrogen). Positive clones were selected with
Zeocin (250 wg/mL) and Blastcidin (5 wg/mL) for 12 d and screened by
immunoblotting using anti-HA antibodies for the detection of NLS-RC1
induction in the presence of tetracycline (1 ug/mL).

Generation of adenoviruses expressing I-Scel endonuclease

The full-length I-Scel fragment harboring the CAG promoter and poly
A signal was subcloned into pAd/PL-DEST (Invitrogen). Adenoviruses
expressing I-Scel were generated according to the manufacturer’s protocol
[Invitrogen).
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CHhIP assay

A population of STEFKu70~'~cells (1 x 107) containing phprt-DR-GFP
cells infected with adenoviruses expressing I-Scel was cross-linked with
1% formaldehyde for 10 min at 37°C. ChIP assays were performed
essentially as described (Shimada et al. 2008). Precipitated DNA was
resuspended in 50 pL of water and analyzed by quantitative real-time PCR
with the ABI PRISM7000 system using Power SYBR Green PCR Master
Mix (Applied Biosystems) as described (Katsuno et al. 2009). Primers used
for detection of the I-Scel break site were indicated in Figure 2A. As an
internal control for normalization of the specific fragments amplified,
mouse GAPDH locus was amplified using whole genomic DNAs with
mGAPDH-F and mGAPDH-R. Primer sequences are supplied in the
Supplemental Material.

Comet assay

Alkaline comet assays were performed using a Trevigen’s Comet Assay kit
(4250-050-k) according to the manufacturer’s instructions. DNA was
stained with SYBR Green, and slides were photographed digitally (Nikon
Eclipse E800 lens and Fuji CCD camera). Tail moments were analyzed as
reported previously (Park et al. 2006) using TriTek Comet Score Freeware.

Measurement of DNA damage sensitivity

Tet-on Hela cells expressing NLS-RC1-HA or NLS-GFP-HA were irradi-
ated with varying doses of IR in the presence or absence of doxycycline
(1 pg/mlL), and then washed with PBS. Eight days after an additional
incubation, surviving colonies were counted, and their relative numbers
were expressed as percentages of the untreated cells (n = 3).

RNR assay

Insect cells were coinfected with baculoviruses expressing wild-type
RRMLI or its mutants, and with those expressing wild-type RRM2. RNR
complexes were immunopurified, and their activities were determined
according to a method reported previously (Fukushima et al. 2001).
Amounts of wild-type RRMI protein or its mutant proteins were de-
termined by SDS-PAGE and used for calculating specific activities.

Cell cycle synchronization

For synchronization of cells at S phase, knockout-knock-in HeLa cells
expressing wild-type or A776CA781-C RRM1-HA were first synchronized
at the G1/S boundary by exposure to 2.5 mM thymidine for 16 h, and then
released into S phase by wash-out of thymidine with PBS and the addition
of 20% FBS containing DMEM. Cells were then exposed to IR 3 h after
release. For synchronization of cells at G1 phase, knockout-knock-in
HelLa cells were synchronized at M phase by exposure to 100 ng/mL
nocodazole for 16 h and released into G1 phase by wash-out of nocodazole
with PBS and addition of 20% FBS containing DMEM. Cells were then
exposed to IR 3 h after release.
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Differentiation of Functional Cells from iPS Cells by Efficient Gene Transfer
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Induced pluripotent stem (iPS) cells, which are generated from somatic cells by transducing four genes, are expect-
ed to have broad application to regenerative medicine. Although establishment of an efficient gene transfer system for
iPS cells is considered to be essential for differentiating them into functional cells, the detailed transduction characteris-
tics of iPS cells have not been examined. By using an adenovirus (Ad) vector containing the cytomegalovirus enhancer/
beta-actin (CA) promoters, we have developed an efficient transduction system for mouse mesenchymal stem cells and
embryonic stem (ES) cells. Also, we applied our transduction system to mouse iPS cells and investigated whether
efficient differentiation could be achieved by Ad vector-mediated transduction of a functional gene. As in the case of ES
cells, the Ad vector could efficiently transduce transgenes into mouse iPS cells. We found that the CA promoter had po-
tent transduction ability in iPS cells. Moreover, exogenous expression of a PPARy gene or a Runx2 gene into mouse iPS
cells by an optimized Ad vector enhanced adipocyte or osteoblast differentiation, respectively. These results suggest that
Ad vector-mediated transient transduction is sufficient to promote cellular differentiation and that our transduction
methods would be useful for therapeutic applications based on iPS cells.

Key words——regenerative medicine; induced pluripotent stem (iPS) cell; adenovirus vector; mesenchymal stem cell;

embryonic stem (ES) cell

1. FL®IC

B (stem cells) IIECHEEE ML
EVSIKREL2DDOHFHEATLSMIETHY, HY
DOHIFENHE I /D Z LK DBIECHEEERAD
IDAMRRFINTVWS, BEERADILHNHIRFS
hTwWaeiilaicid, EmEdia, mEeia, M
FAEBMM, ES (embryonic stem) i3, iPS (in-
duced pluripotent stem) A2 EMNH B, DD
5, ESHIRIZZREIR (IF) Hoiah, iPSH
faid kAL I 4 EEODEIET (Oct-3/4m Sox2, Kif4,
c-Myc) ZEATHIEICXDEMEINS. Ll

MNTBEAREERRARSMERMNE 0>/ b
(T567-0085 KERIFRATHEH X &E 7-6-8), *KBK
KEREREENARDEZEBRNELT, FMHTED
255 (T565-0871 KRAFWHETTILEE 1-6)
*e-mail: kawabata @nibio.go.jp

ABHIZ, BEEFLE10ELIORITALSIIT
RELEDBOZHRLCERLAEBDOTHS.

