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Figure 1. Generation of mice overexpressing Bmi7 in hematopoietic cells. (A) Strategy for making a knock-in allele for Bmi7 downstream of
the Rosa26 promoter. A loxP-flanked neo’stop cassette followed by Flag-tagged Bmil, an fri-flanked /RES-eGFP cassette, and a bovine polyadenylation
sequence was knocked-in the Rosa26 locus. (B) Quantitative RT-PCR analysis of 8miT in BM LSK cells from Tie2-Cre and Tie2-Cre;R265top™Bmi1 mice.
mRNA levels were normalized to Hprt1 expression. Expression levels relative to that in Tie2-Cre LSK cells are shown as the mean % S.D. (n=3). (C)
Western blotting analysis of Bmi1 in c-Kit" BM cells from Tie2-Cre and Tie2-Cre;R265top™BmiT mice. o-tubulin was used as the loading control. (D)
Hematopoietic analysis of 10-week-old Tie2-Cre and Tie2-Cre;R265top™Bmil mice. Absolute numbers of BM cells, CD34°LSK cells, and LSK cells in
bilateral femurs and tibiae are presented as the mean = S.D. (upper panels, Tie2-Cre; n=7, Tie2-Cre;R26$topF tBmil; n=8). PB analysis of 10-week-old
Tie2-Cre and Tie2~Cre;R265topF LBmi1 mice. White blood cell (WBC) counts and lineage contribution of myeloid, B, and T cells are shown as the mean =
S.D. (lower panels, Tie2-Cre; n=7, Tie2{re;R265topF LBmil; n=8). ** p<0.01.

doi:10.1371/journal.pone.0036209.9001

HSCs are exposed to various stresses including replicative and overexpression of Bmil on HSCs would manifest under stressful
oxidative stresses during serial transplantation and eventually lose conditions such as serial transplantations. Therefore, we per-
self-renewal capacity [16,17]. We hypothesized that the effects of formed competitive repopulation assays using 5%10° fresh BM
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Figure 2. Effects of overexpression of Bmi7 on HSCs in vitro. (A} Colony formation by HSCs isolated from Tie2-Cre (Control) and Tie2-
Cre;R265top™Bmi1 (Bmil) mice. Single CD34LSK cells were sorted into 96-well microtiter plates containing the SF-03 medium supplemented with
10% FBS and multiple cytokines (10 ng/mi SCF, 10 ng/ml TPO, 10 ng/ml IL-3, and 3 u/ml EPO) and allowed to form colonies. At day 14 of culture, the
colonies were counted and individually collected for morphological examination. Absolute numbers of LPP and HPP-CFCs which gave rise to colonies
with a diameter less and greater than 1 mm, respectively are shown as the mean = S.D. for triplicate cultures (left panel). Absolute numbers of each
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colony types were defined by the composition of colonies {right panel). Colonies were recovered and examined by microscopy to determine colony
types. Composition of colonies is depicted as n, neutrophils; m, macrophages; E, erythroblasts; and M, megakaryocytes. (B) Colony formation by HSCs
cultured for 10 days. CD34'LSK cells from Tie2-Cre (Control) and Tie2-Cre;R265top™Bmi1 (Bmil) mice were cultured in the SF-03 serum-free medium
supplemented with 50 ng/m! of SCF and TPO. At day 10 of culture, the cells were counted (left panel) and plated in methylcellulose medium to allow
formation of colonies in the presence of 20 ng/ml SCF, 20 ng/mi TPO, 20 ng/mi IL-3, and 3 u/ml EPO. Absolute numbers of LPP and HPP-CFCs
{middle panel) are shown as the mean = S.D. for triplicate cultures. Absolute numbers of each colony type are shown in the right panel. (C) Flow
cytometric analysis of CD34LSK HSCs at day14 of culture. Representative flow cytometric profiles of LSK cells in cultures of CD34'LSK HSCs from Tie2-
Cre {Control) and Tiez{re;R.?éStopFLBmi? (Bmi1) mice are depicted. The proportion of Lin” and LSK cells in total cells are indicated. (D) Quantitative RT-
PCR analysis of the expression of p19°™, and Bmil in Tie2-Cre (Control) and Tie2-Cre;R265top™ BmiT (Bmil) LSK cells. LSK cells were purified by cell
sorting from CD34LSK cultures in (C) at day 14 of culture. Each value was normalized to Hprt1 expression and the expression level of each gene in
control cells was arbitrarily set to 1. Data are shown as the mean * S.D. for triplicate analyses. * p<0.05, **p<0.01.
doi:10.1371/journal.pone.0036209.g002

cells along with 5x10° competitor BM cells (Figure 4A) or the
total cells produced from 20 CD34LSK cells after a 10-day
culture period along with 2x10° competitor BM cells (Figure 4B).
The flow cytometric analysis of PB revealed little or no difference
in the chimerism of donor cells between T#2-Cre and Tie2-
Cre;R265Stop™ Bmil cells at 12 weeks after the primary transplan-
tations. However, in the secondary and tertiary transplantations,
the chimerism of T7e2-Cre cells significantly declined while that of

after 10-day culture failed to reconstitute hematopoiesis in the
quaternary transplantation, while Tie2-CregR26Stop™ Bmil cells still
established robust repopulation (Figure 4B). The chimerism of
donor cells in BM LSK cells mirrored the changes in the PB.
These results clearly indicate that overexpression of Bmil protects
HSCs against the loss of self-renewal capacity during serial
transplantation. The findings thus far suggest that overexpression
of Bmil confers stress resistance onto HSCs.

YYeQ—Cre;RQGSlopFLBmi] cells drasticaly increased. Twe2-Cre cells

Summary of % of engrafted mice and frequency of HSCs in CRU assays
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Figure 3. Overexpression of Bm/i7 enhances expansion of HSCs ex vivo, Competitive repopulating unit (CRU) assays using limiting numbers
of CD34°LSK cells from Tie2-Cre (Control) mice and Tie2-Cre;R265top™Bmi1 (Bmi1) mice. Freshly isofated CD34'LSK cells were immediately used for BM
transplantation, or CD34°LSK cells were cultured in the SF-O3 serum-free medium supplemented with 50 ng/ml SCF and TPO for 10 days, and then a
fraction of the culture cells corresponding to the indicated number {0.5~10} of initial CD34°LSK cells was subjected to BM transplantation. The test
cells (CD45.2) were transplanted along with 2x10° competitor BM cells (CD45.1) into CD45.1 recipient mice lethally irradiated at a dose of 9.5 Gy.
Percent chimerism of donor cells in the recipient PB was determined at 16 weeks after transplantation. The mice with chimerism more than 1% in all
three lineages (myeloid, B, and T cells) were considered successfully engrafted and the others were defined as negative mice. The frequency of HSCs
was calculated using L-Calc software. The proportion of engrafted mice, frequency of functional HSCs, and the 95% confidence interval (Cl) are
summarized in the table and each data is plotted in the bottom panel. *** p<<0.001.

doi:10.1371/journal.pone.0036209.g003
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Figure 4. Overexpression of 8mj1 protects HSCs during serial transplantation. (A) Serial transplantation of BM cells. BM cells (5 x10°) from
Tie2-Cre (denoted as "C") and Tie2-Cre;R265top™Bmil (denoted as “B") mice (CD45.2) along with 5x10° competitor BM cells {CD45.2) were
transplanted into CD45.1 recipient mice lethally irradiated at a dose of 9.5 Gy. For serial transplantation, BM cells were collected from all recipient
mice at 12-20 weeks after transplantation and pooled together. Then, 5x10° BM cells were transplanted into lethally irradiated recipient mice
without competitor cells. Third and fourth transplantation were similarly performed using 5 x10° pooled BM cells. Percent chimerism of donor cells in
the recipient PB and BM LSK cells was determined at 16 weeks post-transplantation. Results are shown as the mean = S.D. (n=6, 3™ transplantation;
n=4). (B) Serial transplantation of cultured CD34°LSK cells. CD34'LSK cells were cultured in the SF-03 serum-free medium supplemented with 50 ng/
ml of SCF and TPO for 10 days. Then, the cells in culture corresponding to the 20 initial CD34'L5K cells were injected into a recipient mouse along
with 2x10% competitor BM cells (CD45.2) as described in (A) (n=6, 4™ transplantation; n=5). * P<0.05, ** P<0.01.

doi:10.1371/journal.pone.0036209.g004

Overexpression of Bmil has no Impact on
Radioprotection

DNA damage is intimately linked to stem cell aging. Heritable
DNA damage accrued in stem cells leads to stem cell senescence or
apoptosis, which over time can lead to the depletion of the stem
cell pool and reduced regenerative capacity of stem cells [18].
Bmil is rapidly recruited to sites of DNA damage and is required
for DNA damage-induced ubiquitination of histone H2A at lysine
119. Loss of Bmil leads to impaired repair of DNA double-strand
breaks (DSBs) by homologous recombination {19,20]. In glioblas-
toma multiforme (GBM) cells, Bmil was co-purified with DSB
response proteins, such as ATM and the histone YH2AX, and
non-homologous end joining (NHE]) repair proteins. Of interest,
BMI1 overexpression in normal neural stem cells enhanced ATM
recruitment to the chromatin, the rate of YH2AX foci resolution,
and resistance to radiation [21]. In order to understand the role of

). PLoS ONE | www.plosone.org

overexpressed Bmil in HSCs, we examined the radioresistance of
HSCs by quaniifying the number of YH2AX foci following
genotoxic stress, a metric which reflects DNA DSBs.

