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extension at 72°C for 1 min. The PCR products were sepa-
rated by electrophoresis on 2.0% agarose gels and visualized
by staining with ethidium bromide.

Adipogenic differentiation

WJe-MSCs were cultured at 2x 10* cells/well in six-well
plates in o-MEM supplemented with 10% FBS. When the
cells achieved 80% confluence, the medium was replaced with
adipogenesis induction medium,® consisting of 100 uM indo-
methacin (Sigma—Aldrich), 1uM dexamethasone (Sigma—
Aldrich), 0.5mM IBMX (Sigma—Aldrich), and 10 pg/mL
insulin (Sigma~Aldrich). The medium was refreshed every
3 days. After 3 weeks, the cells were fixed with 10%
formaldehyde, washed with PBS and 60% isopropanol, and
stained with Oil Red O (Sigma—Aldrich).

Osteogenic differentiation

WJe-MSCs at 2 x 10*well (P2) and SSEA4™ and SSEA4~
WIe-MSCs were cultured in 24-well plates in o-MEM sup-
plemented with 10% FBS. On the following day, the medium
was replaced with osteogenic induction medium including
10nM dexamethasone (Sigma—Aldrich), 10mM -glycerol
phosphate (Sigma—Aldrich), 100puM ascorbic acid (Sigma—
Aldrich), and 50ng/mL human BMP2 (thBMP2; Pepro-
tech)."®!® Human-BM-derived MSCs were used as the positive
control. The induction medium was refreshed every 3 days.
After 5 weeks, the cells were fixed with 2.5% glutaraldehyde
for 15 min at room temperature followed by rinsing with PBS.
The bone matrix was stained with 2% Alizarin Red S solution
(Sigma—Aldrich) with pH adjusted to ~4.1-4.3 with 1% am-
monium hydroxide (Sigma—Aldrich).*®

Statistical analysis

Differences between groups were analyzed with JMP
6.0.2 software (SAS Institute). Statistical analyses were
performed with Turkey—Kramer tests, and a p-value of 0.05
was regarded as statistically significant.

Results

Collection efficiency and WJe-MSC and WdJc-MSC
biomarkers

Both WJe-MSCs and WJc-MSCs were spindle-shaped
fibroblast-like cells (Fig. 1B). There was no significant
difference between these two methods in the collected cell
numbers at PO, even though the collected cell numbers of
WJe-MSCs varied (Fig. 2A). The median number of col-
lected WJe-MSCs from 1g of WJ was 2x 10° (range, from
9.1x10* to 10.3x 10% n=23) and of collected WJc-MSCs
was 1.7x10° (range, from 9.2x10* to 7.5x 10% n=20).
Further, we compared their surface markers as defined by
the ISCT. Both WJe-MSCs and WJc-MSCs were positive
for CD73, CD90, CD105, and HLA-ABC with a small
percentage of cells also positive for CD271 and negative for
CD34, CD45, and HLA-DR (Fig. 2B). In addition, both
Wle-MSCs and WIc-MSCs expressed the ES-related genes
Nanog, Oct4, KIf4, Rexl, and Sox2 (Fig. 2C).

Expression of SSEA4 and SSEA3 in WJ-MSCs

Because SSEA4™ and SSEA3™ cells have been consid-
ered as representative of immature cells, we periodically
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monitored SSEA4, SSEA3, and CD73 expression in Wle-
MSCs and WJc-MSCs during PO-P9. The percentages
of SSEA4™ cells at PO were similar in WJe-MSCs and Wlc-
MSCs. At PO, the WJe-MSCs included 324%+17.5%
SSEA4*CD73%, 62.8%+18.9% SSEA4~CD73%, and
1.3%+1.8% SSEA4"CD73~, whereas the WJc-MSCs in-
cluded 26.1%*16.1%, 70.4%*16.2%, and 0.7%+0.8%
cells, respectively (n=8, p=0.21). However, the percentage
of WJe-MSC SSEA4™ cells decreased after the first passage
and recovered to the original level by P7, whereas the inci-
dence of WJc-MSC SSEA4 ™ cells was relatively stable until
P9 (Fig. 3A, C). In contrast, the percentage of SSEA3 ™ cells
among both WJe-MSCs and WJc-MSCs was highest at PO
that declined and disappeared by PS5 (Fig. 3B, D). At PO,
the percentage of SSEA3™ cells among WJe-MSCs was
6.7% % 6.3% and among WIc-MSCs was 6.1% +6.1% (n=6).

Comparison of SSEA4* and SSEA4~ cells sorted
from WJe-MSCs

Further, we sorted SSEA4™ and SSEA4 ™~ cells from Wle-
MSCs at P4 using FACSAria and analyzed the SSEA4 ex-
pression in the sorted cells every week. The mean purity of
SSEA47CD73" was 89% and that of SSEA4~CD73" was
97.7%. The SSEA4* MSCs and SSEA4~ MSCs were of
similar sizes (Fig. 4A).

The percentage of SSEA4™ cells derived from the sorted
SSEA4™ WJe-MSCs decreased rapidly in the first week and
then increased gradually until week 4 (Fig. 4B, C). Interest-
ingly, SSEA4* MSCs were present in the SSEA4~ Wle-
MSCs, and the incidence of SSEA4™ cells in the subsequent
cultures was similar to that in the SSEA4 *-sorted cells. After
week 4, the incidence of SSEA4™ cells from both the SSEA4 ™
and SSEA4~ MSCs decreased to <10%. The incidences of
SSEA4™ cells derived from SSEA4* WJe-MSCs and SSEA4 ™~
WJe-MSCs were 8.5%+8.8% and 8.5% *8.8% at week 1 and
435%£21.6% and 55.1%129.4% at week 4, respectively
(n=3; Fig. 4C). In addition, there was no difference in pro-
liferation ability between SSEA4™ and SSEA4~ WIe-MSCs
(Fig. 4D).

RT-PCR analysis showed that the sorted SSEA47*
and SSEA4~ WJe-MSCs expressed Nanog, Oct4, and Kif4
(Fig. 4E).

Adipocyte differentiation

To determine the differentiation ability of SSEA4* Wle-
MSCs, we induced sorted SSEA4™ and SSEA4~ WJe-MSCs
into adipocytes. With induction medium, we observed the
accumulation of Oil Red O-stained lipid drops in SSEA4™,
SSEA4 ™, and nonsorted WJe-MSCs, whereas there were no
changes in WJe-MSCs cultured without induction medium
(Fig. 5A).

Osteogenic differentiation

We also compared the osteogenic differentiation abilities
of SSEA4* and SSEA4~™ WJe-MSCs. There was no dif-
ference between SSEA4* and SSEA4~ WJe-MSCs after
histochemical staining with Alizarin red, even though WJe-
MSCs were difficult to differentiate into osteoblasts, as
previously reported. Induction of osteogenic differentiation
in WJe-MSCs required a relatively high concentration
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FIG. 2. Characterization of WJ-MSCs collected by the explant and the collagenase-treatment methods. (A) Median cell
numbers of WJ-MSCs collected by the explant method (n=23) and the collagenase-treatment method are shown (n=20).
(B) Both WJe-MSCs and WJc-MSCs were positive for CD73, CD90, CD105, CD271, and HLA class I and negative for
CD45 and HLA class II. (C) Expression of embryonic stem cell-related markers Nanog, Oct4, Kif4, Rexl, and Sox2 is

shown. The data are representative of three individual experiments.

(100nM/mL) of BMP2 and a longer culture period of 5
weeks (n=3; Fig. 5B).

Expression of SSEA4/3 in media with different
FBS concentrations

We examined SSEA4/3 expression after 1 week in cultures
containing 0.1%, 1%, 10%, and 20% FBS, which contains
GSL. The cultured WJe-MSCs were all positive for CD73,
and cell proliferation of WJe-MSCs was associated with FBS
concentration (Fig. 6A, B). The SSEA4 expression was
positively correlated with the FBS concentration (Fig. 6C),
whereas SSEA3 expression was negatively correlated (Fig.
6D). The WJe-MSCs were 15.8%+6.2% SSEA4*CD73*
and 5.8%+1.9% SSEA3*CD73* in 0.1% FBS medium,
24.5%£9.8% and 2.7%+1.0% in 1% FBS, 41.5%+13.1%
and 0.7%+0.5% in 10% FBS, and 48.3%+12.0% and
0.6% £0.4% in 20% FBS, respectively (n=3).