I2ht5, ESHifaS iPSHIfa 2 ERAERICBIET S
WIIHE#LZBEEHEL, IURAEKRIIHETZES
SELIHMEL TS b= (FEE) 2ERT 5.
Li=MoT, REENICIZBMIEZ in vitro TEHH
OIS B BRERICBETH I ENEEL
WEEZoh5, &filazg, Of, M ok
EOBHMOHREIZH LT EBITIE, BERIEED
YA MAA O REERTFEFORERTFZMA S HiE
NESNTVBINFEBRII+HTRAN, £
T, bhbhiigdEHMRICKEREETEEATS
TERKOBMBLISGEIVDIIEMNTERNNMLE
ZAMRZEDTVS, —iki, BMRIIERTE
ADBE#ETHD, VRT3l hovuq
WARD Y - EBERAVWSNZ FETIR 47
HABENRESNRNL, bhbhEEsENrD—B
HICENBLETE2RBEAIRDIIENTESLTT /Y
TIVA (Ad) R —ZHNWTHEEBRTFZEA
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THZEIRED, BHROMLFEEBEMES Y
5z LxHELE.

2. MERSMER~NOEBGFEA

MERBMEIEMEROZX PO—<HMETS
n, B ®KE, KB OHRIREOHEERME
IWHMET B ENTE, RMERETHEZESIC
BMBEXEDZENTES. Y £, BRIATIE, FE
FeMiEII AR, AR, 1 >R CEEME
BREDHREPDHREROMBEAOHMETEEND
HEDHD, BEEFRCHEBTZEAOEANE T
BIhTns, MERSMEROSLEHETSFE
D1D2&LT, MEMELIIEET 2 BETE2EAT
BT EMBTOEND. AdRIZY—Z2HANEHER
BHEAOBCTEADRSSNTERLD, HER
BT Ad 224k CAR (coxsackievirus and ade-
novirus receptor) ZHML TVWRWEDIZTZTDHEA
PHEBIIED TEL, BETFEACRESIF—OX
7H—RREELTOE 2 bhvbhii, MEICH

300

1,000

AdRGD-CA-
LacZ

AdK7-CA-
LacZ

B-galactosidase activity
(U/mg protein)
O =2 N W A OO

300

3000

Fig. 1.

3,000 VP/cell

O
=]
=

VPI/cell

ELEBELD 77 AN—BERHAIRIF—ZHW
THIERBHRICL R—FY—BETZHEAL, TO
REDRE LR L 2. ¢ MERBMEZZ<E
AETHELTHHIVAENMA bo—<HazAW
TEETEADRZRE UER, MERSBMARIC
B77AN—RRVY D VREEZBAL LK EA
277 —NBHELTED, HRBEXRYF—0D 100 &
U EDBETFEADBREZRT CENALON LR
[Figs. 1(A) and (B)]. RGD BN & —35E3k5E
Ry F—IZHBL 10 EEBEOEAMREERL .
¥/, B4O7OE—y—Z2RAVWTHERHNLEE
ZA, CATOE—Y—-NEETH>k [Fig. 1
(C)]. LAEHM>T, MERBMAEICIZICA SO
E——%2ETHKIBHAARII—2HWBEZ &
REVBLEHDRICEGTEATES I LNHAS R
Lizol. MERBGMREIIKL ZRFOMAICHE
THENIFTTRELS, ARATTRCHEEEZN
FBATRERSICERTIHEEZALTVNS.O L

[ —O— Ad-CA-LacZ
—{1— AdRGD-CA-LacZ
" —{— AdK7-CA-LacZ

w &
T

(U/mg protein)
N

B-galactosidase activity

=h
T

i

Yo )

o

1000
Ad vector conc. (VP/cell)

2000 3000

non
AdK7-CMV-LacZ
AdK7-EF-LacZ
AdK7-CA-LacZ

Gene Transduction Efficiency in Mouse Primary BMSCs by Various Types of Ad Vectors

Mouse primary BMSCs were transduced with the indicated doses of LacZ-expressing Ad vectors for 1.5 h. Two days later, (A) X-gal staining and (B) lumines-
cence assay were carried out. Similar results of X-gal staining were obtained in three independent experiments. Scale bar indicates 200 um. (C) Optimization of
promoter activity in BMSCs using LacZ-expressing AdK7. BMSCs were transduced with each Ad vector at 300 or 3000 VP/cell, and LacZ expression in the cells was
measured. The data (B and C) are expressed as mean+8.D. (n=3). *p<0.01.
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7=hioT, BERBHRIMLIE-HBE 2B
BIZFIHT 5723 TRLS, fESHEY 1 (1%
ERBT2HEERBMEZ N AICKT 2HEEERE
ELTHIHTESEEMNH D, BERFL TNS,
3. HER#HMROSLFE
HERBRMBEAOECTFHEAIZIZICA JOE—
Y—2BLEKIBEAARIY—NEBTHHIE
MBALHER DT, RITEXRIF—ZHNTHE
HEEGTFEEALMFENREMEEIEEILE
AA7-. Runx2iZ Runt 77 IV —iZB9 5EE5H
FTHY, Runx2 BEFREYY XX EFHES
LD TEIELERRBREBT S22 EnM5NT
W3 N"ZZT, Run BETFZEYVAEEZ b
O—<HIRICEAL R, EROMEFEEEL
ELTNAVERAT 7 ¥ —EEEDO LR RUAIN S
TLADILENAEDH SN, ERIZEFHBEADHL
FEHNERNEEINSZ ZEXHMNERS -
[Figs. 2(A) and (B)]. %7z, ThIZEW, #1017
13552, FRATVIR, ARATFANY %
DRFMES—I—BETORBRS EF Lk [Fig.
2(0)]. B, ZOXITLTHLEEL-BHE
MRZIIAICBELEZEZA, Fig. 313R7TED
RO BEREALED LN, invivo lZBNT
HEEEALTWA ZEMNRENE. ELD, &
N7 &= in vitro BT in vivo IZB W TRIZER M
fazPHRL EFHBEAMLFEETZOICEL X
DH—ThHdIENRINT.