We purified CD34'LSK cells from 7%2-Cre and Tie2-Cre,R26-
Stop™-Bmil mice and irradiated them at a dose of 2 Gy. At 2 and 4
hours after irradiation, cells were stained with anti-yH2AX. We
expected rapid resolution of YH2AX by overexpression of Bmil,
but no significant difference was observed in the number of
YH2AX foci between Tie2-Cre and Tie2-Cre;R26Stop™ Bmil HSCs
(Figure 5A). HSCs recovered from the recipients of tertiary
transplantation did not show any difference in the number of
YH2AX foci, either (Figure 5B). We then tested hematopoietic
recovery after irradiation in mice. We irradiated recipient mice
reconstituted with T3e2-Cre and Tie2-Cre;R26St0p™ “Bmil BM cells
at a dose of 5 Gy, and monitored hematopoietic recovery for 4
weeks. The recovery of hematopoietic components in PB as well as

May 2012 | Volume 7 | Issue 5 | 36209
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Figure 5. DNA damage response of Tie2-Cre;R265top™ Bmil
HSCs. (A) DNA damage response of CD34'LSK cells from Tie2-Cre
(Control) and Tie2-Cre;R265top™Bmi1 (Bmil) mice in vitro. Purified
CD34LSK cells were irradiated (IR) at a dose of 2 Gy. At 2 and 4 hours
after irradiation, cells were stained with anti-yH2AX. Numbers of yH2AX
foci expressed per cell are depicted. (B) DNA damage response of
CD34'LSK cells from Tie2-Cre (Control) and ﬁeZ—Cre;ststopﬂBmil
(Bmi1) mice in vivo. LSK cells were purified from the recipients of
tertiary transplantation and stained with anti-yH2AX. Numbers of
YH2AX foci expressed per cell are depicted as the mean = S.D. (n=3).
doi:10.1371/journal.pone.0036209.g005

BM LSK cells was comparable between the two groups (Figure
$3). These findings suggest that overexpression of Bmil does not
afford an advantage to HSCs in their ability to resist genotoxic
stress.

Overexpression of Bmi7 Confers Resistance to Oxidative
Stress on HSCs

HSCs contain lower levels of reactive oxygen species (ROS)
than their mature progeny in order to maintain their quiescent
state. ROS reportedly act through p38 mitogen-activated protein
kinase (MAPK) to limit the lifespan of HSCs [16,22]. It has been
demonstrated that prolonged treatment with the antioxidant N
acetyl ~cysteine (NAC) or an inhibitor of p38 MAPK extends the
lifespan of HSCs in serial transplantation assays, suggesting that
oxidative stress is one of the major factors that affects HSG
function during these assays [16,17,23]. Given that Tw2-CreR26-
Stop™Bmil HSCs retain self-renewal capacity during serial
transplantation, overexpression of Bmil may bestow a protective
effect onto HSCs against oxidative stress.

@ PLoS ONE | www.plosone.org
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To address this question, we cultured HSCs in the presence of
buthionine sulfoximine (BSO), which depletes intracellular gluta-
thione and thereby increases intracellular ROS levels. We found
that highly purified CD34LSK HSCs were susceptible to an
increase in ROS levels because treatment with BSO significantly
suppressed their growth and induced cell death (data not shown).
After 3 days of BSO treatment, surviving cells were subjected to
colony-forming assays. Both T72-Cre control and 7Ti2-Cre;R26-
Stop™™Bmil HSCs cultured with BSO gave rise to significantly
fewer colonies than HSCs cultured without BSO. Interestingly,
Tie2-Cre;R26S00s™ Bmil HSCs gave rise to a significantly more
colonies than the control HSCs (Figure 6A). Notably, the number
of HPP colonies was reduced 48-fold after treatment of control
HSCs with BSO, hut only 3-fold upon overexpression of Buil.
The frequency of CFU-nmEM was also less perturbed following
treatment with BSO in HSCs overexpressing Bmil. These results
indicate a role for Bmil in the resistance to oxidative stress.

Bmil regulates mitochondrial function by regulating the
expression of a cohort of genes related to mitochondrial function
and ROS generation. Bmil-deficient cells have impaired mito-
chondrial function, which causes a marked increase in the
intracellular levels of ROS [24]. Based on these observations, we
then measured the intracellular ROS levels in CD34'LSK cells at
day 14 of culture. Unexpectedly, overexpression of Bmil did not
affect the levels of ROS in either LSK HSCs/MPPs or Lin'Sca-
1°%/~cKit* downstream progenitors (Figure 6B). Overexpres-
sion of Bmil had no significant effect on the ROS levels even in the
presence of BSO (Figure 84). Likewise, treatment of cells with the
antioxidant NAG promoted cell growth and increased the
proportion of LSK cells in both control and Tie2-Cre;R26-
Stopf™“Binil culture similarly (Figure 6C and data not shown).
These results indicate that an excess of Bmil does not regulate the
generation or scavenging of ROS, but confers resistance to higher
levels of ROS on HSCs through unknown mechanisms.

Discussion

In this study, we generated a new mouse line where Bmil can be
conditionally overexpressed in a hematopoietic cell-specific fashion
and analyzed the effect of overexpression of Bmul in detail.
Overexpression of Bmil did not significantly affect steady state
hematopoiesis, but it efficiently protected HSCs from stresses. Our
findings suggest that overexpression of Bmil confers resistance to
stresses on HSCs, thereby augmenting their regenerative capacity.

Recent findings have established that the regulation of oxidative
stress in HSCs is critical for the maintenance of HSCs. In this
study, we demonstrated that overexpression of Bmil protects
HSCs from loss of self-renewal capacity at least in part by
increasing the capacity of HSCs to resist oxidative stress. It has
been reported that Bmil-deficient mice have an increased level of
intracellular ROS due to de-regulated expression of genes related
to mitochondrial function and ROS generation [24,25]. However,
an excess of Bmil in this study had no effect on the levels of
intracellular ROS. Thus, it is hypothesized that Bmil is negatively
regulated downstream of the ROS signal and an excess of Bmil
overcomes this negative regulation. Indeed, ROS reportedly
primes Drosophila hematopoietic progenitors for differentiation
and this process involves downregulation of PcG activity [26].
ROS signaling activates p38 and eventually releases the transcrip-
tional repression of pI16™%* and pI9"7 critical targets of Bmil
[16]. Furthermore, recent studies including ours have revealed
that PcG proteins are downregulated and dissociate from the
Ink4a/Arf locus when cells are exposed to intra- or extracellular
stress, including tissue culture- and oncogene-induced stress

May 2012 | Volume 7 | Issue 5 | e36209
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Figure 6. Overexpression of Bmi1 confers oxidative stress on HSCs. (A) Colony formation by HSCs cultured for 3 days. CD34LSK cells from
Tie2-Cre (Control) and Tie2-Cre;R265top™Bmi1 (Bmit) mice were cultured in the SF-O3 serum-free medium supplemented with 50 ng/ml SCF, TPO and
0.05 mM of BSO. At day 3 of culture, the cells were plated in methylcellulose medium to allow formation of colonies in the presence of 20 ng/ml SCF,
20 ng/ml TPO, 20 ng/ml IL-3, and 3 u/ml EPO. Absolute numbers of LPP and HPP-CFCs (left panel) are shown as the mean = S.D. for triplicate
cultures. Absolute numbers of each colony types are shown in the right panel. Data are shown as the mean = S.D. for triplicate analyses. Statistical
analyses were performed on the total colony numbers (left panei) and nmEM colony numbers (right panel), respectively. **p<0.01. (B} Levels of ROS
in cells overexpressing Bmi1. CD34LSK cells from Tie2-Cre (Control) and Tie2-Cre;R265top"™ Bmi1 (Bmi1) mice were cultured in the SF-O3 serum-free
medium supplemented with 50 ng/ml SCF and TPO. Representative flow cytometric profiles of LSK and Lineage markerSca-1'"/"c-Kit" cells in
cultures at day 14 are depicted. (C) Effects of NAC on BmiT culture. CD34'LSK cells from Tie2-Cre and Tie2-Cre;R26Stop™Bmi1 mice were cultured in the
SF-03 serum-free medium supplemented with 50 ng/ml SCF and TPO in the presence and absence of 150 pM NAC. Representative flow cytometric
profiles of LSK cells in cultures at day 14 are depicted. The proportion of Lin” and LSK cells in total cells are indicated.

doi:10.1371/journal.pone.0036209.9006

[27,28]. Together, this accumulating evidence suggests that Bmil
is dynamically regulated in response to oxidative stress, probably
downstream of p38. Our preliminary data demonstrated that
activated p38 directly phosphorylates Bmil in wifro (Oshima and
Iwama., unpublished data). Thus, it is possible that p38, which is
activated by oxidative stress, attenuates Bmil function via direct
phosphorylation of Bmil. How oxidative stress restricts the
expression and function of Bmil is an important issue to be
addressed.

Of note, the effect of Bmil overexpression in serial transplan-
tation resembiles that of overexpression of Ez/2, a gene encoding a
core component of PRC2 [29]. Overexpression of PcG genes,
Bmil and Semhl, also induces tolerance of cortical neurons to
ischemia [30]. Thus, various cellular stresses may target PcG
complexes to release transcriptional repression of PcG-regulated
genes, such as tumor suppressor and developmental regulator
genes, thereby affecting stemness. All these findings support the
notion that enforcement of PcG function is a key for successful
regenerative therapies.