To see that the increase in SSEA4 expression upon in-
creasing FBS concentration is caused by the change in ex-
pression alone but not because of increased WJe-MSC
proliferation, we analyzed SSEA4 expression associated
with growth curve with different FBS concentrations. In
consistent with the prior data, SSEA4 expression was cor-
related with FBS concentration, while SSEA3 was inversely
correlated (Fig. 6E-G). The higher FBS concentration
accelerated the proliferation of WJe-MSCs with higher ex-
pression of SSEA4 (Fig. 6E, F). The incidence of SSEA4*
and SSEA3™ cells was highest on day 3, followed by the
decline from days 3 to 7, still during proliferation. The
possibility of the substrate shortage for SSEA4 and SSEA3
during culture could be denied, because we replaced the
fresh medium on day 4. The data are representative of three
individual experiments.

Next, when the sorted SSEA4™ and SSEA4~ WJe-MSCs
were cultured in 1%, 5%, and 10% FBS for 1 week, SSEA4
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expression in the sorted SSEA4™ WJe-MSCs was 4.74%
and 17.4% in 1% and 10% FBS medium, respectively,
whereas SSEA4 expression in the sorted SSEA4~ Wle-
MSCs was 2.69% and 5.08% in 1% and 10% FBS, re-
spectively (n=3; Fig. 6H, I).

Further, to clarify whether the phenomena of SSEA4
expression influenced by FBS concentration were limited
to WJle-MSCs, we performed the same experiments using
BM-MSCs derived from frozen-thawed MNCs. As shown in
Figure 7A, BM-MNCs before culture included hematopoietic
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method (WJe-MSCs) were cultured for 1 week in media containing 0.1%, 1%, 10%, and 20% FBS, and SSEA4 expression
patterns were analyzed by flow cytometry. The data are representative of three individual experiments. (B) WJe-MSC
numbers in media with different concentrations of FBS were determined. (C, D) Percentages of SSEA4™ and SSEA3™
cells, respectively, among the WJe-MSCs in media with different concentrations of FBS were determined. (E) Growth
curves of WJe-MSCs with different concentrations of FBS. (F, G) Percentage of SSEA4™ and SSEA3™ cells during the
proliferation of WJe-MSCs, respectively. (H, I) Flow cytometry patterns and percentages of SSEA4 expression in the sorted
SSEA4™ and SSEA4~ WJe-MSCs in media with 1%, 5%, and 10% FBS were determined. *P <0.05, **P=0.02.

cells with low incidence of MSCs and also low incidence of
SSEA4 +cells. As expected, the proportion of CD45™ he-
matopoietic cell expression declined during the passages;
instead, CD45™ cells increased (Fig. 7A). The latter cells
expressed CD45 ™ CD73" MSCs (data not shown). However,

in o-MEM with 10% FBS, we could not observe the
predominant growth of SSEA4™ cells regardless of CD45
expression (Fig. 7A). Further, in consistent with the results in
WI-MSCs, the SSEA4 expression in BM-MSCs was corre-
lated with the FBS concentration, whereas SSEA3
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FIG. 7.

Influence of FBS on SSEA4 and SSEA3 expression in bone-marrow-derived mesenchymal stem cells. (A)

Shift of the proportion of CD45"% hematopoietic cells and CD45~ cells with or without SSEA4 expression during the
passages. (B) Growth curves of BM-MSCs with different concentrations of FBS. (C, D) Percentage of SSEA4™ and SSEA3*
cells during the proliferation of BM-MSCs, respectively. The data are representative of two individual experiments.

expression was inversely correlated (Fig. 7B-D). The rela-
tionship between the growth curve and SSEA4/3 expression
was also consistent with the results in WJ-MSCs (Figs. 6E-G
and 7B-D).

Discussion

To gain insight into the role of SSEA3 and SSEA4 in UC
WIJ-MSCs, we examined the SSEA3 and SSEA4 expression
on WJ-MSCs obtained by different methods and compared
the differentiation abilities of SSEA4™ and SSEA4 ™ cells.

First, we compared SSEA3 and SSEA4 expression in
Wle-MSCs and WJc-MSCs. The explant method has several
advantages. It does not require nonhuman collagenase de-
rived from Clostridium histolyticum and saves the time for
lysing the tissue with enzyme in the procedure. The disad-
vantages of the explant method are that collecting adequate
cell numbers is dependent on the amount of WIJ tissue
fragments that attach firmly to the bottom of the dish, which
in turn, is dependent on the individual ability. Although the
collagenase process from cutting tissue to plating can be
unified, we found that some samples are more sensitive to
collagenase, resulting in reduced viability. We did not find
any significant differences between WJe-MSCs and Wlc-
MSCs in cell numbers, MSC surface markers as defined by
the ISCT, or ES-cell-related gene expression at PO. In ad-
dition, the incidence of SSEA4"* and SSEA3™ at PO was
similar between the two types. However, SSEA3 disappeared
rapidlg in the early culture passages, as described previous-
1y.**?° It is known that SSEA3 disappears more rapidly from
the cell surface compared with SSEA4, if GSL synthesis is
blocked by inhibitors, and a similar phenomenon has also
been detected during ES cell differentiation.'*?! Interest-

ingly, the incidence of WJe-MSC SSEA4™* cells was reduced
after the first passage, and, by P7, the original levels were
recovered. In contrast, the incidence of WJc-MSC SSEA4*
cells was relatively stable until P9. The reason for the de-
pression of SSEA4 expression in WJe-MSCs at P1 is un-
known. However, SSEA4" MSCs in both WJe-MSCs and
WIc-MSCs did not proliferate predominantly in our culture
medium. As previously reported, osteogenic differentiation
was difficult with WJ-MSCs,® requiring a longer induction
period, additional cytokines such as BMP2, and specific FBS
concentrations. However, both sorted SSEA4™ and SSEA4~
WI-MSCs eventually differentiated into osteocytes and
adipocytes in a similar manner, and there were no differences
in ES-marker gene expression between the SSEA4™ and
SSEA4~ MSCs. Interestingly, SSEA4™ cells appeared even
from the SSEA4~ MSCs, and the incidence of SSEA4™ cells
derived from the SSEA4~ MSCs demonstrated a similar
transition pattern as those derived from the SSEA4* MSCs.
This result suggested that the culture medium may have been
the source of SSEA4 antigens.

The role of SSEA3 and SSEA4 in MSCs remains con-
troversial. Rostovskaya et al. also suggested SSEA4-marked
adipogenic progenitor lacking osteogenic capacity.?? In ES
cell study, Ramirez et al. demonstrated that both SSEA3 and
SSEA4 are markers of immature ES cells, but particularly
SSEA3 together with OCT4 and TRA-1-60 were good
tracers for validating pluripotent stem cells, whereas SSEA4
was expressed for long during the differentiation of ES
cells.?® Gang et al. reported that SSEA4™ cells proliferated
predominantly when the culture was initiated from ]primary
BM cells, which were mostly hematopoietic cells.!* But in
our culture condition, the incidence of SSEA4™ cells, which
were characterized as MSCs, was not increased dramatically
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as reported by Gang’s group. Their results might be induced
by the special cocktail of the medium, consisted of MCDB-
201, 10% FBS, ITS, linoleic acid—bovine serum albumin,
dexamethasone, ascorbic acid, hPDGF-BB, and hEGF, fol-
lowed by the medium with relatively high FBS concentra-
tion. In other articles, Schrobback et al. assessed the SSEA4
in human articular chondrocytes, osteoblasts, and BM-
derived MSCs and characterized their differentiation po-
tential. But their results showed that SSEA4 levels in these
cells were not unrelated to the cells’ chondrogenic and
osteogenic and proliferation potentials in vitro.?* Suila et al.
reported that SSEA4, and not SSEA3, was expressed on the
surface of cord-blood-derived MSCs, whereas SSEA3 was
expressed at very low levels in cord blood hematopoietic
stem cells.** They also suggested that FBS contains detect-
able amounts of globoseries GSLs and showed that the
SSEA3 was influenced and upregulated by culturing with
FBS overnight, even though they did not demonstrate an
influence on SSEA4 expression. In our study, we demon-
strated that SSEA4 expression significantly correlated with
FBS concentration, whereas SSEA3 appeared to be nega-
tively correlated with FBS concentration. The possibility that
FBS stimulated the proliferation of WJe-MSCs, resulting in
the increase of SSEA4 expression, cannot be denied com-
pletely. But the fact that the SSEA4 expression was declined
during the proliferation of WJe-MSCs and BM-MSCs in each
medium did not support this hypothesis. Regardless of cell
growth or cell concentration, consistently, the SSEA4 ex-
pression was clearly associated with FBS concentration not
only in WJ-MSCs but also in BM-MSCs. Reversely to the
SSEA4 expression, SSEA3 expression appeared to be nega-
tively correlated with FBS concentration. The reason why the
data of SSEA3 elevation upon the higher FBS concentration
are not coincident with Suila’s data remained unresolved. We
add a partial speculation that SSEA4 is derived from SSEA3;
thus, the increase of SSEA4 means the waste of SSEA3, or
MSCs with high concentration of FBS are differentiated ac-
companied with decrease of SSEA3. But we need the scru-
pulous attention to analyze SSEA3 by FCM in various FBS
concentrations. We also found that SSEA4 could be in-
duced from pure SSEA4~ WIJ-MSCs. This suggests the
presence of substrate for SSEA4 in SSEA4™ cells and also
the influence of FBS on the SSEA4 expression in SSEA4™
cells. Brimble et al. reported that the depletion of these two
molecules by the addition of GSL synthesis inhibitors ap-
parently did not affect the ES cell pluripotency.’* In con-
clusion, these results indicate that SSEA4 may display
altered expression profiles in response to culture medium
including FBS and may not be an essential marker of
WI-MSC pluripotency.
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| KeyPoints' "