4. VA ES MR V~Y7 R iPS MR~ DEE
FEA

ES #li k13 R 2 el M R SR e SR DR T H D,
MEBICHEET 5 & & BITTXNTOHEEMRICHMET
HHEEETS. —4, iPSHIRIIAHIRIZ4ED
HBIET (Oct-3/4, c-myc, Sox2, KIf4) % [FEFICEA
THZEREDBELSNS ATLEHRHIRTHD,
MEANZEEZERTES I ENCHAEREADL
HANKRESHIBEZNTWVBE .Y LhLAaRns, Th
SRR SMEE B BICHET 5 MV £ 7ZHT
ENTHEET, FOERAD 1 DELTHREIWER
THAENEISN TOENWI ENBET oI5, &
T, ESHMEIIHLTIE, 75X KDNA %
AWwiEILZ hRL—2 3 ik (F5 X3 KDNA
ZEIRBICE DMBENICEBAL, REHICDT
M BREERT L EFMEEE TSR TN

AZZERTRERTLZHE),? L MOy ILARS
=10 L FILI)ANRI Y — W RYF—<T
ANADEEBEZFALZA—N—F52 27
Darig (RIFA—IMINVADEHREEZEA
7S AIKRDNADRTZESHIlETIIIEY —
RIVICHBIETEZ2HEZFALZHR) DR ENS
KRBETEAZEELTHOWSNTER. Ll
5, INHIRFEAANCHEABLEFEZRELETS
HETH D, ES AR iPS Mifg D LR, 451
ERBENRZ EOMBMEBICRREEZE LI
BEIZIRFELLARL, AdRXY Y-8 ABEF
NEERAKANHAEND Z &L, REAksSfICT
EY—LELTEETRHIEND (EIELERW),
BEFREN—-BETHD, ESHEDIPSHEE
BRI OBEMICHME S - BIZBABGTFORE
MHEETHIHOLHFINS, 22T, £&5513,
YU X ES MK IPS MIfEICRBEL = Ad XY
Y—REDBEETERAEOHIL ZRAST. FOR
B, <X ESHIE® iPS MIfEIZ Ad 2k CAR
EERBELTHD, WKBTT ) IAINARY & —
MRETHDEZENHSMER D 39 /-,
RSV, CMV, CA (B-actin promoter/CMYV enhancer),
EF-laD4BO7O0E—Y—2AWNWTRF L-EE,
ES #ifd % U iPS Mg Tlix CA XU EF-la 7O E—
5 —2RHWEHERICOABRFRENA S, RSV
PCMV7OE—F—BIFEAEHELZMS
[Fig. 4(A)]. ZTHETAINI ¥ —ITESH#ifa~D
BEFEARREEZEZASNTERD, hiiz
<DHE, B —BREIZAVWSHTWS CMV 7O
E-F—Z2HNTRASINTERZDTHD, U1
IWZDMEANDILY b —BEIIIBENR N &
MRENE FFEL, CATOE—F—%2HANnWi=iE
BB ESHEOAESTZEOZ/FME (71—
5 —HifE) T 3 EMESFEMEIC b BT RELH
5N7=DIXL, EF-la 7OE—¥—2FH0W-5E
WIRIZF ESHIlEEENICEETRAMNETH -
7z. ZhiI, EF-la 7 OF—% —OiEH AR
HIRZIZ EE X ES ifIC B THMAIZE W Z EME
WEEZXONS., LAEMN-T, BHWIZKDE SO
E—F—2ENHTBIEITELT, BEEEAD
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Fig. 2. Promotion of in Vitro Osteoblastic Differentiation in BMSC Transduced with AdK7-CA-Runx2

BMSCs were transduced with each Ad vector at 3000 VP/cell for 1.5 h, and were cultured for the indicated number of days. (A) Alkaline phosphatase activity,
(B, left) matrix minerarization, and (B, right) calcium deposition in the cells was determined as described in Materials and Methods. The data are expressed as
mean+S.D. (n=3). *p<0.01 as compared with non-, AdK7-CA-LacZ-, or Ad-CA-Runx2-transduced cells. (C) RT-PCR was carried out using primers for Runx2,
osterix, bone sialoprotein, osteocalcin, collagen type I, and GAPDH. Lane 0: non-treated BMSCs; lanes 1, 5, 9, and 13: BMSCs with osteogenic supplements (08);
lanes 2, 6, 10, and 14: BMSCs with OS plus AdK7-CA-LacZ; lanes 3, 7, 11, and 15: BMSCs with OS plus AdK7-CA-Runx2; lanes 4, 8, 12, and 16: BMSCs with OS
plus Ad-CA-Runx2.

-262 -



No. 11 1531

BMSCs BMSCs BMSCs

BMSCs only + & +
AdK7-CA-LacZ AdK7-CA-Runx2 Ad-CA-Runx2

Fig. 3. In vivo Ectopic Bone Formation of Mouse BMSCs by AdK7-mediated Runx2 Gene Transduction

BMSCs were transduced with indicated Ad vectors at 3000 VP/cell for 1.5 h. On the following day, cells (2 X 10¢ cells) were suspended in PBS and injected into
the hind limb biceps muscle of nude mice. Four weeks later, bone formation was analyzed by the microCT system. Similar results were obtained in two independent
experiments. Upper, X-ray images; lower, 3D reconstitution images.