Meanwhile, the role of PcG proteins in resistance to oxidative
stress is also implicated in cancer. Expression of PcG proteins
including BA{Il and EZH2 arve often up-regulated in various
cancers, particularly in their cancer stem cell fractions {31].
Interestingly, cancer stem cells in some tumors appear to be
susceptible to ROS, similar to normal stem cells, and thus develop
mechanisms to keep the levels of ROS low [32]. Interference of
EZH2 function by the small-molecule histone methyltransferases
inhibitor, DZNep, is reported to increase ROS levels in acute
myeloid leukemia cells like in Bmil-deficient mice [33]. Converse-
Iy, our findings in this study suggest that an excess of PcG proteins
often observed in aggressive cancer could help cancer stem cells
tolerate oxidative stress. In this regard, overexpression of PcG
proteins could also be therapeutic targets in cancers including
leukemia. Finally, no Tz’e?—Cre;R?GStopFLBmi] mice developed
hematological malignancies during the observation period, up to
18 months after birth. Only one recipient mice with Tzwe2-
Cre:R26Stop™Bmil BM cells developed acute lymphocytic leuke-
mia in the tertiary transplantation. These findings suggest that
Bmil by itself is not sufficient to induce hematological malignan-
cies.

Methods

Ethics Statement

All experiments using the mice were performed in accordance
with our institutional guidelines for the use of laboratory animals
and approved by the review board for animal experiments of
Chiba University (approval ID: 21-150).

Generation of Mice

To generate tissue-specific Bmil-transgenic mice, we used the
plasmid R26Stap™, a modified version of pROSA26-1 with a loxP-
flanked neo’-stop cassette, an fi-flanked JRES-¢GFP cassette, and a

@ PLoS ONE | www.plosone.org

bovine polyadenylation sequence [34]. We cloned a cDNA
encoding a flag-tagged Bmil upstream of the IRES sequence
(R26Stop"™ Bmil). R1 ES cells were transfected, cultured, and
selected as previously described [35]. For conditional expression of
Bmil, the RosaStop™Bmil mice were crossed with Tie2-Cre mice.
C57BL/6 (CD45.2) mice were purchased from Japan SLC
(Shizuoka, Japan). C57BL/6 mice congenic for the Ly5 locus
(CD45.1) were purchased from Sankyo-Lab Service (Tsukuba,
Japan). Mice were bred and maintained in the Animal Research
Facility of the Graduate School of Medicine, Chiba University in
accordance with institutional guidelines. This study was approved
by the institutional review committeces of Chiba University
(approval numbers 21-65 and 21-150).

Flow Cytometric Analysis and Cell Sorting

Mouse CD34LSK HSCs were purified from BM of 8-12-
week-old mice. Mononuclear cells were isolated on Ficoll-Paque
PLUS (GE Healthcare). Cells were stained with an antibody
cocktail consisting of biotinylated anti-Gr-1, Mac-1, interleukin
(IL)-7Re, B220, CD4, CD8o, and Terl19 monoclonal antibodies.
The monoclonal antibodies were purchased from eBioScience or
BioLegend. Lineage-positive cells were depleted with goat anti-rat
IgG microbeads (Miltenyi Biotec) through an LS column (Miltenyi
Biotec). Cells were further stained with Alexa Fluor® 647 or
eFluor® 660-conjugated ant-CD34, phycoerythrin (PE)-conjugat-
ed anti-Sca-1, and phycoerythrin/Gy7 (PE/Cy7)-conjugated anti-
c-Kit antibodies. Biotinylated antibodies were detected with
allophycocyanin/Cy7 (APC/Cy7)-conjugated streptavidin, Dead
cells were eliminated by staining with Propidium iodide (1 pg/ml,
Sigma). Analysis and sorting were performed on a FACS Aria II
(BD Bioscience).

Cell Cycle Analysis

Fresh BM cells (1 x107, CD45.2) were transplanted into 8-week-
old CD45.1 mice iradiated at a dose of 9.5 Gy without
competitor cells. Four months later, BM mononuclear cells were
isolated on Ficoll-Paque PLUS. Cells were stained with an
antibody cocktail consisting of biotinylated anti-Gr-1, Mac-1, IL-
7Ro, B220, CD4, CD8a, Terll9, and CD45.] monoclonal
antibodies. Cells were further stained with Alexa Fluor® 700-
conjugated anti-CD34, pacific blue-conjugated anti-Sca-1, and
APC-conjugated anti-c-Kit antibodies. Biotinylated antibodies
were detected with APC/Cy7-conjugated streptavidin. Analysis
was performed on a FAGS Aria 1L To analyze the cell-cycle status,
cells were incubated with 1 pg/ml Pyronin Y (Sigma) at 37°C for
45 min with protection from light. Bulk sorted CD34'LSK cells
were incubated in SF-O3 supplemented with 50 pM?2-B-mercap-
toethanol, 0.2% BSA, 1% GPS, 50 ng/ml SCF, 50 ng/ml TPO
for 10 days at 37°C in a 5% COg atmosphere. At day 10 of
culture, the cell cycle profiles of culture cells were analyzed using
an APC BrdU Flow Kit (BD Pharmingen). The cells were
incubated with 10 (M BrdU at 37°C for 30 min and then stained
with an antibody cocktail consisting of biotinylated anti-Gr-1,
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Mac-1, IL-7Ra, B220, CD4, CD8a, and Terll9 monoclonal
antibodies. Cells were further stained with PE-conjugated anti-

Sca-1, and PE/Cy7-conjugated anti-c-Kit antibodies. Biotinylated -

antibodies were detected with APC/Cy7-conjugated streptavidin.
Analysis was performed on a FAGS Canto II (BD Bioscience).

Colony Assay

Colony assays were performed in methylcellulose-containing
Iscove’s modified Dulbecco’s medium (Methocult M3234; Stem-
cell Technologies) supplemented with 20 ng/ml mouse SCF,
20 ng/ml mouse IL-3, 20 ng/ml human TPO, and 3 U/ml
human EPO (Peprotech), and incubated at 37°C in a 5% GOy
atmosphere. The number of HPP- and LPP-colony-forming cells
(CFGs), which generate a colony with a diameter =1 mm and
<1 mm, respectively, were evaluated by counting colonies at day
10-14 of culture. Colonies were individually collected, cytospun
onto glass slides, and subjected to Hemacolor (MERCK) staining
for morphological examiation. To evaluate the proliferative and
differentiation capacity of Tie2-Cre;R26St0p™ Bmil HSCs in vilro,
single CD34°LSK HSCs were clonally sorted into 96-microtiter
plates containing 100 ul SF-O3 (Sanko Junyaku) supplemented
with 50 pM 2-B-mercaptoethanol, 10% FBS, 1% L-glutamine,
penicillin, streptomycin solution (GPS; Sigma), 10 ng/ml mouse
8CYF, 10 ng/ml human TPO, 10 ng/ml mouse 1L-3, and 3 unit/
ml human EPO (PeproTech). At day 14 of culture, the colonies
- were counted and individually collected for morphological
examination. To evaluate the tolerance of test cells against
oxidative stress, CD34°LSK cells were cultured in the presence of
DL-Buthionin-(S,R)-sulfoximine (BSO, Sigma) or N-Acetyl-i-cys-
teine (NAC, Sigma) for the indicated time periods, then subjected
to colony assays or flow cytometric analyses.

Serial Transplantation and CRU Assays

Fresh BM cells (5x10°, CD45.2) or 10-day cultured CD34'LSK
cells (CD45.2) corresponding to 20 initial CD34'LSK cells were
transplanted into 8-week-old recipient mice (CD45.1) irradiated at
a dose of 9.5 Gy together with 5x10° and 2 x10° BM competitor
cells from 8-week-old CD45.1 mice, respectively. For serial
transplantation, BM cells were collected from all recipient mice
at 12-20 weeks after transplantation and pooled together. Then,
5x10% BM cells were transplanted into 8-week-old B6-CD45.1
mice irradiated at a dose of 9.5 Gy without competitor cells. Third
and fourth transplantation were similarly performed using 5x10°
pooled BM cells. Peripheral blood (PB) cells of the recipient mice
were analyzed with a mixture of antibodies that included PE/Cy7-
conjugated anti-CD45.1, pacific blue-conjugated anti-CD45.2,
PE-conjugated anti-Mac-1 and anti-Gr-1, APC-conjugated anti-
B220, and APC/Cy7-conjugated anti-CD4 and anti-CD8o
antibodies. Cells were analyzed on a FACS Canto II. Percent
donor chimerism was calculated as (% donor cells) x100/(%
donor cells + % recipient cells). To obtain the competitive
repopulating units (CRUs), CRU assays were performed with a
limiting number of test cells and the data were analyzed using L-
Calc software (StemCell Technologies). Peripheral blood cell
counts were made using an automated cell counter, Celltec o

(Nihon Kohden).

Apoptosis Analysis

Bulk sorted CD34LSK cells were incubated in SF-O3
supplemented with 50 uM?2-B-mercaptoethanocl, 0.2% BSA, 1%
GPS, 50 ng/ml SCF, 50 ng/ml TPO for 10 days at 37°C in a 5%
COy atmosphere. At day 10 of culture, the cultured cells were
incubated with APC-conjugated anti-Annexin V (BD Pharmingen)
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and propidium iodide at room temperature for 15 min with
protection from light. Analysis was performed on FACS Canto IL

Immunostaining of yH2A.X

Cells were incubated in a culture medium drop on slide glasses
pre-treated with poly-p-lysine (Sigma) for 2 hours. Afier fixation
with 2% paraformaldehyde and blocking in 4% sheep serum for -
30 min at room temperature, cells were incubated with purified
anti-phospho-Histone H2A.X (Ser139) antibody (Cell Signaling
Technology) for 12 hours at 4°C. The cells were then washed and
incubated with Alexa Flour 555-conjugated anti-rabbit IgG goat
polyclonal antibody (Invitrogen) for 60 min at room temperature.
DNA was counterstained with 4,6-diamidino-2-phenylindole
(DAPI). Images were taken with a Keyence BZ-9000 flucrescence
microscope.