¢ Gain-of function mutation of
IL7Ra induces lymphoid
leukemia as well as
myeloproliferative disease.

* In vivo oncogenicity of mutant
IL7Ra is influenced by the
differentiation stage at which
it occurs.

Somatic gain-of-function mutations in interleukin 7 receptor « chain (IL7Ra) have
been described in pediatric T and B acute lymphoblastic leukemias (T/B-ALLs). Most
of these mutations are in-frame insertions in the extracellular juxtamembrane-
transmembrane region. By using a similar mutant, a heterozygous in-frame trans-
membrane insertional mutation (INS), we validated leukemogenic potential in murine
hematopoietic stem/progenitor cells, using a syngeneic transplantation model. We
found that ectopic expression of INS alone in hematopoietic stem/progenitor cells
caused myeloproliferative disorders, whereas expression of INS in combination with
a Notch1 mutant led to the development of much more aggressive T-ALL than with
wild-type IL7Ra. Furthermore, forced expression of INS in common lymphoid
progenitors led to the development of mature B-cell ALL/lymphoma. These results
demonstrated that INS has significant in vivo leukemogenic activity and that the

lineage of the resulting leukemia depends on the developmental stage in which INS occurs, and/or concurrent mutations.

(Blood. 2013;122(26):4259-4263)

Introduction

Interleukin 7 (IL7) is essential for T-cell development and homeo-
stasis.” Its cognate receptor (IL7R) forms a heterodimer composed
of the a chain (JL7Ra) and common vy chain; binding of IL7 to IL7R
triggers activation of Janus kinase (JAK)/signal transducer and
activator of transcription signaling and the PI3K/v-akt murine
thymoma viral oncogene homolog 1 (Akt) pathways.’

Accumulating evidence has demonstrated that dysregulation of
the IL7 signaling axis may be implicated in lymphoid malignan-
cies. For example, IL7 transgenic mice develop T- and B-cell lym-
phomas,' and human primary T-cell acute lymphoblastic leukemia
(T-ALL) cells respond to IL7 in vitro! and in vivo.? Moreover, recent
findings describing IL7Ra gain-of-function mutations in pedi-
atric ALL and a T-ALL cell line have provided direct evidence
that the IL7-IL7R axis plays a crucial role in the pathogenesis of
human ALL.>¢

Although the gain-of-function properties of these mutants have
been precisely studied in vitro,> their leukemogenic potential in
vivo has not been well studied. One study reported that T-cell
leukemogenesis was triggered by an IL7Re mutant.” However,
they used murine IL7-dependent D1 progenitor T-cell lines de-
rived from p53-knockout mice,” which spontanecusly develop

T-cell lymphoma,®® and this specific animal model may not be
generally applicable.

To extend these observations, we demonstrate the in vivo leu-
kemogenic potential of such a mutant when expressed in primary
hematopoietic stem and progenitor cells by using a IL7Ra mutant,
which was previously identified in a T-ALL cell line.®

Methods
Mice

Six- to 12-week-old Balb/c mice were used for all experiments. Lineage
depletion of bone marrow (BM) or embryonic day 14.5 (E14.5) fetal liver
was performed by the EasySep Mouse Hematopoietic/Progenitor Cell
Enrichment Kit (StemCell Technologies). Via tail vein injection, 1 X 10°
Lineage~ BM/fetal liver cells (lin ™ cells), pro-B, or Thy1* T cell progenitors
were injected into lethally (8 Gy) or sublethally (4 Gy) irradiated recipients.
Mice were maintained in accordance with institutional animal care guidelines
(Institute of Medical Science, University of Tokyo). Detailed methods are
provided in the supplemental Methods.
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A B - ¥ : Figure 1. In vivo transforming activity of INS. (A-D)
- 5 — Lin~ cells were retrovirally transduced with mock

e c} 30 ' A vectors (mock), WT, or INS, followed by injection into

32 s lethally irradiated congenic mice. (A) May-Giemsa stai-

S ‘5’18 . ning of PB smears at day 40, showing marked leu-

m : 64 “r : kocytosis consisting predominantly of mature myeloid

I s — cells. (B) White blood cell count at day 40. *P < .05

s . * s (analysis of variance; INS vs WT or mock recipient

(-) WT INS mice). (C) FACS of the PB and SP at day 40, showing an

@®=5 (n=7) (n=12) increase in Mac-1*/Gr-1" myeloid cells. (D) Immuno-
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Mac1

histochemical analysis (IHC) of SP and BM specimens
by anti-myeloperoxidase, indicating an increase in the
number of myeloid cells in INS recipient mice. Bars
represent (A) 10 pm and (D) 20 um. (E) Demonstration
of in vivo reconstitutive capacity of hiL7R (WT/INS)
transduced T-cell progenitors. Lin~ kit™ stem/pro-
genitor cells were cultured on OP9-DL1 stromal layer
for 7days, supplemented with mIL7* human Fms-like
tyrosine kinase 3-ligand, which allowed them to
differentiate into Thy1*CD25"CD44*DN1 immature
T-cell progenitor fractions. These cells were retrovirally
transduced with WT/INS vector. The resultant cells
were allowed to expand on OP9-DL1 stroma for ad-
ditional 7 to 10 days, and developed into CD25"CD44~
DN3 immature T-cell progenitor fractions. These Thy1*
cells were green fluorescent protein (GFP)-sorted and

2.0
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Results and discussion
In vitro transforming activity of the mutant IL7Re, INS

Consistent with previous report, sequencing analysis of exon 6 of
the IL7Ra gene, mainly encoding the transmembrane domain,
identified a heterozygous in-frame transmembrane insertional muta-
tion (INS) in the T-ALL cell line DND-41.% Forced expression
of INS exerted transforming activity in Ba/F3 cells, as revealed
by acquisition of cytokine-independent growth (supplemental
Figure 1A-C, found on the Blood website) as well as the autonomous
phosphorylation of Statl, Stat3, Stat5, and Akt (supplemental
Figure 1D). In addition, transient expression of IL7Ra in human
embryonic kidney 293 cells leads to autonomous tyrosine phos-
phorylation of Jak!l only in those expressing INS (supplemental
Figure 1D, left), suggesting that INS constitutively activated IL7R
downstream signals via Jakl. As INS falls within the same
category of reported mutation of IL7Ra,>® we decided to use INS
as a representative gain-of-function IL7Ra mutation for further
experiments.