A
Non Ad-null A_dL-aF::szv A.d iaccgv eli‘;(l‘:"ZA

ES cells

iPS cells

Fig. 4. Efficient Transgene Expression in Mouse iPS Cells by Using an Ad Vector Containing the CA and the EF-1a Promoter

(A) Mouse ES cells or iPS cells were transduced with LacZ-expressing Ad vector at 3000 VP/cell. On the following day, X-gal staining was carried out. Similar
results of X-gal staining were obtained in three independent experiments. (B) Paraffin sections of the teratomas derived from Ad-CA-mCherry-transduced iPS cells
were prepared, and sections were stained with hematoxylin and eosin. a, ectoderm (epidermis) ; b, mesoderm (cartilage and adipocyte) ; ¢, endoderm (gut epitheli-

um).
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Fig. 5. Introduction of Functional Genes into Mouse ES
Cells by Ad Vectors Containing EF-1a Promoter

Mouse ES cells (1 X 10*cells) were seeded, and on the following day, the
cells were transduced with 3000 VP /cell of Ad-EF-LacZ or Ad-EF-STAT3F
for 1.5 h (A) . Mouse ES cells were also co-infected with 3000 VP /cell of Ad-
EF-STAT3F and 3000 VP/cell of Ad-EF-lacZ or Ad-EF-Nanog for 1.5h
(B). On day 3, each cell was infected again by the same vectors. On day 5,
alkaline phosphatase staining was performed. Alkaline phosphatase-positive
cells indicate undifferentiated ES cells. Similar results were obtained in three
independent experiments.
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Fig. 6. Efficient Adipocytic or Osteoblastic Differentiation from Mouse ES Cells and iPS Cells by the Transduction of the PPARY or
Runx2 Gene

(A) ES-EBs or iPS-EBs were transduced in triplicate with 10000 VP/cell of Ad- CA LacZ or Ad-CA-PPARy. After plating onto a gelatin-coated dish on day 7,
ES-EBs and iPS-EBs were cultured for 15 days in the p or ab of adi ppl s (AS). After cultivation, lipid accumulation was detected by oil
red O staining. a, non-treated ES-EBs; b, ES-EBs with AS; ¢, ES-EBs with AS plus Ad-CA-LacZ; d, ES-EBs with AS plus Ad-CA-PPARYy; e, non-treated iPS-EBs;
f, iPS-EBs with AS; g, iPS-EBs with AS plus Ad-CA-LacZ; h, iPS-EBs with AS plus Ad-CA-PPARy. The scale bar indicates 60 um. (B) ES-EBs or iPS-EBs were
transduced in triplicate with 10000 VP/cell of Ad-CA-LacZ or Ad-CA-Runx2. After culturing for 15 days with or without osteogenic supplements (OS), matrix
mineralization in the cells was detected by von Kossa staining. a, non-treated ES-EBs; b, ES-EBs with OS; ¢, ES-EBs with OS plus Ad-CA-LacZ; d, ES-EBs with OS
plus Ad-CA-Runx2; e, non-treated iPS-EBs; f, iPS-EBs with OS; g, iPS-EBs with OS plus Ad-CA-LacZ; h, iPS-EBs with OS plus Ad-CA-Runx2. The scale bar indi-
cates 60 um.
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- 265 -



1534

Vol. 130 (2010)

1. &PVYIC

ZHETRHBL FOTATNART Y= EDER
HEETFREZEHNT ES fiah S ZER /g~
OHMEERITONTELE., Lihliass, Ths
DFETRIBEBLETUREKICEAZINSOE
BACHELTEST, —AHORETEARONL
FEBREFThTWE SH, bhbhid AdXY
F—2REIT A ES #ifRKkTIiPS #MA\D&ES)
BBETFEAEZRILL, SHCFOBRETEARK
WMEFAL THEEERGTFE2YU X ES@RRD
iPS HIFIABAT 3 Z EIZE DB EOMBE~DERE
SHEFERTDZEIRYILE 2B, B3 iPS
KR DODWTHSEEAEOERENBONTS
D, gL ES HIRE R T iPS MBI BRICE R RTRE T
BBZENTFEINTNS, £, FEIIRLTWL
VA, SMEMFET LZMETIE Ad X7 ¥ —H3%
DBRETFRERZLALEHLEDONBNI EHHE
LT3, 10 LENRST, AdNZ ¥ —i38HE%:
BV HMEBERRICBWT, PREFSTTRE
2EXBVWTHEEICAATHEZEEAGND. B
I, BESON—TTRAARIY—E2RHVR
ETRAERNTOMOMBEENOHEFERRNE
AEgEMEINICELT, TUARTE MO ES#
JECIPS #ilgZANTRNFTHD. —@lR
BE2RT AdRY ¥ -2 O BETH AN,
BHEHE c BEEFERRICBWLWTEERY I
BHbOEEZSN, SEROTTET OB
aha.

REFERENCES

1) Pittenger M. F., Mackay A. M., Beck S. C.,
Jaiswal R. K., Douglas R., Mosca J. D.,
Moorman M. A., Simonetti D. W., Craig S.,
Marshak D. R., Science, 284, 143-147 (1999).

2) Conget P. A., Minguell J. J., Exp. Hematol.,
28, 382-390 (2000).

- 266 -

3)

4)

5)

6)

7
8)
9)

10)

11)

12)

13)

14)

15)

16)

HungS.C.,LuC. Y., ShyueS. K., LiuH. C.,
Ho L. L., Stem Cells, 22, 1321-1329 (2004).
Mizuguchi H., Sasaki T., Kawabata K., Saku-
rai F., Hayakawa T., Biochem. Biophys. Res.
Commun., 332, 1101-1106 (2005).

Tashiro K., Kondo A., Kawabata K., Sakurai
H., Sakurai F., Yamanishi K., Hayakawa T.,
Mizuguchi H., Biochem. Biophys. Res. Com-
mun., 30, 127-132 (2009).

Studeny M., Marini F. C., Dembinski J. L.,
Zompetta C., Cabreira-Hansen M., Bekele B.
N., Champlin R. E., Andreeff M., J. Natl.
Cancer Inst., 96, 1593-1603 (2004).

Komori T., J. Cell. Biochem., 95, 445—453
(2005) .

Takahashi K., Yamanaka S., Cell, 126, 663—
676 (2006).

Tompers D. M., Labosky P. A., Stem Cells,
22, 243-249 (2004).

Cherry S. R., Biniszkiewicz D., van Parijs L.,
Baltimore D., Jaenisch R., Mol. Cell. Biol.,
20, 7419-7426 (2000).

Gropp M., Itsykson P., Singer O., Ben-Hur
T., Reinhartz E., Galun E., Reubinoff B. E.,
Mol. Ther., 7, 281-287 (2003).

Niwa H., Masui S., Chambers I., Smith A, G.,
Miyazaki J., Mol. Cell. Biol., 22, 1526-1536
(2002).