RT-PCR

Total RNA was isolated using TRIZOL LS solution or
TRIZOL solution (Invitrogen) and reverse transcribed by the
ThermoScript RT-PCR system (Invitrogen) with an oligo-dT
primer. Real-time quantitative polymerase chain reaction (PCR)
was performed with an ABI prism 7300 Thermal Cycler (Applied
Biosystems) using FastStart Universal Probe Master (Roche). The
combination of primer sequences and probe numbers are as
follows: for pI16™%*, probe #91, 5'-AATCTCCGCGAGGA-
AAGC-3', and 5-GTCTGTCTGCAGCGGACTC-3'; for
19", probe #106, 5'-GGGTTTTCTTGGTGAAGTTCG-3',
5'- TTGCCCATCATCATCACCT-3, and for Bmil, probe #95,
53'-AAAGCAGACCACTCCTGAACA-3' and 5-TCTTCIT-
CTCTTCATCTCATITTTGA-3".

Western Blotting

Total cell lysate was resolved by SDS-PAGE and transferred to
a PVDF membrane. The blots were probed with a mouse anti-
Bmil (clone 8A9, kindly provided by Dr. N. Nozaki, MAB
Institute, Co. Ltd., Japan), and a horseradish peroxidase-conju-
gated secondary antibody. The protein bands were detected with
an enhanced chemiluminescence reagent (SuperSignal, Pierce
Biotechnology).

Detection of ROS

Cells were stained with an antibody cocktail consisting of
biotinylated anti-Gr-1, Mac-1, IL-7Ra, B220, CD4, CD8o, and
Terl19 monoclonal antibodies. Cells were further stained with
PE-conjugated anti-Sca-1, and PE/Cy7-conjugated anti-c-Kit
antibodies. Biotinylated antibodics were detected with APC/
Cy7-conjugated streptavidin. After staining with antibodies, cells
were incubated with CellROX™ Deep Red Reagent (5 uM,
Invitrogen) at 37°C for 30 min with protection from light. Dead
cells were eliminated by staining with propicium iodide (1 pg/ml,
Sigma). Analysis was performed on a FACS Aria II.

Supporting Information

Figure S1 Steady state hematopoiesis in Tie2-Cre;R26-
StopFLBmil mice. (A) Hematopoietic analysis of 10-week-old
Tie2-Cre and Tie2-Cre;R26Stop™ Bmil mice. Absolute numbers of
CMPs, GMPs, MEPs, and CLPs in bilateral femurs and tibiae
(upper panels), total spleen cells and LSK cells in the spleen
(middle panel), and total thymic cells, CD4+CD8- cells, CD4-
CDB8+ cells, and CD4+CD8+ cells in the thymus (lower panels) are
shown as the mean * SD. (722-Crq n=8, T#2-CrgR26-
StopF LBmil; n=7). (B) Cell cycle status of CD34-LSK cells
examined by Pyronin Y incorporation. Proportion of CD34-
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LSK cells in the GO phase of the cell cycle (Pyronin Y-) was shown
as the mean ®= SD. m=4) (eft panel). Representatve flow
cytometric profiles are also depicted (right panel).

(EPS)
Figure S2 .f}goptosis and cell cycle status of Tie2-
CresR268top” "Bmil LSK cells in culture. (A) The proportion

of apoptotic cells in the LSK fraction in culture. CD34-LSK cells
from Tw2-Cre {(Control) and Tie2-Cre;R265St0f™Bmil (Bmil) mice
were cultured in the SF-O3 serum-free medium supplemented
with 50 ng/ml SCF and TPO. At day 10 of culture, apoptotic cells
were detected by staining culture cells with anti-Annexin V and
propidium iodide (PI). The percentage of Annexin V+PI-
apoptotic cells in the LSK fraction is shown as the mean = S.D.
(m=5). (B) The cell cycle status of LSK cells overexpressing Bmil.
CD34-LSK cells from Tw#2-Cre (Control) and Tie2-Cre;R26-
Siop Bl (Bmil) mice were cultured in the SF-O3 serum-free
medium supplemented with 50 ng/ml SCF and TPO. At day 10
of culture, the cells were incubated with 10 pM BrdU at 37°C for
30 min and then analyzed using a BrdU Flow Kit. Data are shown
as the mean & SD (n=4).

(EPS)

Figure 83 Hematopoietic recovery in recipients of Tie2-
Cre;R26Stop™ Bmil HSCs after irradiation. Fresh BM cells
from T32-Cre and Tie2-Cre;R26Stop™ Bmi mice (1x107, CD45.2)
were transplanted into 8-week-old CD45.1 mice irradiated at a
dose of 9.5 Gy without competitor cells. Four months later, the
recipient mice were irradiated at a dose of 5 Gy. Changes in the
PB cell count were monitored for 4 weeks (A) and the absolute
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number of BM LSK cells in bilateral femurs and tibiae was
examined at 4 weeks post-irradiation (B). Data are shown as the
mean = SD (n=3).

(EPS)

Figure S4 ROS levels in T5e2-Cre;R268top ™ “Bmil cells in
culture. Levels of ROS in cells overexpressing Bmil in culture.

CD34-LSK cells from Tiwe2-Cre (Control) and Tw2-Cre;R26-
StopF LBmi] (Bmil) mice were cultured in the SF-O3 serum-free

medium supplemented with 50 ng/ml SCF and TPO. Cells from
day 11 or 12 of culture were further cultured for 2 days in the
presence of 0.2 mM BSO, then levels of ROS in Lin-Sca-1+¢-Kit+
cells and Lin-Sca-llow/—c-Kit+ cells were analyzed using
CellROXTM Deep Red Reagent. Data are shown as dots and
the mean values are indicated by bars (n=4).

(EPS)
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HEMATOPOIESIS AND STEM CELLS

Role of SOX17 in hematopoietic development from human embryonic stem
cells
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To search for genes that promote hematopoietic development from human embryonic
stem cells (hESCs) and induced pluripotent stem celis (iPSCs), we overexpressed
several known hematopoietic regulator genes in hESC/iPSC-derived CD34+CD43~
endothelial cells (ECs) enriched in hemogenic endothelium (HE). Among the genes
tested, only Sox17, a gene encoding a transcription factor of the SOX family, promoted
cell growth and supported expansion of CD34+CD43+CD45~1ow cells expressing the HE
marker VE-cadherin. SOX717 was expressed at high levels in CD34+CD43-
ECs compared with low levels in CD34+CD43+CD45~ pre-hematopoietic progenitor cells
(pre-HPCs) and CD34*CD43+CD45+ HPCs. Sox717-overexpressing cells formed semiadherent cell aggregates and generated few
hematopoietic progenies. However, they retained hemogenic potential and gave rise to hematopoietic progenies on inactivation of
Sox17. Global gene-expression analyses revealed that the CD34+CD43+CD45-°% cells expanded on overexpression of Sox17 are
HE-like cells developmentally placed between ECs and pre-HPCs. Sox17 overexpression also reprogrammed both pre-HPCs and
HPCs into HE-like cells. Genome-wide mapping of Sox17-binding sites revealed that Sox17 activates the transcription of key
regulator genes for vasculogenesis, hematopoiesis, and erythrocyte differentiation directly. Depletion of SOX77 in CD34*CD43~
ECs severely compromised their hemogenic activity. These findings suggest that SOX17 plays a key role in priming hemogenic

¢ SOX17 plays a key role in
priming hemogenic potential in

endothelial cells during hema-
topoietic development from
ES cells.

potential in ECs, thereby regulating hematopoietic development from hESCs/iPSCs. (Blood. 2013;121(3):447-458)

Introduction

During mammalian development, 2 waves of hematopoiesis occur
in sequential stages: first. a transient wave of primitive hematopoi-
esis, followed by definitive hematopoiesis. These stages are
temporally and anatomically distinct and involve unique cellular
and molecular regulators. The formation of primitive blood cells
occurs early during fetal life, with coordinated progression from
extraembryonic to intraembryonic sites of hematopoiesis. Within
the embryo, definitive hematopoiesis undergoes developmentally
stereotyped transitions: hematopoietic stem cells (HSCs) arising
from the aorta-gonad-mesonephros region migrate first to the
placenta and fetal liver and then to the spleen. Eventually,
hematopoiesis shifts to the BM. where homeostatic blood forma-
tion is maintained postnatally.!

During definitive fetal hematopoiesis. HSCs emerge directly
from a small population of endothelial cells (ECs) in the conceptus.
referred to as the “hemogenic endothelium™ (HE).>* HE is located
in all sites of HSC emergence. including the ventral aspect of the
dorsal aorta. vitelline and umbilical arteries. yolk sac. and placenta.