INS in stem/progenitor cells caused
myeloproliferative disorders

The leukemogenic activity of INS and wild-type (WT) IL7Ra was
assessed by retroviral transduction of Lin ™ cels. Within 6 to 9 weeks
after transplantation, recipient mice transplanted with INS Lin~

CD25

cells, but not WT Lin~ cells, developed myeloproliferative dis-
orders (MPDs) characterized by splenomegaly, leukocytosis, and
polycythemia (Figure 1A-C, right; supplemental Figures 1D
and 3C-D). Fluorescence-activated cell sorter (FACS) and
morphological analysis revealed a marked increase in Mac1™**
Gr-1"" mature myeloid cells in the peripheral blood (PB),
spleen (SP), and BM (Figure 1C-D; supplemental Figures 2
and 4). An increase of Ter119" CD71% immature erythroblast
was also noted in SP and BM (supplemental Figure 4, SP; data
not shown). INS-induced MPD was oligoclonal, as evidenced by
Southern blot analysis (supplemental Figure 5, leff). A similar
disease phenotype was also observed in mice transplanted with
Lin"c-Kit**Scal™ (KSL) fractions transduced with INS
(supplemental Figures 3A-B.E and 4). Both B- and T-cell
development were severely perturbed in INS recipient mice
(supplemental Figure 4). As transplantation of INS-transduced
KSL cells resulted in preferential expansion of myeloid progenitor—
enriched Lin~c-Kit""Scal™ fraction (supplemental Figure 6), we
speculate that in vitro transforming activity of INS skewed myeloid
progenitor expansion at the expense of common lymphoid progenitor
Lin-c-kit®*Scal * IL7Ra™ (CLP) expansion, through which normal
lymphopoiesis might be perturbed. This was also supported by the fact
that INS exerted transforming activity in input KSL cells, as well as
resultant myeloid progenitors ex vivo, as revealed by colony-forming
cell assay (supplemental Figure 7). It was previously reported that
forced expression of wild-type murine IL7Ra into IL7Ra knockout
BM progenitors induces a very similar MPD phenotype, including
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Figure 2. INS synergized with active Notch1 (A-C)
and exerted transforming activity in CLPs (D-F) in
vivo, {A-C) Lin™ cells were cotransfected with vectors
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Liver

WT/ICN1
o g «fn

encoding the ICN1 gene (mock, ICN1) and the hIL7R
gene (mock, WT, INS), followed by injection into lethally
irradiated congenic mice. (A, upper) FACS analysis of
the SP from WT/ICN1 or INS/ICN1 recipient mice at day

INS/ICN1

40. Data were obtained from GFP™ (marker for the ICN1
gene) and rat CD2" (marker for the hIL7R gene)

fractions. (A, lower) IHC of SP specimens using anti-
CD3 antibodies from WT/ICN1 (/effy and INS/ICN1
(right) recipient mice. Bar represents 20 pm. (B)
Histological findings of liver (left 2 panels) and BM
(right 2 panels) from WT/ICN1 (upper) and INS/ICN1
(lower) recipient mice (hematoxylin and eosin stain).
Bar represents 50 wm. (C) Survival curves of recipient
mice (mock/mock, n = 22; mock/ICN1, n = 44; WT/

ICN1, n = 42; INS/ICN1, n = 54) **P < .01 (log-rank
test). (D-F) CLPs transfected with hIL7R constructs
were expanded in vitro for 18 days and injected into
sublethally irradiated congenic mice. (D, top 2 panels)
FACS analysis of the BM: WT recipient mice at day 60
(WT) and INS recipient mice at day 60 (INS). Data are
obtained from GFP* gated fractions. Open histo-
gram, isotype control; shaded histogram, specific
staining. (D, lower) Splenomegaly and lymphadenopa-
thy developed in CLPs-INS recipient mice at day 60
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(denoted as “INS”). (E) Survival curves of recipient mice 0
(n = 11 for each condition). **P < .01 (log-rank test, INS
vs WT or INS vs INS2™). (F) Histological findings: BM
specimens from WT recipient mice (upper leff) and INS
recipient mice at day 60 by hematoxylin and eosin stain
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100

(lower left) or by IHC of B220* cells (upper right). Lymph
node cytospin from INS recipient mice at day 60 by May-
Giemsa stain (fower righf). Bar represents 20 pm. WT,
WT primary recipients; INS, INS primary recipients;
WT-2nd, WT day 30 BM secondary recipients; INS-2nd,
INS day 30 BM secondary recipients.

Survival rate

WY (n=11) “
mE INS (n = 1)

splenomegaly resulting from neut:rophilia.10 Consistent with this
report, transduced WT appeared to induce some degree of increase in
myeloid fraction and neutrophilia in PB and SP compared with that of
mock increase of myeloid fraction and neutrophilia in PB (sup-
plemental Figure 4). Importantly, the magnitude was quite different, as
we could not find a statistically significant difference of SP weight
in mock and WT (n = 4 each; P = .61, 1-way analysis of variance;
supplemental Figure 3C). This is in contrast to the difference of INS
(n = 4) and WT (P < .01; supplemental Figure 3C). WT-induced
mild myeloid expansion was accompanied by concomitant increase in
lymphoid subset in PB, SP, and BM, specifically CD19™ B-cell
fractions (supplemental Figure 4). Considering the fact that the
phenotype of WT-recipient mice was different from that of mock
(supplemental Figure 4), it should be mentioned that we could not rule
out the possibility that the phenotype elicited by INS is in part a result
of the effect of IL7R overexpression per se, imrespective of its
mutational status. The major difference from the previous report was
that they rescued the loss-of-function phenotype of IL7Ra by ectopic
expression of IL7Ra. 1

Neither of these recipient mice developed overt leukemia through-
out the median follow-up period of 5 months (WT, n = 28; INS,
n = 22), suggesting that additional transforming events are required
for clonal evolution to aggressive leukemia. Considering the fact that

30 " e
Days post transplant

i

80

WT24 (n = 11)
o
INS2 (n = 11)

recipient mice for hematopoietic stem cells transduced with con-
stitutively active Akt or signal transducer and activator of
transcription-5 also developed similar diseases together,'’"1? this
MPD phenotype is likely to be induced by stem cells ectopically
expressing INS.

Nononcogenic consequence of INS in T-cell progenitors

Next, we wished to test the effect of INS on T-cell precursors.
Toward this aim, we cocultured Lin~ kit™ stem/progenitor cells for
7 days, which allowed the emergence of Thyl "CD25~CD44 *DN1
immature T-cell-progenitor fractions (data not shown). These cells
were transduced by retroviral transduction of the WT/INS vector.
The resultant transduced cells were allowed to expand on OP9
expressing the Notch ligand Delta-like 1 (OP9-DL1) stroma for an
additional 7 to 10 days, which allowed them to develop Thyl™
CD4~CD8CD25~CD44*DN1 to DN3 CD257CD44 DN3 im-
mature T-cell-progenitor fractions (Figure 1E). The resultant Thy1™
cells were GFP sorted and injected into sublethally irradiated mice.
As a result, we could detect stable engraftment of GFP™ T-cell
progenitors in recipient mice from day 40 to day 50 in thymus
(Figure 1E) and CD4 or CDS single-positive cells in the periphery,
such as SP or PB (data not shown). Neither of these recipient mice
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developed overt leukemia throughout the median follow-up period
of 106 days (WT and INS, n = 12 each). We speculate that this
might be partly attributable to the limited engraftment of WT/INS-
transduced T-cell progenitors in thymus (data not shown).

INS exacerbates the in vivo oncogenic activity of Notch1

INS-like mutations were reported to occur in 10% of T-ALL
patients.>* In contrast, Notchl mutations were more frequently
found in T-ALL patients and were equally distributed between
patients with WT and INS.* The DND-41 cell line carries both
INS and Notch] mutations.*'> Moreover, IL7 signaling coordinates
with Notchl in proper T-cell developmental programming.'*!> We
hypothesized that INS may cooperate with active Notchl mutants in
T-cell leukemogenesis. Therefore, Lin~ cells were transduced with
mock or IL7Ra-WT/INS along with an active form of intracellular
Notchl (ICN1), followed by syngeneic transplantation. As reported
previously,'® within 4 to 6 weeks after transplantation, all mice devel-
oped T-ALL, characterized by extrathymic expansion of leukemic
cells (Figure 2A-B; supplemental Figure 8B). Clonality of INS/ICN1-
induced leukemia was confirmed by Southern blot analysis around day
35 (supplemental Figure 5, right). Despite similar immunophenotypes
(CD3"CD4*CD8*TCR-B ) between WI/ICN1 and INS/ICN1 cells
(Figure 2A, Upper; supplemental Figures 8A and 9), histological
examinations of the liver, SP, and BM in recipient mice revealed that
systemic expansion of INS/ICN1-Lin™ cells was much more aggres-
sive than that of WI/ICN1™ and mock/ICN1 Lin~ cells (Figure 2A,
Lower, and 2B). Furthermore, the median survival time of INS/ICN1
mice (44 days; n = 54) was significantly shorter than that of mock/
ICN1 (60 days; n = 44) and WT/ICN1 (57 days; n = 42) mice
(P < .001 by log-rank test; Figure 2C). Taken together, INS
clearly exaggerated ICN1-induced T-ALL.