Kawabata K., Sakurai F., Yamaguchi T.,
Hayakawa T., Mizuguchi H., Mol. Ther., 12,
547-554 (2005).

Tashiro K., Inamura M., Kawabata K., Saku-
rai F., Yamanishi K., Hayakawa T., Mizu-
guchi H., Stem Celis, 27, 1802-1811 (2009) .

Tontonoz P., Hu E., Spiegelman B. M., Cell,
79, 1147-1156 (1994).

Tashiro K., Kawabata K., Sakurai H.,
Kurachi S., Sakurai F., Yamanishi K., Mizu-
guchi H., J. Gene Med., 10, 498-507 (2008).



© The American Society of Gene & Cell Therapy

original article

MIOpen

Efficient Generation of Hepatoblasts From Human
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Human embryonic stem cells (ESCs) and induced pluri-
potent stem cells (iPSCs) have the potential to differenti-
ate into all cell lineages, including hepatocytes, in vitro.
Induced hepatocytes have a wide range of potential
application in biomedical research, drug discovery, and
the treatment of liver disease. However, the existing pro-
tocols for hepatic differentiation of PSCs are not very effi-
cient. In this study, we developed an efficient method to
induce hepatoblasts, which are progenitors of hepato-
cytes, from human ESCs and iPSCs by overexpression of
the HEX gene, which is a homeotic gene and also essential
for hepatic differentiation, using a HEX-expressing adeno-
virus (Ad) vector under serum/feeder cell-free chemically
defined conditions. Ad-HEX-transduced cells expressed
o-fetoprotein (AFP) at day 9 and then expressed albumin
(ALB) at day 12. Furthermore, the Ad-HEX-transduced cells
derived from human iPSCs also produced several cyto-
chrome P450 (CYP) isozymes, and these P450 isozymes
were capable of converting the substrates to metabolites
and responding to the chemical stimulation. Our differ-
entiation protocol using Ad vector-mediated transient
HEX transduction under chemically defined conditions
efficiently generates hepatoblasts from human ESCs and
iPSCs. Thus, our methods would be useful for not only
drug screening but also therapeutic applications.

Received 18 March 2010; accepted 13 October 2010; published online
23 November 2010. doi:10.1038/mt.2010.241

INTRODUCTION

Human embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs) are able to replicate indefinitely and differ-
entiate into most cell types of the body,'** and thereby have the
potential to provide an unlimited source of cells for a variety of

applications.® Hepatocytes are useful cells for biomedical research,
regenerative medicine, and drug discovery. They are particularly
applicable to drug screenings, such as for the determination of
metabolic and toxicological properties of drug compounds in
in vitro models, because the liver is the main detoxification organ
in the body.® For these applications, it is necessary to prepare a
large number of functional hepatocytes from human ESCs and
iPSCs. Many of the existing methods for cell differentiation of
human ESCs and iPSCs into hepatocytes employ undefined,
serum-containing medium and feeder cells.” Preparation of
human ESC- and iPSC-derived hepatocytes for therapeutic appli-
cations and drug toxicity testing in humans should be done in
nonxenogenic culture systems to avoid potential contamination
with pathogens. Furthermore, the efficiency of the differentiation
of the human ESCs and iPSCs into hepatocytes is not particularly
high using these methods.>'

In vertebrate development, the liver is derived from the prim-
itive gut tube, which is formed by a flat sheet of cells called the
definitive endoderm.*'* Shortly afterwards, the definitive endo-
derm is separated into endoderm derivatives containing the liver
bud, the cells of which are referred to as hepatoblasts. The hepa-
toblasts have the potential to proliferate and differentiate into
both hepatocytes and cholangiocytes. In the process of hepatic
differentiation, the maturation is characterized by the expression
of liver- and stage-specific genes. For example, a-fetoprotein
(AFP) is an early hepatic marker, which is expressed in hepa-
toblasts in the liver bud until birth, and its expression is dra-
matically reduced after birth.'® In contrast, albumin (ALB),
which is the most abundant protein synthesized by hepatocytes,
is initially expressed at lower levels in early fetal hepatocytes,
but its expression level is increased as the hepatocytes mature,
reaching a maximum in adult hepatocytes.'” Furthermore, iso-
forms of cytochrome P450 (CYP) proteins also exhibit differ-
ential expression levels according to the developmental stages

Correspondence: Hiroyuki Mizuguchi, Department of Biochemistry and Molecular Biology, Graduate School of Pharmaceutical Sciences,
Osaka University, 1-6 Yamadaoka, Suita, Osaka 565-0871, Japan. E-mail: mizuguch@phs.osaka-u.ac.jp
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Hepatoblasts Induced From hESC and hiPSC by HEX

a Stage | Stage Il Stage Ill
ESCs/iPSCs Definitive endoderm Hepatoblasts Hepatocytes
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iPSCs (Tic)

Figure 1 A strategy of differentiation of human embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) to hepatoblasts and
hepatocytes. (a) Schematic representation illustrating the procedure for differentiation of human ESCs (khES1) and iPSCs (Tic) to hepatocytes. (b-)
Phase contrast microscopy showing sequential morphological changes (day 0-12) from (b—e) human ESCs (khES1) and (f-i) iPSCs (Tic) to hepato-
blasts via the definitive endoderm. Bar = 50 pym. bFGF, basic fibroblast growth factor; BMP4, bone morphogenetic protein 4; DEX, dexamethasone;
FGF4, fibroblast growth factor 4; HGF, hepatocyte growth factor; OSM, Oncostatin M; HCM, hepatocytes culture medium; *, hESF-GRO medium that
was supplemented with 10pg/ml human recombinant insulin, 5pg/ml human apotransferrin, 10 pmol/l 2-mercaptoethanol, 10 pmol/l ethanolamine,
10pmol/l sodium selenite, 0.5 mg/mi fatty acid free BSA; **, hESF-DIF medium that was supplemented with 10 pg/ml insulin, 5 ug/ml apotransferrin,
10umol/l 2-mercaptoethanol, 10 pmol/l ethanolamine, 10pmol/l sodium selenite, 0.5 mg/ml BSA.