The process by which blood forms from HE involves an endothelial-
to-hematopoietic cell transition during which individual cells bud
out and detach from the endothelial layer>* HE is distinguished
from all other ECs by the presence of a transcription factor called
Runx1.® Runx! is expressed in HE cells, in newly formed
hematopoietic cell clusters, and in all functional HSCs.*7 A similar
process occurs during hemangioblast differentiation in primitive
blood cell formation. The extraembryonic yolk sac is considered to
be the first site of emergence of the “hemangioblast,” a mesodermal
precursor with both endothelial and hematopoietic potential. Heman-
gioblasts differentiate into a HE intermediate, which gives rise to
primitive hematopoietic cells but also definitive hematopoietic
cells on activation of Runx1.®

Human embryonic stem cells (hESCs) and induced pluripotent
stem cells (iPSCs) have been demonstrated to reprocduce many
aspects’” of embryonic hematopoiesis in stromal coculture or
embryoid body (EB) culture. A recent study has provided evidence
that hematopoietic differentiation of hESCs progresses through
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sequential stages: first is the HE, then primitive hematopoiesis, and
finally definitive hematopoiesis, a process resembling the develop-
ment of physiologic hematopoiesis.® However. the induction of
hematopoietic cells from hESCs/iPSCs is still inefficient. Signifi-
cant innovations are required before it will be possible to obtain
sutficient numbers of the specific types of hematopoietic cells
needed for therapeutic uses.

Sry-related high-mobility group box 17 (SOX17) is a member
of the SOX family of DNA-binding transcription factors. Sox17
participates in various developmental processes and biologic
activities, such as formation of definitive endoderm*® and vascular
development.!! Moreover, recent studies have shown that Sox17
also plays an important role in fetal hematopoiesis in the yolk sac
and fetal liver, especially in the maintenance of fetal and neonatal
HSCs, but not adult HSCs.!* Overexpression of Sox/7 has also
been shown to confer fetal HSC characteristics onto adult hemato-
poietic progenitors.’> Among SOX family members, Sox7, Sox17,
and Sox18 are highly related and constitute the Sox subgroup F
(SoxF). Sox7 and Sox18 are transiently expressed in hemangio-
blasts and hematopoietic precursors, respectively. at the onset of
blood specification. Sustained expression of Sox7 and Sox18. but
not Sox17, in early hematopoietic precursors from mouse ESCs
and embryos enhances their proliferation while blocking their
maturation.!*1? However, the role of Sox 17 in early hematopoietic
development. particularly from hESCs, has not yet been clarified.
In the present study, we tested the effect of overexpression of
known hematopoietic regulator genes in hiPSC-derived
CD34*CD43~ ECs enriched in HE to find genes that could be
manipulated to efficiently produce hematopoietic cells from hESCs.
We found that Sox/7 promotes the expansion of HE-like cells. We
demonstrate that SOX17 functions in HE and plays a role in the
development of hematopoietic cells from hESCsAiPSCs.

Methods

Cell lines

HI1 hESCs (WiCell Research Institute) and TkCBV4-7 hiPSCs generated
from human cord blood (CB) CD34™* cells were maintained on irradiated
murine embryonic fibroblasts in DMEM-FI12 (Sigma-Aldrich) supple-
mented with 1X MEM nonessential amino acids (Gibco-Invitrogen), 1X
GlutaM AX-1{Gibco-Invitrogen). 20% knockout serum replacement ( Gibco-
Invitrogen), 0.1mM 2-mercaptoethanol (Sigma-Aldrich), [% penicillin/
streptomycin solution (Sigma-Aldrich). and 5 ng/mL of human basic
fibroblast growth factor (ReproCELL). Every 3-4 days, the cells were
dissected into clumps of approximately 300-500 cells in a dissociation
solution consisting of 0.25% trypsin, 20% knockout serum replacement,
and ImM CaCl; in PBS and transferred to a new feeder layer to maintain
them in an undifferentiated state. The OP9 stromal cell line was kindly
provided by Toru Nakano (Osaka University, Osaka, Japan). OP9 cells were
maintained in «-MEM (Gibco-Invitrogen) supplemented with 2.2 g/LL of
sodium bicarbonate, 20% FBS, and 1% L-glutamine and penicillin/
streptomycin solution (Sigma-Aldrich).

EB differentiation

HI hESCs or TkCBV4-7 hiPSCs were dissociated into single cells with
Accumax (Innovative Cell Technologies). The cells were washed with
DMEM-F12 and recultured at 1 X 106 cells per 60-mm Petri dish (Falcon)
in 5-mL mTeSR1 (StemCell Technologies) supplemented with 10pM
LY27632 (Cayman), 2 ng/mL of human Bone Morphogenetic Protein 4 (BMP4;
PeproTech), and 2 ng/mL of human activin A (PeproTech). At day 2 of culture,
EBs were split from | 60-mm Petri dish to 2 60-mm Petri dishes and cultured in
EB medium consisting of IMDM (Sigma-Aldrich) containing 15% FBS, 1X
GlutaMAX 1. 1% penicillin/streptomycin solution, 200 pg/mL of bovine holo
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transferrin (Bovogen). 50 pg/mL of ascorhic acid (Sigma-Aldrich), and 450pM
I-thioglycerol (Sigma-Aldrich) supplemented with 2 ng/mL of human BMP4
and 5 ng/mL of human VEGF (PeproTech). At day 4 of culture, medium
conditions were changed as described in Figure 1B. LY363947 (Cayman) was
used as an inhibitor of TGEFB signaling. EBs were constantly cultured on a shaker
at 70 rpm.

Flow cytomettic analysis and OP9 coculture

EBs were dissociated with 0.25% trypsin-EDTA solution (Sigma-Aldrich)
and filtered through a nylon screen to obtain a single-cell suspension. Flow
cytometric analysis and cell sorting were performed using a FACSAria 1l
cell sorter (BD Biosciences) and the data were analyzed using FlowJo
Version 9.5.3 software (TreeStar). The following Abs were used for the flow
cytometric analysis: CD34 (clone 581: Alexa Fluor 647 or PE-Cy7), CD43
(clone CD43-10G7: PE), CD45 (clone HI30: PE-Cy7), CD!1b (clone
M1/70: Brilliant Violet 421), CD235a (clone HIR2; PE). CD144 (VE-Cad:
clone 16Bl: PE), and CD309 (KDR; clone HKDR-1: APC). Sorted cells
were resuspended in hematopoietic medium (IMDM, 10% FBS, (%
L-glutamine and penicillin/streptomycin solution) supplemented with 20
ng/mL of human SCF and 20 ng/mL of human thrombopoietin (TPO;-
PeproTech), and transferred onto semiconfluent irradiated OP9 cells. For
mature hematopoietic cell differentiation. sorted cells were resuspended in
HE medium supplemented with 20 ng/mL of SCF, 20 ng/mL of TPO, 10
ng/mL of humnan [L-3 (PepraTech), and 3 units/mL of human erythropoietin.

Reirovirus and lentivirus vectors, virus production, and
transduction

Mouse Sox17 fused to ERT with a ] X or 3X Flag tag was subcloned into the
MIG retrovirus vector, which contains the long-terminal repeats from the
murine stem cell virus and an internal ribosomal entry site upstream of the
enhanced green fluorescent protein (GFP) as a marker gene. A recombinant
vesicular stomatitis virus glycoprotein—pseudotyped high-titer retrovirus
was generated using a 293gpg packaging cell line.' The virus containing
media from the 293gpyg cell cultures was concentrated by centrifugation at
6000g for 16 hours. To knock down SOXI7, lentiviral vectors (CS-HI-
shRNA-EF-1a-EGFP) expressing shRNA against human SOXI7 and
luciferase were prepared. Target sequences were as follows; Sh-
SOX17#1143: GCATGACTCCGGTGTGAAT, and Sh-SOX17#1273; GGC-
CAGAAGCAGTGTTACA. The viruses were produced as described previ-
ously.'”” EBs at approximately day 5-12 of culture were dissociated and the
indicated cell populations were sorted using a FACSAria I1. Sorted cells
were seeded onto semiconfluent irradiated OP9 cells and transduced with a
SOXI7-ERT retrovirus or a SOXI7 knock-down virus. Transduced cells
were cocultured with OP9 cells in the presence of the indicated cytokines.
To induce nuclear translocation of SOXI17-ERT, 4-hydroxy tamoxifen
(4-OHT) was added to the medium to a concentration of 200nM on the
following day.

Quantitative RT-PCR analysis

Total RNA was extracted using TRIzol reagent according to the manufactur-
er’s instructions (Invitrogen). cDNA was synthesized from total RNA using
ThermoScript RT-PCR System (Invitrogen). Quantitative RT-PCR was
carried out using FastStart Universal Probe Master (Roche Applied
Science). the Universal Probe Library (Roche Applied Science), and the
Applied Biosystems 7300 Fast Real-Time PCR system (Applied Biosys-
tems). Primer sequences and probe numbers used are listed in supplemental
Methods (available on the Blood Web site; see the Supplemental Materials
link at the top of the online article).