Forced expression of INS in B-cell progenitors caused
mature B-ALL/lymphoma

Because the IL7Ra gene is transcriptionally active in common
Iymphoid progenitors (CLPs; Lin~c-kit®¥Scal ™ IL7Ra™) and
their progenies and not expressed in stem cell compartments,'” the
INS allele could target the same cell populations. Then, CLPs
were transduced with INS or WT IL7Ra and cultured on the OP9
stromal layer with a cytokine cocktail for 18 days, followed by
transplantation of resulting pro-B cells into syngeneic recipient
mice (supplemental Figure 10A). All but 1 of the INS-CLP re-
cipients died of mature B-ALL/lymphoma, whereas no WT-CLP
recipients died (P < .01; Figure 2D-E). Autopsy specimens re-
vealed massive infiltration of B220™ leukemic blasts into the BM,
SP, and lymph nodes (Figure 2F; data not shown). This mature
B-cell ALL/lymphoma was transplantable to secondary recipients,
resulting in more aggressive mature B-ALL/lymphoma with much
shorter survival periods (Figure 2E). INS-induced mature B-ALL/
lymphoma was biclonal, as evidenced by Southern blot analysis
(supplemental Figure 5, right). Under these experimental con-
ditions, INS-CLPs had already committed to the cytokine-independent
clonogenic pro-B cells before transplantation (supplemental Figure
10B-C; data not shown).

Finally, we wished to identify the downstream signals involved
in INS-induced leukemogenesis. Using microarray analysis (Gene
Expression Omnibus accession number GSE51211) of the resultant
transformed cells in vitro and in vivo, we performed a comparative
analysis of gene expression profiles from WT and INS-transduced
hematopoietic stem/progenitor cells, as well as resultant leukemia
cells that developed in vivo. As a result, we found a list of
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candidate genes (n = 6133) that were up- or downregulated by
INS in comparison with WT. Among those genes, by reviewing
hierarchical clustering analysis, several genes could be candi-
date mediators downstream of INS in comparison with WT, including
hairy and enhancer of split-1 (HESI) for MPD, proviral insertion site
in Moloney murine leukemia virus 1 (PIMI) for B-ALL, and insulin-
like growth factor 1 receptor (/GFIR) for T-ALL (supplemental
Figure 11). Quantitative RT-PCR verified their differential expres-
sion in comparison with WT (supplemental Figure 12). Putative
involvement of these genes in INS-induced leukemogenesis was
supported by previous data reporting the significance of HESI
overexpression reported in advanced chronic myelogenous
lel.lkemia,18 PIM]I activation involved in pre-B-cell transforma-
tion,’® PIMI overexpression reported in B-ALL,%° and high-level
expression of IGFIR in T-ALL.2%?! 1 addition, we performed
gene set enrichment analysis®? to find significant overlaps between
INS/ICN1 (in comparison with WT/ICN1) gene expression signature
and gene sets present in the public database (supplemental Discussion).
As aresult, we found that in vivo INS/ICN1 was characterized by
overexpression of interferon (IFN)-stimulated genes®® and IGF1-
signal-related genes,** suggesting constitutive activation of IFN™ as
well as the IGF1™ signal pathway (supplemental Figures 13 and
14; supplemental Tables 2 and 3). These are consistent with the
previous report that JAK1-mutated T-ALL samples were charac-
terized by the IFN-pathway> signature, as well as our findings of
a higher IGFIR transcript level in INS/ICNI cells compared with
that of WT/ICN1 (supplemental Figures 11 and 12).

In conclusion, we provided evidence that INS has significant in
vivo Jeukemogenic activity and that determination of the lineage of
resulting leukemias depends on the developmental stage during
which they occur and/or concurrent mutations. In addition, as far as
we know, this is the first report in which transformation of CLP
leading to in vivo malignancy is shown. This is also of general
relevance for the field of lymphoid malignancies. Given that either
IL7Ra or Jakl gain-of-function mutations have been found in
approximately 10%°> or 19%% of T-ALL patients and that IFN-
pathway signatures have been associated with Jakl-mutated
T-ALL,? it is fairly certain that IFN-pathway signatures induced by
aberrant IL7R/Jak1 axis might substantially contribute to the patho-
genesis of T-ALL in close association with activating mutations in
the Notch pathways.
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Di- and trimethylation of lysine 27 on histone H3 (H3K27me2/3) is
an important gene repression mechanism. H3K27me2/3-specific
demethylase, Jmjd3, was expressed in the inner nuclear layer during
late retinal development. In contrast, H3K27 methyltransferase,
Ezh2, was highly expressed in the embryonic retina but its ex-
pression decreased rapidly after birth. Jmjd3 loss of function in the
developing retina resulted in failed differentiation of PKC-positive
bipolar cell subsets (rod-ON-BP) and reduced transcription factor
Bhlhb4 expression, which is critical for the differentiation of rod-
ON-BP cells. Overexpression of Bhlhb4, but not of other BP cell-related
genes, such as transcription factors Neurod and Chx10, in Jmjd3-
knockdown retina rescued loss of PKC-positive BP cells. Populations
of other retinal cell subsets were not significantly affected. In addi-
tion, proliferation activity and apoptotic cell number during retinal
development were not affected by the loss of Jmjd3. Levels of histone
H3 trimethyl Lys27 (H3K27me3) in the Bhlhb4 locus were lower in
Islet-1-positive BP cells and amacrine cells than in the Islet-1-negative
cell fraction. The Islet-1-negative cell fraction consisted mainly of pho-
toreceptors, suggestive of lineage-specific demethylation of H3K27me3
in the Bhlhb4 locus. We propose that lineage-specific H3K27me3 deme-
thylation of critical gene loci by spatiotemporal-specific Jmjd3 expres-
sion is required for appropriate maturation of retinal cells.

histone methylation | progenitor | interneuron

Methylation of basic amino acid residues in histone is an
important epigenetic mechanism to regulate gene expres-
sion. Recent studies have shown that histone lysine methylation
regulates gene expression by influencing the accessibility of pro-
moter or enhancer regions to transcriptional molecules (1). Di-
and trimethylation of lysine 27 on histone H3 (H3K27me2/3) by
the histone methyltransferase enhancer of the zeste homolog 2
(Ezh2/Kmt6) with polycomb repressive complex 2 (PRC2) is known
as a mechanism of gene repression (2-4). Histone H3 trimethyl
Lys27 (H3K27me3) represses gene expression by recruiting PRCI,
which recognizes H3K27me3 and ubiquitinate lysine 119 on histone
H2A (5). The role of H3K27me3 markers is well established in
developmental processes (6). Dynamic switches in polycomb targets
that restrict pluripotency and define the developmental potential of
progenitor cells have been demonstrated by differentiation of ES
cells into Pax6-positive radial-glial neuronal progenitor cells (7).
The role of H3K27 in defining the timing of neurogenesis and
gliogenesis was shown in cortical neurons by ablating Ezh2 at
different developmental stages (8-10). Jmjd3 (Kdm6b) and Utx
(Kdm6a) are H3K27 demethylases (11, 12). Jmjd3 is required
to regulate the maintenance of the respiratory rhythm generator
during late development and in the function of neuronal net-
works (13).