of the liver. Although most CYPs (including CYP3A4, CYP7Al,
and CYP2D6) are only slightly expressed or not detected in the
fetal liver tissue, the expression levels are dramatically increased
after birth."®

For the development of hepatoblasts, numerous transcrip-
tion factors are required, such as hematopoietically expressed
homeobox (HEX), GATA-binding protein 6, prospero homeo-
box 1, and hepatocyte nuclear factor 4A."*'* Among them, HEX
is suggested to function at the earliest stage of hepatic linage.””
HEX is first expressed in the definitive endoderm and becomes
restricted to the future hepatoblasts. Targeted deletion of the
HEX gene in the mouse results in embryonic lethality and a dra-
matic loss of the fetal liver parenchyma.'*?"?? The hepatic genes,
including ALB, prospero homeobox1, and hepatocyte nuclear
factor 4A, are transiently expressed in the definitive endoderm
of HEX-null embryos, and further morphogenesis of the hepato-
blasts does not occur.® In general, then, HEX is essential for the
definitive endoderm to adopt a hepatic cell fate.

Adenovirus (Ad) vectors are one of the most efficient gene
delivery vehicles and have been widely used in both experimen-
tal studies and clinical trials.”* Ad vectors are attractive vehicles
for gene transfer because they are easily constructed, can be pre-
pared in high titers, and provide high transduction efficiency in
both dividing and nondividing cells. We have developed efficient

Molecular Therapy vol. 19 no. 2 feb. 2011

methods for Ad vector-mediated transient transduction into
mouse ESCs and iPSCs.>* We have also showed that the differen-
tiations of mouse ESCs and iPSCs into adipocytes and osteoblasts
were dramatically promoted by Ad vector-mediated peroxisome
proliferator activated receptor y and runt related transcription
factor 2 transduction, respectively.”?¢

In this study, we hypothesized that transient HEX transduc-
tion could efficiently induce hepatoblasts from human ESCs and
iPSCs. A previous study demonstrated that HEX regulates the dif-
ferentiation of hemangioblasts and endothelial cells from mouse
ESCs,” whereas the role of HEX in the differentiation of hepato-
blasts from human ESCs and iPSCs remains unknown. We found
that differentiation of hepatoblasts from the human ESC- and
iPSC-derived definitive endoderms, but not from undifferenti-
ated human ESCs and iPSCs, could be facilitated by Ad vector-
mediated transient transduction of a HEX gene. Furthermore, the
Ad-HEX-transduced cells that were derived from human iPSCs
were able to differentiate into functional hepatocytes in vitro. All
the processes for cellular differentiation were performed under
serum/feeder cell- free chemically defined conditions. Our cul-
ture systems and differentiation method based on Ad vector-
mediated transient transduction under chemically defined
conditions would provide a platform for drug screening as well
as safe therapies.
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Figure 2 Characterization of the human ESC (khES1)- and IPSC (Tic)
derived definitive endoderms. (a-d) The immunofluorescent staining of
the human ESC (khES1)- and iPSC (Tic) derived differentiated cells before
(a and ¢; day 5) and after passaging (b and d; day 6). The cells were
immunostained with antibodies against FOXA2 and NANOG. Nuclei were
stained with DAPI. (e,f) Semiquantitative analysis of the immunofluores-
cent staining in a-d. Data are presented as the mean of immunopositive
cells counted in eight independent fields. (g,h) Real-time RT-PCR analy-
sis of the level of definitive endoderm (FOXA2 and SOX17), pluripotent
(NANOG), and extra-embryonic endoderm (50X 7) gene expression at day
5 and 6. At day 5, the cells were passaged. Therefore, the data at day 5
and 6 show the levels of gene expression before (at day 5) or after the pas-
sage (at day 6). Data are presented as the mean + SD from triplicate exper-
iments. The graphs represent the relative gene expression level when the
level of undifferentiated cells at day 0 was taken as 1. Bar = 50um. ESC,
embryonic stem cells; iPSC, induced pluripotent stem cells.

RESULTS

Differentiation of human ESC- and iPSC-derived
definitive endoderms

Our three-step differentiation protocol is illustrated in Figure la.
After treatment with 50 ng/ml of Activin A (high-dose) and basic
fibroblast growth factor (bFGF) for 5 days on a laminin-coated
plate, morphologically, the human ESCs and iPSCs were gradu-
ally transformed from typical, defined, tight human ESC, and iPSC
colonies (day 0) into less dense, flatter cells containing prominent
nuclei (day 5), even though the majority of the cells had a mor-
phology resembling that of undifferentiated cells (Figure 1b,c,f,g).
FACS analysis showed that ~46% of human iPSC-derived dif-
ferentiated cells expressed CXCR4 (expressed in the definitive
endoderm but not the primitive endoderm) (Supplementary
Figure Sla). Human ESC- and iPSC-derived differentiated cells
were immunostained with the definitive endoderm marker,
FOXA2 (Figure 2a,c). However, the majority of the cells expressed
the pluripotent marker NANOG, indicating that undifferentiated
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© The American Society of Gene & Cell Therapy

cells remain in the induced cultures at day 5. After the cells were
passaged with trypsin-EDTA and seeded on a laminin-coated plate
a second time, the resultant cells were found to be more homoge-
neous and flatter at day 6 (Figure 1d,h). Semiquantitative analy-
sis by counting immunopositive cells revealed that the number
of FOXA2-positive cells was increased and, in turn, the number
of NANOG-positive cells was decreased at day 6 after passaging
(Figure 2e,f). Real-time reverse transcriptase (RT)-PCR analysis
showed that the definitive endoderm markers FOXA2 and SOX17
mRNA were upregulated, whereas the pluripotent marker NANOG
mRNA was downregulated at day 6 (Figure2g,h). These results were
consistent with the immunofluorescence results (Figure 2a-d). The
expression levels of the mesoderm marker FLK! mRNA and ecto-
derm marker PAX6 mRNA were downregulated or unchanged at
day 6 (Supplementary Figure S1b-e). Importantly, the expression
of SOX7 mRNA (expressed in the extra-embryonic endoderm but
not the definitive endoderm) was downregulated (Figure 2g,h).
These results indicate that the definitive endoderm is induced or
selected from human ESCs and iPSCs after passaging. We obtained
the same results using another human iPSC line (Supplementary
Figure S2a-d).