Colony-forming assay

Colony assays were performed in methylcellulose (StemCell Technologies)
containing IMDM supplemented with 20 ng/mL of human SCF, 10 ng/mL
of human IL-3, 10 ng/mL of human TPO, and 3 units/mL of human
erythropoietin, and incubated at 37°C in a 5% CO, atmosphere. The
colonies were counted at day 12 of culture. Images were captured by
BIOREVO BZ-9000 (KEYENCE) with CFI Plan Fluor ELWD DM 20XC
{Nikon) and processed using Adobe Photoshop Elements 4.0.
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Figure 1. Screening of genes that promote expansion of hematopoietic cells from hESCs/hiPSCs. (A) Hematopoietic fractions derived from hESCs in EB culture used in
this study. (B) Schematic representation of the protocol madified for efficient induction of pre-HPCs/HPCs from hESCs/hiPSCs in EB culturs. (C) Expression of BRACHYURY,
RUNX1, and TAL1/SCL expression during differentiation of hESCs in EBs determined by quantitative RT-PCR analysis. mRNA levels were normalized to GAPDH expression.
Expression levels relative to that in hESCs (day 0 of EB culture) are shown as the means + SD for triplicate analyses. (D) Celf growth of CD34+CD43- cells from day 6 EBs and
CD34+CD43* cells from day 8 EBs. EBs were formed by suspension culture of hiPSCs. Sorted cells (2 X 10%) were transduced with the indicated hematopoietic regulator
genes and cultured on OP9 cells in the presence of 20 ng/mL of SCF and TPQ. At day 14 of culture, the absolute numbers of cells were determined and are indicated in bars.
Representative data from repeated experiments are shown. (E) Expression of SOX77 during differentiation of hESCs in EBs determined by quantitative RT-PCR analysis.
mRNA levels were normalized to GAPDH expression. Expression levels relative to that in hESCs (day 0 of EB culture) are shown as the means * SD for triplicate analyses.
(F) Expression of SOX17, SOX7, and 80X18in bulk EB cells, CD34*CD43~ cells (ECs), CD34+CD43+CD45 cells {pre-HPCs), and CD34+CD43+CD45™ cells (HPCs) from
day 8 EBs determined by quantitative RT-PCR analysis. mRNA levels were normalized to GAPDH expression. Expression levels relative to those in CB CD34* celis are shown

as the means = SD for triplicate analyses.
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Gene-expression microarray

Total RNA was extracted using TRIzol reagent according to the manutactur-
er’s instructions (Invitrogen). Purified total RNA was amplified and labeled
using the WT expression kit (Ambion) according to the manufacturer’s
instructions. The labeled samples were hybridized to Human Promoter
Gene 1.0 ST GeneChip arrays (Affymetrix) to assess and compare overall
gene-expression profiles as described previously.!® Microarray data were
submitted to the Gene Expression Omnibus under accession number
GSE38156. Expression profiles of the cells were clustered using hierarchi-
cal clustering. Distance between 2 samples was defined with the Pearson
correlation using all or selected probes. Probes were selected using the
Gene Ontology (GO) database or ChIP-on-chip data of Sox17.

ChiP-on-chip experiment

CD347CD43~ cells from EBs at day 6 of culture were seeded on irradiated
OPY cells and transduced with a 3X Flag SOX17-ERT retrovirus. The cells
were further cultured on OP9 cells in the presence of SCF, TPO (20 ng/mL),
and 200nM 4-OHT. CD34* cells were collected at day 27 of culture by
magnetic cell sorting using magnetic beads conjugated with anti-CD34 Abs
(Miltenyi Biotec) and subjected to a ChIP assay using an anti-FLAG Ab
(M2, Sigma). ChIP was carried out as described previously.!® ChIP on chip
analysis was carried out using the SurePrint G3 Human Promoter Kit,
I X 1M (G4873A. Agilent Technologies). Purified immunoprecipitated and
input DNA was subjected to T7 RNA polymerase-based amplification as
described previously.! Labeling, hybridization, and washing were carried
out according to the Agilent mammalian ChIP-on-chip protocol (Version
9.0). Scanned images were quantified with Agilent Feature Extraction
software under standard conditions. The assignment of regions bound by
SOX17 around transcription start sites (TSSs) was carried out using direct
sequence alignment on the human genome database (National Center for
Biotechnology Information Version 36). The location of SOX!7-bound
regions was compared with a set of transcripts derived from the MGI
database. Bound regions that were within —8.0 kb to +4.0 kb of the TSS
were assigned. Alignments on the human genome and TSSs of genes were
retrieved from Ensembl (http://www.ensembl.org). Intensity ratios (IP/
input: fold enrichment) were calculated, and the maximum value for each
promoter region of a gene was used to represent the fold enrichment of the
gene. Fold enrichment was calculated only for probes for which signals
both from IP and input DNA were significant (P < 107%). ChIP-on-chip
data were submitted to Gene Expression Omnibus under accession number
GSE38156.

GO analysis

GO annotation was obtained using gene2go database (ftp://ftp.ncbi.nih.gov/
gene/DATA/gene2go.gz) from Entrez (retrieved January 2012). Human
genes were collected from the database and enrichment of SOX17-binding
genes was distributed to 2 X 2 contingency tables for all GO terms
(having/not having GO and binding/not binding to SOX17). We calculated
P for each contingency table using hypergeometric distribution. The P
value reflects the likelihood that we would observe the distribution by
chance and significant GO terms were selected when P < .001.

Immunostaining

Sox17-ERT~transduced cells were sorted by flow cytometry and cultured
on MAS-coated glass slides (Matsunami Glass Industries.) for 4 hours. The
cells were then fixed with 2% paraformaldehyde and immunostained with
an anti-laminin Ab (ab11575: Abcam) or an anti-FLAG Ab (M2; Sigma-
Aldrich) for primary antibody reaction, and an Alexa Fluor 555 goat
anti-rabbit IgG (Molecular Probes) or Alexa Fluor 555 goat anti-mouse
IgG (Molecular Probes) for secondary antibody reaction, respectively.
Images were captured by BIOREVO BZ-9000 (KEYENCE) with CFI Plan
ApoVC 100X H (Nikon) and processed using Adobe Photoshop Elements 4.0.

Western blotting

Total cell lysate was resolved by SDS-PAGE and transferred to a PVDF
membrane. The blots were probed with an anti-Sox17 Ab (09-038;
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Millipore) or an anti-o-tubulin (CP06; Calbiochem) and an HRP-
conjugated secondary Ab. The protein bands were detected with Super-
Signal West Pico Chemiluminescent Substrate (Thermo Scientific).

Resulis

Screening of genes that promote hematopoietic development
from hESCs/iPSCs

Hematopoietic development from hESCs and hiPSCs recapitulates
physiologic development, beginning in the conceptus and proceed-
ing in a stepwise manner. CD34*CD43~ endothelial cells (ECs)
enriched in HE give rise to the earliest hematopoietic progenitors,
pre-hematopoietic progenitor cells (pre-HPCs) with an immunophe-
notype of CD34%CD43*CD45-. Pre-HPCs then mature into
CD34+CD43*CD45* HPCs that express CD45, a marker antigen
specific to hematopoietic cells (Figure 1A).2%2! We improved the
conventional culture system to efficiently induce HPCs in EB
culture by modifying cytokine conditions and adding an inhibitor
of TGF-B signaling .(Figure 1B). In our culture system, the
expression of hematopoietic regulator genes such as RUNX/ and
SCL/TAL/ increased in EBs after day 4 of culture accompanied by
the decrease in expression of early mesodermal marker genes such
as Brachyury (Figure 1C).

To identify genes that promote hematopoietic development
from PSCs. we transduced hiPSC-derived ECs purified from
day 6 EBs with several known hematopoietic regulator genes. We
selected 13 genes that are known to play an important role in the
development and/or maintenance of HSCs, including RUNX/,
Scl/Tull, Gata2, and HOXB4. The growth of the transduced cells
was monitored in the presence of SCF and TPO for 14 days.
Unexpectedly, most of these known regulator genes did not
promote cell growth, but Sox/7 did. A similar effect was
observed when we transduced CD34*CD43* pre-HPCs/HPCs
from day 8 EBs (Figure 1D). To confirm these findings, we
overexpressed Sox/7 in hESC-derived ECs and pre-HPCs/HPCs.
Overexpression of Sox{7 also promoted cell growth of hESCs (data not
shown). Based on these results, we decided to conduct a detailed
analysis of the function of SOX17 using hESCs.

Sox17 promotes expansion of HE-like cells

SOX17 mRNA was highly expressed in EBs between days 2 and
4 of culture (Figure 1E). SOX/7 has been described as one of the
master regulator genes for endodermal development.!®?* High
expression of SOXJ7 in EBs at early time points supposedly
reflects the development of endodermal cells. In contrast, ECs
emerged at approximately day 6 in our culture system at the same
time as increased expression of hematopoietic regulator genes such
as RUNX/ and SCL/TALI (Figure 1C). Therefore, the expression of
SOX17 after day 6 may indicate a role of SOX/7 in hematopoietic
development (Figure 1E). Indeed, SOXI7 was expressed at high
levels in ECs. but at significantly lower levels in pre-HPCs, HPCs.
and human CB CD34* cells (Figure IF). Other SOXF family
genes, SOX7 and SOXIS, showed a very similar pattern of
expression profiles (Figure 1F).

To evaluate the effect of overexpression of Sox/7 in hematopoi-
etic development in detail, we produced a retrovirus containing
Soxl7 fused to ERT (Sox!7-ERT). We transduced ECs from
day 6 EBs with the Sox/7-ERT retrovirus on OP9 stromal cells and
cultured them in the presence of SCF and TPO. The addition of
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Figure 2. Sox17 promotes the expansion of CD34+CD43+CD45-19% cells. (A) Growth curve of ECs from day 6 EBs that were transduced with a Sox77-ERT or a control
retrovirus. ECs (2 X 10%) were transduced with the indicated retrovirus on OP3 cells and cultured in the presence of 20 ng/mL of SCF and TPO and 200nM 4-OHT. The absolute
numbers of cells were determined and plotted. Representative data from repeated expetiments are shown. (B) Appearance of a representative colony gensrated by
Sox17-overexpressing cells in panel A observed under an inverted microscope. Images were collected using BIOREVO BZ-9000 (KEYENCE) with CF! Plan Fluor ELWD DM
20%C (Nikon). (C) Typical celf morphology of Sox17-overexpressing cells in panel A. Sorted cells were cytospun onto glass slides and observed after Wright-Giemsa staining.
EGs, pre-HPCs, and HPCs from day & EBs served as controls. Images were collected using BIOREVO BZ-9000 (KEYENCE) with CFl Plan ApoVC 100%H (Nikon). (D) Flow
cytometric analysis of expanded cells on overexpression of Sox17. ECs from day 6 EBs and pre-HPCs and HPCs from day 8 EBs were transduced with a Sox17-£8T or a
control retrovirus cultured on OP in the presence of 20 ng/mL. of SCF and TPO and 200nM 4-OHT for 10-15 days and then analyzed for their immunophenotypes.