The vertebrate neural retina is organized into a laminar structure
composed of six types of neurons and glial cells. In the mouse, these
major retinal cell classes are generated from retinal progenitor
cells between embryonic day (E) 11 and postnatal day (P) 10 in
a conserved temporal order (14). The importance of histone

www.pnas.org/cgi/doi/10.1073/pnas. 1311480111

methylation during retinal development has been discussed in
previous studies (details are provided in SI Note I). Recently, it
was reported that loss of function of ezh2 in Xenopus causes de-
fective proliferation of retinal progenitor cells and repression of
proneural gene expression (15). Xenopus ezh2 was expressed in the
ganglia cell layer (GCL) and inner nuclear layer (INL) in the
developing retina, and low-level expression of jmjd3 in these layers
has béen reported (16). However, the functional roles of the
H3K27 markers in mammalian retinal development have not
been reported. In the present study, we examined the roles of
H3K27 markers in retinal cell differentiation by ablating Jmjd3
during retinal development. We show that timed Jmjd3 expres-
sion, which results in the demethylation of key genes and retinal
maturation factors, plays a critical role in the differentiation of
retinal subsets.

Results

Jmjd3 Expression in the INL of Developing Retina. We first examined
the expression patterns of enzymes related to H3K27 modifica-
tion. Only one enzyme (Ezh2) is known to act as a methyltransferase,
whereas three enzymes (Jmjd3, Utx, and Uty) are demethylases at
the H3K27 site (17). We examined the expression patterns of Jmjd3
and Utx in the developing mouse retina using in situ hybridization
(Fig. 1A and B and Fig. S1.4 and B). Jinjd3 was expressed as early as
E15 in the retina, and a weak signal was observed in the inner half of
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Expression of Jmjd3 and Ezh2 in developing retina. In situ hybridization (A and B) and immunostaining (C) of Jmjd3 in the developing mouse retina.

Mouse retinas at indicated developmental stages were frozen-sectioned, and in situ hybridization and immunostaining were done. Signals in A and B are
visualized using the 5-Bromo-4-chloro-3-indolyl phosphate (BCIP) and nitro-blue tetrazolium chloride (NBT) system. In C, Jmjd3 signals are shown in green and
gray signals show nuclear staining by DAPI. (D) Expression of mRNA of Jmjd3 and Ezh2 was examined by RT-qPCR using totai RNA extracted from the retina at
different developmental stages. An average of three independent samples is shown with the SD. Ad, adult; L, lens; ONBL, outer neuroblastic layer.

the retina. At E17 and P3, the Jmjd3 signal was weak and the region
of expression was difficult to identify (Fig. 1 4 and B). At P5, a
signal was observed in the INL and GCL. At P8 and P12, signals
in the INL decreased, although a faint signal was still detected
(Fig. 1B). The Utx in situ hybridization signal was very weak, and
at P8 and P12, faint signals were observed in the INL (Fig. S14,
arrows). Hybridization analysis with sense probes targeting Jmjd3
gave relatively high background but did not generate specific
signals, and probes for Utx gave no background or specific signals
for the examined stages (Fig. S1B). We then performed immu-
nostaining of Jmjd3 with retinal markers. At E14 and E17, Jmjd3
was expressed in GCL and at the inner side of the blastic layer
(Fig. 1C). Costaining with the Ki67 proliferation antigen in-
dicated that Jmjd3 was expressed in postmitotic cells (Fig. S1C).
At P1, Jmjd3 was weakly expressed in GCL, and at P3, signals
appeared at the inner neuroblastic layer (INBL) (Fig. 1C). At PS5,
the Miiller glia marker Cedn3 (P5) and pan-bipolar (BP) marker
Chx10 (P5 and P8) colocalized with Jmjd3, but PNR (Nr2e3),
which marks rod photoreceptors (18), did not in P5 and P8 (Fig.
S1C). RT-quantitative PCR (qPCR) showed that Jmjd3 expres-
sion peaked at the P5 retina, and was relatively low before and
after this stage (Fig. 1D). Ezh2 is known to be highly expressed in
the retina in the INBL at E16 but is undetectable in adult retina
(19). RT-gPCR showed that the level of Ezh2 decreased after
birth, and when retinal development was complete at about 2 wk
after birth, EzA2 expression was negligible (Fig. 1D). Immunos-
taining showed that Ezh2 was expressed in the whole retinal area
at E14 and in all layers (GCL, INL, and outer neuroblastic layer)
at E17 (Fig. S1D). At P5, Ezh2 was expressed in the GCL and
weakly in some INL cells. At P8, expression of Ezh2 was ob-
served in the outer half of the INL.

Jmjd3 Knockdown in the Developing Retina Results in Loss of Rod-ON-
BP Cells. To examine the role of demethylation of H3K27 in retinal
development, we performed Jmjd3 loss-of-function analysis. At
E17, the retina was transfected with U6 promoter-driven shRNA
for Jmjd3 (sh-Jmjd3) with an EGFP expression plasmid and cul-
tured as explants. We first examined the effects of sh-Jmjd3 on
H3K27me3 in the retina. Immunostaining (Fig. S24) showed that
the patterns of H3K27me3 in the developing retina were com-
parable to those in previous reports (20). Next, the effects of sh-
Jmjd3 on the H3K27me3 expression pattern were examined. At

3752 | www.pnas.org/cgi/doi/10.1073/pnas.1311480111

day 5, signals with stronger intensity for H3K27me3, especially in
the INL, were observed in sh-Jmjd3 transfected retina compared
with sh-control transfected samples (Fig. S2B). At day 10, signal
intensity was slightly stronger in the outer nuclear layer (ONL)
(Fig. S2C). In the control, H3K27me3 signals were observed in the
INL but very weakly in the ONL. However, in sh-Jmjd3-expressing
retina, similar expression levels in the ONL and INL were observed
(Fig. S2D). Quantification of H3K27me3-positive cells showed a
higher number of positive cells in sh-Jmjd3-expressing samples than
in sh-control samples at 5, 10, and 14 d of culture (Fig. S2F). We
next examined retinal progenitor cell differentiation in the absence
of Jmjd3 after 14 d of culture. The gross morphology of the three-
layer structure of the sh-Jmjd3-expressing retina was maintained,
and we examined the differentiation patterns of the retinal cell
subtypes based on immunostaining. Initially, we focused on the
differentiation of cells localized to the INL, because Jmjd3 was
mainly expressed in the INL. Chx10 is a pan-BP marker, and the
number of Chx10-positive cells in the sh-Jmjd3-expressing retina
was slightly lower than in the control (Fig. 2 A and E). PKC is
a marker of rod-ON-BP cells, and PKC-positive cells were almost
completely absent from retinas transfected with sh-Jmjd3 (Fig. 2 B
and E). Bhlhb5 is a marker of cone-OFF-BP cells and GABAergic
amacrine cells, and we detected an increase in the number of dis-
placed amacrine cells in the GCL (Fig. 2C, green arrows and Fig.
2E). In the INL, amacrine and BP cells were not clearly distin-
guished, and the total number of Bhihb5-positive cells in the INL
was comparable (Fig. 2E). Cone-OFF-BP cells normally express
Recoverin, as seen in the control retina at the border of the ONL
and INL (Fig. 2D, yellow arrows). However, Recoverin-positive
Cone-OFF-BP cells were not detected in sh-Jmjd3-transfected
retina (Fig. 2E). Recoverin expression in the ONL was observed in
rod photoreceptors as expected (Fig. 2D). Isll is a marker of rod
and cone-ON-BP and cholinergic amacrine cells (21, 22). The
number of Is]1-positive ON-BP cells decreased by about 20% in sh-
Jmjd3—transfected retina (Fig. S34, yellow arrows and Fig. 2F).
Because PKC-positive cells are a subset of Isl1-positive cells, the
decrease in Isl1-positive cells likely corresponded to a decrease in
PKC-positive cells. In contrast, the number of Ist1-positive amacrine
cells in the INL and of displaced amacrine cells was comparable to
that of the control (Fig. 2F). HuC/D is a marker of amacrine cells,
and the number of displaced amacrine cells was increased in the sh-
Jmjd3—transfected retina (Fig. S3B, yellow arrows), suggesting that

lida et al.
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Fig. 2. Knockdown of Jmjd3 expression during retinal development. Plasmids encoding CAG-EGFP/U6-shRNA-Jmjd3 (sh-Jmjd3)/control U6 (sh-control) (A-D),
or CAG-EGFP/sh-Jmjd3/Jmjd3 expression plasmid (G-/) were introduced into the retina (E17) by electroporation. After 2 wk of explant culture, the retina was
frozen-sectioned and immunostained using antibodies to antiretinal subset markers as indicated. In £, F, H, and /, the number of marker-positive cells in the
electroporated region (200 um) as judged by EGFP fluorescence was counted in sections. Green arrows in C indicate displaced amacrine cells, and yellow
arrows in D indicate cone-OFF-BP cells. More than five sections from three independent samples were counted, and values with SDs are shown. **P < 0.01,
*P < 0.05, and P > 0.05 (n.s.) were calculated by the Student t test. n.s., not significant.