HEX induces hepatoblasts from the human
ESC- and iPSC-derived definitive endoderms
To investigate whether forced expression of transcription factors
could promote hepatic differentiation, the human ESC- and iPSC-
derived definitive endoderms were transduced with Ad vectors.
We used a fiber-modified Ad vector containing the elongation
factor-10. promoter and a stretch of lysine residue (K7) peptides
in the C-terminal region of the fiber knob to examine the trans-
duction efficiency in the human ESC- and iPSC-derived definitive
endoderms. The elongation factor-10t promoter was found to be
highly active in human ESCs.* The K7 peptide targets heparan sul-
fates on the cellular surface, and the fiber-modified Ad vector con-
taining K7 peptides was shown to be efficient for transduction into
many kinds of cells.** The human ESC- and iPSC-derived defini-
tive endoderms were transduced with a LacZ-expressing Ad vector
(Ad-LacZ) at 3,000 vector particle/cell. X-Gal staining showed that
the Ad-LacZ-transduced human ESC- and iPSC-derived definitive
endoderms successfully expressed LacZ (Figure 3). Nearly 100% of
the cells transduced with Ad-LacZ were strongly X-gal positive. The
transduction efficiency in the human ESC- and iPSC-derived defin-
itive endoderms transduced with the conventional Ad vector con-
taining the wild-type capsid at 3,000 vector particle/cell was ~80%
and X-gal staining was much weaker than that in the cells trans-
duced with fiber-modified Ad vectors (Supplementary Figure S6).
Next, the human ESC- and iPSC-derived definitive endo-
derms were transduced with a HEX-expressing fiber-modified Ad
vector (Ad-HEX). Although HEX is known to be a transcription
factor that is essential for liver development, it remains unclear
what the effect of transient HEX overexpression is on differentia-
tion from human ESCs and iPSCs or their derivatives in vitro. We
confirmed the overexpression of HEX in the human ESC- and
iPSC-derived definitive endoderms transduced with Ad-HEX
(Supplementary Figure S3a-f). Gene expression analysis
revealed the upregulation of AFP mRNA, which was expressed by
hepatoblasts or early hepatocytes, in Ad-HEX-transduced cells as
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Figure 3 Efficient transgene expression in the human ESC (khES1)-
and iPSC (Tic) derived definitive endoderms by using a fiber-mod-
ified Ad vector containing the EF-1o promoter. (a,b) Human ESC
(khES1)-derived and (¢,d) iPSC (Tic) derived definitive endoderms were
transduced with 3,000VP/cell of Ad-LacZ for 1.5 hours. The next day
after transduction, X-gal staining was performed as described in the
Materials and Methods section. Similar results were obtained in two inde-
pendent experiments. Scale = 50pm. Ad, adenovirus; EF-10, elongation
factor-10; ESC, embryonic stem cells; iPSC, induced pluripotent stem
cells; LacZ, Ad-LacZ-transduced cells; None, nontransduced cells.

compared with nontransduced cells or Ad-LacZ-transduced cells
(Figure 4a,c). Expression of ALB mRNA, which is the most abun-
dant protein in liver, was also observed in Ad-HEX-transduced
cells (Figure 4b,d).

During liver development, both hepatocytes and cholangio-
cytes were differentiated from the hepatoblasts. We examined the
protein expression of AFP, ALB, and the cholangiocyte marker
cytokeratin 7 (CK7) in Ad-HEX-transduced cells by immunostain-
ing (Figure 4e-p). The AFP-positive populations were detected
in Ad-HEX-transduced cells (Figure 4g,m). ALB-positive cells
were also detected, although the detection efficiency was very
low (Figure 4j,p). CK7-positive cells were observed among the
Ad-HEX-transduced cells, and all CK7-positive cells were found
near the AFP- and ALB-positive cells, suggesting that hepatoblasts
are generated by the transient overexpression of a HEX gene.
Semiquantitative RT-PCR analysis showed that the expression lev-
els of the liver-enriched transcription factors hepatocyte nuclear
factor 1A, hepatocyte nuclear factor 1B, hepatocyte nuclear fac-
tor 4A, and hepatocyte nuclear factor 6 mRNA were upregulated
in Ad-HEX-transduced cells (Supplementary Figure S4a,b). The
expressions of CCAAT/enhancer binding protein o and prospero
homeobox 1 mRNA, two transcription factors known to play a
pivotal role in the establishment of the hepatoblasts, were also
induced in Ad-HEX-transduced cells (Supplementary Figure
S4a, b). Taken together, these findings indicate that HEX enhances
the specification of hepatoblasts from the human ESC- and iPSC-
derived definitive endoderms. Similar results were obtained with
another human iPSC line (Supplementary Figure S2e-g).