4-OHT, which induces nuclear translocation of ERT fusion protein, 4-OHT. suggesting leaky translocation of Sox17-ERT (data not
considerably stimulated cell growth (Figure 2A). Overexpression  shown). Indeed, Sox 17-ERT was detected in both the nucleus and
of Sox/7-ERT promoted cell growth moderately even without cytoplasm without 4-OHT, whereas the addition of 4-OHT induced
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efficient nuclear translocation of Sox17-ERT (supplemental Figure
1A). Soxi7-overexpressing cells formed semiadherent cell aggre-
gates on OP9 cells (Figure 2B). Morphologic analysis revealed that
they showed a monotonous morphology intermediate between ECs
and pre-HPCs (Figure 2C). We performed further immunostaining
with an anti-laminin Ab. After incubation in slide chambers for
4 hours, ECs attached to the slide glasses and stretched their
cytoplasm out. In contrast, Sox/7-overexpressing cells behaved
like pre-HPCs and maintained a round shape, suggesting that
SoxI7-overexpressing cells do not retain strong adhesive properties
of ECs, although they form semiadherent cell aggregates on OP9
cells (supplemental Figure 1B). Flow cytometric analysis demon-
strated that Sox/7-overexpressing cells expanded on OP9 cells
were mostly CD34*CD43* and did not express or expressed a low
level of CD45 (CD45-%%). These cells coexpressed the HE
producer VE-cadherin (Figure 2D). Interestingly, overexpression
of Sox!7 in pre-HPCs and HPCs from day 8 EBs similarly
expanded CD34*CD43+CD45~9"VE-cadherin™* cells (Figure 2D).
Although the endothelial-specific marker KDR/FLK1 was
expressed in the majority of ECs from day 6 and 8 EBs (data not
shown), its expression was immediately down-regulated during
differentiation into pre-HPCs and HPCs and also on activation of
Sox17 (Figure 2D).

Comprehensive gene-expression analyses using microarrays
were performed to investigate the developmental stage of the cells
expanded on overexpression of Sox/7. ECs from day 6 and 8 EBs,
pre-HPCs from day 8 EBs, and HPCs from day 8 and 12 EBs were
transduced with Sex/7-ERT and cultured on OP9 cells. These cells
were then treated with 4-OHT and the resulting CD34+CD43*
CD45~1w cells were subjected to microarray analysis. Freshly
isolated ECs from day 6, 8, and 12 EBs, pre-HSCs from day 8 EBs,
and HPCs from day 8 and 12 EBs served as control samples. The
CD34*CD43*CD45/w cells overexpressing Sox/7 appeared to
express both EC-related genes such as VE-cadherin/CDHS and
ESAM and hematopoietic-related genes such as RUNXJ and
SCL/TAL! (supplemental Table 1). Hierarchical clustering of the
cell populations based on the microarray data of total genes
revealed that Sox/7-overexpressing cells showed very similar
profiles of gene expression irrespective of the cell sources (ie, ECs,
pre-HPCs, and HPCs; Figure 3A). We next performed clustering
using probes corresponding to genes identified as “Transcription
factor” and “Hemopoiesis” from the GO database. Sox/7-
overexpressing cells were developmentally placed between ECs
and pre-HPCs/HPCs (Figure 3B-C). These findings. together with
the intermediate morphology between ECs and pre-HPCs, suggest
that CD34+*CD43*CD45~"o% cells expanded on the overexpression
of Sox/7 are at a developmental stage between HE and early HPCs.
To confirm this possibility, we then investigated whether the
CD34*CD43+CD45~0v cells overexpressing Sox/7 give rise to
mature hematopoietic cells on inactivation of Sox17 (Figure 4A).
As expected, after depletion of 4-OHT. CD34*CD43+CD45~/low
cells lost expression of CD34 and VE-cadherin but gained a higher
leve] of CD45 expression and gave rise to CD235a* erythroblasts
and CD11b* myeloid cells more efficiently than they did in the
presence of 4-OHT (Figure 4B-C). This trend was confirmed in
colony-forming assays. We seeded CD34+7CD43*CD454% cells
overexpressing Sox/7 in methylcellulose medium in the presence
and absence of 4-OHT. Sox/7-overexpressing cells in the presence
of 4-OHT mainly formed compact colonies consisting of nonhemo-
globinated cells with a morphology similar to ECs (Figure 2B),
whereas they generated hemoglobinated erythroid colonies and
myeloid colonies in the absence of 4-OHT (Figure 4D). These
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Figure 3. CD34*CD43+CD45~/% cells expanded on overexpression of Sox17
developmentally place between ECs and pre-HPCs/HPCs. Gene-expression
patterns of wild-type and Sox77-overexpressing cells obtained in microarray analy-
ses were ciustered using hierarchical clustering. The distance between 2 samples
was defined with the Pearson correlation using total genes (A) or certain probes
selected from the GO database (B-C). “Transcription factot” represents genes that
are located in the nucleus and have at least 1 of the GO terms “regulation of
transcription, DNA-dependent,” “transcription factor activity,” or “transcription factor
complex” (B). “Hemopoiesis™ represents genes that are annotated with the GO terms
“hemopoiesis,” “vasculogenesis,” “erythrocyte differentiation,” “erythrocyte matura-
tion,” and/or “erythrocyte development™ (C). The color of each cell represents the
value of correlation indicated on the right side of the matrix.

findings clearly indicate that the CD347CD43+¥CD45~ 4w cells
overexpressing Sox/7 still retain hemogenic potential, which
becomes apparent on removal of 4-OHT.
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Figure 4. CD34+CDA43*CD45-% cells expanded on A
averexpression of Sox77 retain hemogenic potential.
(A) Experimental design to evaluate effects of withdrawal
of 4-OHT on Sox17-overexpressing cells. ECs from day
6 EBs transduced with a Sox77-ERT retrovirus were
cultured in the presence of 20 ng/mL of SCF and TPO
and 200nM 4-OHT for 15 days. Then, the cells were
subjected to coculture with OP9 cells and colony-forming
assays. For coculture with OPS cells, the cells were B
replated onto OP9 cells and cultured in the presence of
20 ng/mL of SCF and TPO, 10 ng/mL of IL-3, and
3 units/mL of erythropoietin with and without 4-oht. at day
7 of culture, the cells were analyzed for their immunophe-
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the cells were replated in methylcellulose in the presence
of 20 ng/mL of SCF, 10 ng/mL of TPO and IL-3, and
3 units/mL erythropoietin with and without 4-OHT. At day
12 of culture, the colonies were counted. (B) Representa-
tive flow cytometric profiles of cells overexpressing Sox77-
ERT before and after depletion of 4-OHT. (C) The
absolute numbers of CD235* erythroblasts and CD11b*
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We next compared the expression of globin genes in Sox/7-
overexpressing CD34*CD43*CD45~™ HE-like -cells and their
hematopoietic progeny with globin gene expression in CB CD34*
cells. CD34+CD43+CD45~ cells expanded on overexpression
of SoxI7 were further cultured in the presence and absence of
4-OHT for 7 days and then GFP* cells expressing Sox/7-ERT were
collected by cell sorting. RT-PCR analysis revealed that embryonic
globin (e) and fetal globin (y), but not adult globin (B), were highly
expressed in Sox/7-overexpressing cells and/or their hematopoietic
progeny (supplemental Figure 2). These results raise the possibility
that the CD34+CD43+CD45~/°* HE-like cells expanded on over-
expression of Sox/7 are a hemogenic intermediate differentiated
from hemangioblasts that primarily give rise to yolk sac—type
blood cells.?