Isll-positive and HuC/D-positive displaced amacrine cells are at
least partially different populations. We obtained similar results
using a second Jmjd3 shRNA. The number of other cell types, such
as Miller glia [glutamine synthetase (GS)], rod photoreceptors,
and retinal ganglion cells (RGCs), were comparable to those of the
control samples (Fig. S3 C-E and G). Neurite extension of RGCs
was also comparable between control and sh-Jmjd3-expressing
retina (Fig. S3F). We then examined the proliferation and apo-
ptosis of retina expressing sh-Jmjd3 by examining BrdU incor-
poration, as well as the expression of Ki67 and active caspase-3
(Fig. S4). We transfected sh-Jmjd3 at two different retina de-
velopmental stages (E14 and E17), and we examined proliferation
and apoptosis at six time points (Fig. S44). The number of active
caspase-3—positive cells at E17~10 d showed a slightly but statis-
tically significant difference, but no other samples showed signifi-
cant differences between control and sh-Jmjd3-expressing retina
(Fig. S4 B-E).

lida et al.

We then examined cotransfection of Jmjd3 expression plas-
mids and sh-Jmjd3, and found that expression of Jmjd3 in the
sh-Jmjd3-transfected retina recovered expression of PKC (Fig. 2
G and H) and Chx10 (Fig. 2 G and I). Therefore, we identified
specific loss of PKC-positive rod-ON-BP cells and Recoverin-
positive cone-OFF-BP cells as a consequence of Jmjd3 down-
regulation.

Decreased Expression of Bhlhb4 and Vsx1 Due to Suppression of
Jmjd3 Expression. We explored whether expression of BP cell
differentiation-related genes was affected by Jmjd3 down-regulation.
A plasmid encoding sh-Jmjd3 was introduced into the retina at E15
and was cultured for 12 d. The expression levels of various genes
were then examined by RT-qPCR (Fig. 34). As expected, Jmjd3
expression significantly decreased. Bhlhb4 is essential for the
maturation of rod-ON-BP cells, which were labeled for PKC (23),
and VsxI plays a pivotal role in the differentiation of cone-OFF-BP
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cells, which were marked by Recoverin (24). We found that the
expression levels of Balhb4 and VsxI were strongly suppressed in
the presence of sh-Jmjd3 (Fig. 34). Therefore, the loss of PKC-
positive rod-ON-BP cells and Recoverin-positive cone-OFF-BP
cells may be explained by suppressing the expression of Bhihb4 and
Vsxl, respectively, by sh-Jmjd3. The expression levels of Chxl0,
Og%;, and IslI were lower in the sh-Jmjd3-expressing cells (Fig.
34), whereas difference of expression of the remaining genes be-
tween control and sh-Jmjd3—expressing samples was not statistically
significant.

Using qPCR, we examined the transition of Bhlhb4 and Vixl
expression during retinal development using whole retinas at
various developmental stages. Bhlhb4 and Vsxl expression was
not detectable until P5, and their expression levels increased
markedly with retinal development (Fig. 3B).

We next determined the levels of H3K27me3 at the Bhlhb4,
Vsx1, and other BP-related gene loci in BP cells. To obtain ret-
inal cells enriched for BP cells, we used Isl1, which is a marker of
rod- and cone-ON-BP and cholinergic amacrine cells (21, 22).
We stained permeabilized retinal cells at P9 with an anti-Isl1
antibody, followed by staining with a secondary antibody conju-
gated with phycoerythrin. The Isll-positive and Isll-negative
cells were then purified using a cell sorter (Fig. S5.4 and B), and
ChIP analysis using an anti-H3K27me3 antibody was performed.
The H3K27me3 level at the Bhlhb4 and VsxI loci was lower in
Isll-positive cells than in Isll-negative cells (Fig. 3C). Because
Vsx1 is also expressed in type 7 cone-ON-BP cells (24, 25), it is

possible that differentiation of type 7 cone-ON-BP cells was
defective in sh-Jmjd3-expressing retina. However, this was dif-
ficult to confirm, given the lack of a specific marker for this BP
subset. Furthermore, although Isll is strictly expressed in the
ON-BP subset in the mature retina (21, 22, 26), Isl1-KO mice
also have OFF-BP subset defects, suggesting that Isl1 is tran-
siently expressed in OFF-BP cell precursors (27) and that the
precursors of Recoverin-positive cells are found in the Isll-
positive fractions. The level of H3K27me3 at the Cdkn2a (Ink4a)
locus was not significantly different between the Isl1-positive and
Isll-negative populations, and that at the Elavi3 locus was
slightly higher in Isl1-positive cells. The H3K27me3 level at the
Mashl1 locus was significantly lower in Isll-positive cells (Fig.
3C). All other genes showed higher values in Isll-positive cells
than in Isll-negative cells, but the difference was not statistically
significant (Fig. S5C). We also examined levels of H3K27me3 at
the Chx10, Neurod, and GS loci, but we could not detect reliable
gPCR signals because the H3K27me3 levels at these gene loci
were too low in both cell fractions.

We then explored whether the pattern of H3K27 levels in the
Bhihb4 locus is specific for H3K27me3 by examining Histone H3
trimethyl Lys4 (H3K4me3) levels. ChIP analysis of H3K4me3
using Isll-positive/negative retinal cells at P9 was performed.
Interestingly, H3K4me3 marker in the Bhlhb4 locus was much
higher in the Isll-positive fraction than in the Isll-negative
fraction (Fig. 3D), suggesting that H3K4me3 modification also
contributes to specific up-regulation of VsxI and Bhihb4 in cells
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retina. (A) Plasmids encoding sh-Jmjd3 or sh-control
with CAG-EGFP were introduced into the retina at
E15; the retina was then cultured for 12 d as retinal
explants, and RT-qPCR was performed. All values of
gPCR were normalized by the normalization factor
value calculated by housekeeping genes, Gapdh and
Sdha. (B) Transition of expression of Bhihb4 and Vsx1
was examined by RT-qPCR during retinal development.
H3K27me3 (€) or H3K4me3 (D) modification of gene
loci in purified Isi1-positive or Isl1-negative cells was
examined by ChIP analysis. Experiments were done
three times independently, and the average and SD

j- Fig. 3. Molecular signatures in sh-Jmjd3-transfected
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are shown. Abcam antibody (ab6002) for H3K27me3
was used in C. **P < 0.01, *P < 0.05, and P > 0.05 (n.s.)
were calculated by the Student t test.
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in the Isl1-positive cell fraction. The H3K4me3 level of the VsxI
locus was also higher in the Isl1-positive fraction, but that of Nri,
which is a photoreceptor-specific gene (28), was higher in
Isl1-negative cells (Fig. 3D).

Bhlhb4 Expression Reverses the Loss of PKC-Positive Cells in sh-Jmjd3-
Transfected Cells. We then focused on the PKC-positive BP cells
for a more detailed molecular analysis. We investigated whether
Bhlhb4 caused the loss of PKC-positive cells in sh-Jmjd3—
expressing retina by forcing Bhlhb4 expression in sh-Jmjd3—
expressing cells. We first examined the effects of Bhlhb4 expression
alone in retinal progenitor cells (Fig. 4 A-D). Bhlhb4-expressing
and EGFP-expressing plasmids were transfected into the retina
at E17, and the retina was cultured as an explant for 2 wk. Dif-
ferentiation of the retina was then examined by immunostaining
of frozen sections (Fig. 4 4 and B). Forced Bhlhb4 expression did
not cause apparent morphological abnormalities of the retina, and
PKC immunostaining showed comparable differentiation of rod-
ON-BP cells (Fig. 4 A and C). The Bhlhb4-expressing and sh-
Jmjd3—expressing plasmids were then cotransfected into E17
retina. Bhihb4 expression reversed the loss of PKC-positive cells
by sh-Jmjd3 (Fig. 4 4 and C), suggesting that the loss of PKC-
positive cells by sh-Jmjd3 was caused by the loss of Bhlhb4 ex-
pression. The slight decrease in the number of Isll-positive BP

cells caused by sh-Jmjd3 was reversed by Bhlhb4 expression
(Fig. 4 B and D). We also performed rescue experiments using
Neurod and Chx10, but we did not observe PKC-positive cells
by expressing Neurod or Chx10 in the presence of sh-Jmjd3
(Fig. 4 E and F).