Time course of differentiation of the definitive
endoderm to hepatoblasts

Next, we examined the time course of AFP and CK7 expression
during differentiation of human iPSCs to hepatoblasts in Ad-HEX-
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Figure 4 Efficient hepatoblast differentiation from the human ESC
(khES1)- and iPSC (Tic) derived definitive endoderms by transduction
of the HEX gene. (a-d) Real-time RT-PCR analysis of the level of (a,c)
AFP and (b,d) ALB expression in nontransduced cells, Ad-LacZ-transduced
cells, and Ad-HEX-transduced cells, all of which were induced from the
human ESC (khES1)- and iPSC (Tic) derived definitive endoderms (day
0, 5, 6, and 12). The cells were transduced with Ad-LacZ or Ad-HEX at
day 6 as described in Figure 1a. The data at day 6 was obtained before
the transduction with Ad-HEX. The graphs represent the relative gene
expression levels when the level in the fetal liver was taken as 100. (e-p)
Immunocytochemistry of AFP, ALB, and CK7 expression in nontransduced
cells (e,h,k, and n), Ad-LacZ-transduced cells (f,11, and 0), and Ad-HEX-
transduced cells (g,J,m, and p) at day 12, all of which were induced
from the human ESC (khES1)- and iPSC (Tic) derived definitive endo-
derms. Nudei were stained with DAPI. Bar = 50 pm. Ad, adenovirus; AFP,
ao-fetoprotein; ALB, albumin; CK7, cytokeratin 7; HEX, Ad-HEX-transduced
cells; ESC, embryonic stem cells; iPSC, induced pluripotent stem cell; LacZ,
Ad-LacZ-transduced cells; None, nontransduced cells.

transduced cells and nontransduced cells. At day 7 (the day after
transduction), the expression of AFP was not detectable in Ad-HEX-
transduced or nontransduced cells (Supplementary Figure S5a,d).
At day 8-9, morphological changes to hepatocyte-like cells were
observed in Ad-HEX-transduced cells (Supplementary Figure
S5h,i). We also observed homogeneous AFP-positive cells at day 9
(SupplementaryFigureS5e). Atday 10, CK7-positive cellsappeared,
indicating that hepatoblasts started to differentiate into hepatocytes
and cholangiocytes at day 9-10 (Supplementary Figure S5f). At
day 12, ALB-positive cells appeared, indicating that hepatocytes
were differentiated from Ad-HEX-transduced cells (Figure 4p).
These results showed that HEX induces the hepatoblasts from the
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Figure 5 Efficient differentiation of Ad-HEX-transduced hepatoblasts
into hepatocytes. (a,b) Real-time RT-PCR analysis of (a) AFP and (b) ALB
expression in nontransduced cells and Ad-HEX-transduced cells, both of
which were induced from the human iPSC (Tic) derived definitive endo-
derm (day O, 5, 6, and 12). The cells were transduced with Ad-HEX at
day 6 as described in Figure la. The data at day 6 were obtained
before the transduction with Ad-HEX. The graphs represent the relative
gene expression level when the level in the fetal liver was taken as 100.
(c~J) Immunocytochemistry of ALB, CYP3A4, CYP7A1, and CK18 expres-
sion in (e-f) nontransduced cells and (g-J) Ad-HEX-transduced cells, all of
which were induced from the human iPSC (Tic) derived definitive endoderm
at day 18. Nuclei were stained with DAPI. Bar = 50um. Ad, adenovirus; AFP,
o-fetoprotein; ALB, albumin; CK18, cytokeratin 18; ESC, embryonic stem
cells; HEX, Ad-HEX-transduced cells; iPSC, induced pluripotent stem cell;
None, nontransduced cells; RT-PCR, reverse transcriptase-PCR.

definitive endoderm, and the Ad-HEX-transduced cells could dif-
ferentiate into both hepatocytes and cholangiocytes.

Directed hepatic differentiation from hepatoblasts

With the protocol described above, heterogeneous populations
containing CK7-positive cholangiocytes were observed at day
12 (Figure 4p). To promote the differentiation of hepatoblasts to
hepatocytes, the human iPSC-derived differentiated cells at day 9
(Supplementary Figure S5e) were dislodged with trypsin-EDTA
and plated on collagen I-coated dishes as previously reported."
After 8-11 days in culture with medium containing FGF4, HGE
OSM, and DEX, the Ad-HEX-transduced cells became more flat-
tened (Supplementary Figure S5m), whereas the nontransduced
cells became fibroblast-like cells (Supplementary Figure S5i).
Gene expression analysis showed the upregulation of ALB mRNA
in Ad-HEX-transduced cells under this culture condition, whereas
the expression of ALB mRNA was reduced in the nontransduced
cells at day 18 (Figure 5b). Immunostaining showed that only a
small percentage of Ad-HEX-transduced cells expressed ALB at
day 12 (Figure 4p), whereas most of the Ad-HEX-transduced cells
were ALB-positive at day 18 (Figure 5g). Most of the Ad-HEX-
transduced cells also expressed CYP3A4 at day 18 (Figure 5h).
More importantly, in the Ad-HEX-transduced cells, CYP7Al
and cytokeratin 18 were detected and these proteins are known
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Figure 6 Cytochrome P450isozymes in human iP5C (Tic) derived hepa-
tocytes. (a) Real-time RT-PCR analysis of CYP3A4, CYP7A1, and CYP2D6
expression in iPSC (Tic) derived nontransduced cells, Ad-HEX-transduced
cells, and fetal and adult liver tissues. (b) Induction of CYP3A4 by rifampicin
in human iPSC (Tic) derived nontransduced cells, Ad-HEX-transduced cells,
the HepG2 cell line and primary human hepatocytes, which were cultured
48 hours after plating the cells. Data are presented as the mean + SD from
triplicate experiments. The graphs represent the relative gene expression
level when the level in the adult liver was taken as 100. AFP, o-fetoprotein;
ALB, albumin; DMSO, dimethyl sulfoxide; ESC, embryonic stem cells;
HEX, Ad-HEX-transduced cells; iPSC, induced pluripotent stem cell; LacZ,
Ad-LacZ-transduced cells; None, nontransduced cells.

to be detected in hepatocytes but not in extra-embryonic cells**
(Figure 5i,j). Quantitative analysis showed that ~84, 80, 88, and
92% of Ad-HEX-transduced cells expressed ALB, CYP3A4,
CYP7A1, and cytokeratin 18, respectively. These results indi-
cate that Ad-HEX-transduced cells could differentiate to hepatic
cells. However, the expression level of ALB mRNA in Ad-HEX-
transduced cells was lower than that in fetal liver tissue and in
turn, the expression of AFP mRNA was maintained (Figure 5a).
Therefore, Ad-HEX-transduced cells are committed to the hepatic
linage, but are not yet mature hepatocytes.
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