SOX17 is essential for the hemogenic activity of HE cells

Our results so far indicate that the overexpressior{ of Soxi7
promotes the expansion of HE-like cells. but inhibits their
hematopoietic differentiation into pre-HPCs. Because SOX/7
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is highly expressed in ECs enriched in HE, we examined the
role of SOX17 by knock-down analysis. We transduced ECs
from day 5 EBs with lentiviruses expressing shRNA against
SOXI17 on OP9 cells and allowed them to differentiate into
hematopoietic cells for 9 days. The most effective shRNA,
sh-SOX17#1273 (Figure 5A), suppressed the development and
differentiation of hematopoietic cells including both erythro-
blasts and myeloid cells significantly, whereas it only moder-
ately diminished the growth of CD235a~CD11b~ nonhematopoi-
etic cells, the majority of which do not express SOX17 even
though approximately 25%-30% of these cells are SOX17* ECs
(Figure 5B-C). sh-SOX/7#1143 similarly, albeit modestly, sup-
pressed the production of hematopoietic cells. Similar results
were obtained when we knocked down SOX!7 in ECs from day
6 EBs (data not shown). However, hematopoietic differentiation
was not affected on SOX/7 knock-down in pre-HPCs from
day 8 EBs (Figure 5D). These findings indicate that SOX17
plays a key role in the acquisition of hematopoietic potential in
HE cells.
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Figure 5. Hematopoietic differentiation from HE is
inhibited by depletion of SOX17. (A) Knock-down
efficiencies of shRNAs against SOX77. Western blot
analysis of SOX 17 in 293T cells transduced with shRNAs
against SOX17 (top panel). «-Tubulin was used as the
loading control. pre-HPCs from day 8 EBs were trans-
duced with shRNAs against SOX77 on OP9 cells and
cultured in the presence of 20 ng/mL of SCF and TPO,
10 ng/mL of IL-3, and 3 units/mL of erythropoietin (EPO)
for 7 days. Levels of endogenous SOX17 were analyzed
by quantitative RT-PCR analysis (bottom panel). mRNA
levels were normalized to GAPDH expression. Expres-
sion levels relative to that in the control cells transduced
with an shRNA against Luciferase are shown as the
means * SD for triplicate analyses. (B) Effects of deple-
tion of SOX17 on hematopoietic development from HE
cells. ECs from day 5 EBs were transduced with shRNAs
against SOX77 on OP$ cells and were cultured in the
presence of 20 ng/mL of SCF and TPO, 10 ng/mL of IL.-3,
and 3 units/mL of EPO for 8 days. Representative flow
cytometric profiles of cells at day 9 of culture are
depicted. (C) Absolute numbers and proportion of
CD235a* erythroblasts and CD11b* myeloid cells in

sh-SOXT17#1273

C panel B at day 9 of culture. Data are shown as the means
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SOX17 regulates directly the transcription of key regulator
genes for HE cells

A ChIP-on-chip analysis was conducted to identify the direct target
genes of SOX17 in HE cells. We transduced ECs cells from
day 6 EBs with a 3xFlag-Sox/7-ERT retrovirus and expanded
CD34*CD43*CD45 /v HE-like cells on OP9 cells. At day 27 of
culture, 94.2% of the expanded cells were positive for CD34.
CD34* cells were further enriched (99.8%) by magnetic cell
sorting using magnetic beads conjugated with anti-CD34 Abs, and
these purified cells were then subjected to ChIP-on-chip analysis.
The ChIP-on-chip analysis was performed with human pro-
moter microarrays containing approximately 21 000 probe sets
covering from —8.0 kb upstream to +4.0 kb downstream of the
TSS of RefSeq genes. 3xFlag-Sox17 was cross-linked to DNA and
precipitated using the anti-FLAG M2 Ab. Gene promoters bound
by Sox17 were ranked according to fold enrichments calculated in
comparison with signals obtained with the input DNA. Of the

19457 gene promoter regions analyzed, 182 and 98 regions
showed Sox17 binding with an enrichment greater than 2- and
3-fold, respectively (full data are listed in supplemental Table 2).
The functional annotation of the genes bound by Sox 17 with a fold
enrichment greater than 3 was performed based on GO and showed
significant enrichment for genes that fell into categories such as
“vasculogenesis.” “hemopoiesis,” and “positive regulation of eryth-
rocyte differentiation” (Figure 64, Table 1, and supplemental Table
2). The genes bound by Sox17 include genes well characterized as
regulators of hematopoietic development from HE cells, such as
VE-cadherin/CDHS5, RUNXI. SCL/TALI, and HHEX (Table 1 and
supplemental Table 2). VE-cadherin, an endothelial marker anti-
gen. is expressed by HE cells and by early HSCs. which appear in
the yolk sac and the aorta-gonad-mesonephros region, as well as by
a transient HSC population of the fetal liver.*** RUNX/, SCL/
TALI. and HHEX encode transcription factors essential for the
development of HSCs from HE cells or hemangjoblasts.>2627 The
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Figure 6. Targets of SOX17 detected by ChiP-on-chip
analysis. (A) GO analysis of the Sox17 targets detected
by ChiP-on-chip analysis, CD34+CD43~ cells from
day 6 EBs were transduced with a 3x Flag SOX717-ERT
retrovirus. The cells were further cultured on OP9 cells in
the presence of 20 ng/mL of SCF and TPO and 200nM
4-OHT. CD34+ cells were collected at day 27 of culture
and subjected to ChlP-on-chip analysis. P for each GO
term is indicated. (B) ChiP-on-chip profile of SOX17
occupancy at genes related to hematopoietic develop-
ment from HE cells. Plot under the x-axis shows the
position of probe sets. Arrowhead at the VE-cadherin/
CDH5 promoter indicate consensus motif of Sox17-
binding site. (C) Gene-expression pattemns of wild-type
and engineered cells obtained in microarray analyses
clustered using hierarchical clustering. Distance between
2 samples was defined with the Pearson correlation of

Sox17 target genes with Sox17 binding mare than 3-fold C

in the ChiP-on-chip analysis presented in supplemental

Table 2. The color of each cell represents the value of I
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{D) Comparative analysis of ChiP-on-chip and microarray

data. Venn diagrams showing the number of genes

bound by Sox17 (> 3-fold enrichment) and the number of
genes up-regulated in expression more than 2-fold in at
least 1 cell type among ECs, pre-HPCs, and HPCs on
overexpression of Sox17 (Sox17-overexpressing
CD34+CD43*CDA5~"v cells compared with those of
respective fresh controls; left panel). The percentages of
overlapping and nonoverlapping bound genes are indi-
cated in parentheses. Shown are the correlation of Sox17
‘binding (fold enrichment) in ChlP-on-chip analysis and

the fold changes in expression during differentiation of
ECs to HPCs (right panel). The fold enrichments and fold
changes in expression were plotted for 84 genes of

98 showing enrichments greater than 3-fold (the microar-

ray data were not available for the remaining 14 genes).
Correlation coefficients (R) are indicated for genes with

fold enrichment greater than 3- and 6-fold, respectively. D

Bound genes
{>3.0 fold)

distribution of SOX 17 signals at these genes varied greatly across
the promoter region (Figure 6B). SOX17 is reported to bind to the
consensus motif of “ATTGT.”* The VE-cadherin/CDHS promoter
contains the consensus motif between —107 bp and —103 bp from
the TSS. It was recently reported that this site is conserved in
mouse and Sox7 binds directly to it to activate transcription.?® Our
ChIP-on-chip data showed that Sox17 binds to this site as well
(Figure 6B arrowhead). These findings clearly indicate that SOX17
regulates directly the “expression of a set of key genmes for
hematopoietic development in HE cells.

We next performed hierarchical clustering of the cell popula-
tions based on the microarray data using “SOX17 targets” that we
arbitrarily selected as genes with Sox17 binding greater than
3-fold over the input levels in the ChIP-on-chip analysis
(supplemental Table 2). As expected. Sox/7-overexpressing
cells were again developmentally placed between ECs and
pre-HPCs/HPCs (Figure 6C).

Comparison of gene lists between the ChiP-on-chip and
microarray assays

We next examined the changes in expression of the 98 genes bound
by Sox17 (> 3-fold enrichment in the ChIP-on-chip analysis) on
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Sox17 overexpression. The microarray data of Sox/ 7-overexpressing
CD34*CD43+CD45~ ¥ cells shown in Figure 3 were compared
with those of respective fresh controls. Sox17 is thought to activate
the transcription of target genes.?? As expected. 36 of the 98 genes
showed up-regulation in expression of more than 2-fold in at least
in | cell type (Figure 6D, Table 1, and supplemental Table 2). This
tendency was evident in the top 15 genes with Sox17 binding
(Table 1 and supplemental Table 2), although in 4 genes of 15, the
effects of overexpression of Sox/7 were obvious only in pre-HPCs
and HPCs, but not in ECs. which possess a high level of
endogenous SOX17 (supplemental Table 2). Similarly, a negative
correlation was detected between the levels of Sox17 binding in
ChIP-on-chip analysis and the fold changes in expression during
differentiation of ECs (SOX177%) to HPCs (SOX17; Figure 6D).
Among genes bound by Sox17, EGFL7 and VE-cadherin/CDHS
have been shown to be up-regulated in BM HPCs transduced with
Sox17.1% However, in our ChIP-on-chip analysis, Sox17 did not
show any binding to the genes directly regulated by Sox17 during
differentiation of ES cells into extraembryonic endoderm.?? These
data suggest that SOX17 regulates different targets in hematopoi-
etic and endodermal development.



Table 1. Candidate SOX17 target gehes according to ChIP-chip scores

GO term Fold difference
Positive regulation of Sox17 ECs  Sox17 pre-HPCs  Sox17 HPCs
Rank Symbol Gene name Fold enrichment  Vasculogenesis erythrocyte differentiation Hemopoiesis  dB6/ECs d6 d8/pre-HPCs d8 d8/HPCs d8
2 MAST4
3 TXINBL ; :
4 EGOT Eosmophll granule ontogeny 1ranscnpt
5.t LWPPBPLT. LisProd platelet basic’ protem -like :
6 MFSD6 Major facilitator superfamily domam contammg 6
7o CDHE L Gadhatin’5; typs 2
8 BCL6B B-ce!l CLL/lymphoma 6, member B
[ Cloriss - SRl ‘Chromosome “open readmg frame 5! e
10‘ PTTG1IP Pituitary tumor-t!ansformmg 1 interacting protein
1174 - TRIM67 - i “Tripartite: motif dontaining © i
12 MYCT1 myec target 1myc target 1
1875 1 CDAOLG, b T 40.lig
14 SCOC Short coxled-con protein
15 .- iPPP1R16B’ p ‘regulatory subunit 168
19 AGVR2A
26 UHHEX
37
41: :t:‘
50
69 .-

ND indicates no data.
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