Discussion

In the present study, we examined the role of H3K27me3 mod-
ification in retinal development and analyzed the effects of loss
of function of a demethylation enzyme. We observed a critical
role of Jmjd3 for the maturation of PKC-positive BP cell subset
development. Because H3K27me3 suppresses gene expression
(29, 30), our results were indicative of the importance of timed
demethylation to activate genes responsible for proper differ-
entiation of BP cell subsets. Down-regulation of Bhlhb4 and Vsxl
expression, both of which are critical for BP subset differentia-
tion, occurred in the absence of Jmjd3. Thus, we propose
a model in which H3K27 methylation at loci critical for BP cell
maturation occurs in retinal progenitor cells, which is retained
during differentiation. Timed demethylation of genes in a spe-
cific subset of cells (i.e., BP precursor cells) releases the genes
from the transcriptionally silent state (Fig. S6). This is strongly
supported by our findings of a lower level of H3K27me3 at critical
loci in the BP-enriched cell fraction and of Jmjd3 expression in the
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INL of the postnatal retina. The Mash1 locus also showed a lower
level of H3K27me3 in the BP-enriched cell fraction. Mash1 plays
critical roles for BP cell differentiation (31, 32), therefore sug-
gesting that this phenomenon is biologically relevant to achieve
cell lineage-specific expression of Mashl. However, the mRNA
level of Mashl in sh-Jmjd3-expressing retina was comparable to
that of the control, suggesting some additional mechanisms for
regulation of Mashl transcription.

In contrast to the expression pattern of Jmjd3, H3K27 meth-
yltransferase, Ezh2 was highly expressed in the embryonic retina.
These results suggest that both methylation and demethylation
are based on the spatiotemporal dynamics of related enzyme
expression patterns. Regulation of the expression pattern dy-
namics of critical genes for neural fate determination by polycomb
and timed H3K27 demethylation in the CNS were suggested
previously (7, 10). Furthermore, critical roles for Jmjd3 during
early neural development in ES cell neurulation and chick spinal
cord development have been demonstrated (33, 34). Our results
suggest that during retinal differentiation, Jmjd3 directs differen-
tiation of subsets of neurons to regulate neuron/glia cell fate.
During the late phase of neural development, Jmjd3 is required in
the embryonic respiratory neuronal network (13). In the immune
system, Jmjd3 is induced by bacterial products and inflammatory
cytokines, and it is essential for M2 macrophage polarization in
response to helminth infection and chitin, which is mediated by Irf4
(35, 36). In addition, Jmjd3 is essential for proper bone marrow
macrophage differentiation (36), which suggests that the important
role of timed Jmjd3 expression for the maturation of specific cell
subsets applies to the hematopoietic system.

We found an increased number of displaced amacrine cells
(HuC/D- or Bhlhb5-positive cells) in sh-Jmjd3-treated retina.
These cells are the result of failed maturation of PKC-positive
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BP precursor cells, although the molecular basis for this phe-
nomenon remains unknown. The presence of other Jmjd3 targets
in the retina is currently being explored. ChIP sequencing using
a purified subfraction of retinal cells could be used to identify
Jmjd3 targets, although refinement of the ChIP technique is
required to generate reliable results from such a low number of
cells. In this study, we used retinal explants in combination with
sh-RNA-mediated gene suppression. This system provides an
excellent model system for molecular analysis but is limited, be-
cause we cannot analyze the effects of sh-RNA on early-born
retinal subsets. Because Jmjd3 was strongly expressed in the GCL,
it may play a role in the development of RGCs and amacrine cells.
This could be addressed by analyzing conditional KOs of Jmjd3 in
the future.

Materials and Methods

All animal experiments were approved by the Animal Care Committee of the
Institute of Medical Science, University of Tokyo, and conducted in accor-
dance with the Association for Research in Vision and Ophthalmology
statement for the use of animals in ophthalmic and vision research. The U6
promoter driving the shRNA vector was used for targeting Jmjd3, and the pCAG
vector was used for overexpression. Plasmids were introduced into retinal
explants by electroporation. Frozen sections in optimal cutting temperature
compound were used for immunostaining. ChiP-gPCR and RT-qPCR results were
normalized in accord with minimum information for publication of quanti-
tative real-time PCR experiment guidelines. Further details are described in S/
Materials and Methods.
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NEW HORIZONS

Liver Regeneration by Stem/Progenitor Cells

Tohru Itoh and Atsushi Miyajima

The liver is renowned for its strong, robust regenerative capacity, employing different
modes of regeneration according to type and extent of injury. The process of compensa-
tory hypertrophy of the liver upon partial hepatectomy has been standing as a classical
model for studying organ regeneration in mammals and a subject of exhaustive analyses.
Meanwhile, in view of the physiological relevance for many of the human liver patholo-
gies induced upon toxic insults or hepatitis, other injury models have recently drawn
increasing attention. In those damaged livers where hepatocyte proliferation is compro-
mised, adult liver stem/progenitor cells (LPCs) are activated and differentiate to hepato-
cytes and cholangiocytes, leading to functional recovery of the organ. Here, we
summarize and discuss recent findings on the mechanisms underlying the regeneration
process of the liver. Whereas the primary focus of this article is on those related to
LPC-mediated regeneration, we also introduce topics on compensatory hypertrophy,
where application of new technologies and molecular genetics approaches in mice has
gained a paradigm shift. Identification of various markers for LPC populations has
expedited their characterization and enabled us to examine their differentiation poten-
tial 7z vivo using genetic lineage-tracing approaches. Comprehensive studies regarding
intercellular signaling pathways and their modes of action have succeeded in elucidating
novel frameworks for the LPC-niche interaction functioning in the regenerating liver.
Conclusion: Advancing our understanding of the cellular and molecular mechanisms for
liver regeneration should provide a basis for developing therapeutic strategies to treat

patients with liver disease. (HEPATOLOGY 2014559:1617-1626)

he liver is a vital organ to maintain systemic
homeostasis, playing multiple important bio-
logical functions, such as nutrient metabolism,
detoxification, serum protein synthesis, bile secretion,
and immune regulation. It receives blood flow from
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cytokeratin-19;  DDC,  3,5-diethoxycarbonyl-1,4-dihidro-collidine; EpCAM,
epithelial cell adhesion molecule; FCM, flow cytometry; FGE fibroblast growth
factor; Foxll, forkhead box protein L1; HGE hepatocyte growth factor; HpSCs,
hepatic stem cells; HSCs, hepatic stellate cells; KI, knock-in; KO, knockous;
Lgr5, leucine-rich repeat-containing G protein-coupled recepror 5; LPCs, liver
stem/progenitor cells; mAb, monoclonal antibody; MFs, myofibroblasts; PHx,
partial hepatectomy; a-SMA, alpha-smooth muscle actin; Sox9, SRY (sex-deter-
mining region Y)-box 9; Tg transgenic; Thyl, thymus cell antigen 1; TNE
tumor necrosis factor; TWEAK, TNF-related WEAK inducer of apoptosis.
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the intestine through the portal vein, through which
various types of substances, including toxins, drugs,
and xenobiotics, can be brought. Thus, the liver can
be regarded as the primary barrier or filter in the body
and is inherenty subject to damages caused by these
compounds. In addition, it can be targeted by several
kinds of hepatotropic viruses, leading to acute or
chronic injury. To encounter these potential damages
and adequately exert its functions, the liver has
extremely high potential for regeneration.

Two modes of liver regeneration have been known
(Fig. 1). In regeneration after surgical removal of a
portion of the liver (partial hepatectomy; PHx), the
remaining hepatocytes and other liver cells are not
injured. In this case, it has been generally considered
that regeneration can be achieved by the simple prolif-
eration of remaining cells, with each cell type showing
different kinetics in proliferation.” Upon PHx, hepato-
cytes are the first to enter cell cycle and their DNA
synthesis peaks at approximately 20-24 hours postop-
eration in rats, whereas the other cell types proliferate
later. In particular, regrowth of the intrahepatic biliary
tree occurs through proliferation of remaining bile

duct epithelial cells (BECs; or cholangiocytes) and
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