MSCs via PSC-Derived NCCs

;\@’PLOS ’ ONE

(FACS)
D-Z DU STEP1 D7 D8 STEP2 D2t
Feeder free P ( NCC induction) L ( MSC induction)
Medium | mTeSR1 CDM+SB+CHIR 3 aMEM+10% FBS
Coating Matrigel Fibronectin | Tissue culture dish
B C
={CD73 , =i1CD105 , |*{CD44 , =1CD45
o és: H. . ) 0 / ® IIL
2| = [} e 5 o)
3| 3. A AT B
<| 8 i Jizd 5 |3\ r i = iz
/ \ 5 / : ,/ \ 2 /" \\
[®] “1CD73 < CD107 “iCD44 “1CD45
Nl x« \“R % \ © e
=|=s. | \ >
5|5 (R <4
o e\ JiEd | = ‘
] - RS, X LA

D - |

E. ;

| J 1 J 1 J 1 J
Primary MSCs  Induced MSCs Induced NCCs Parental PSCs

hBM91
hBM90
hBM94
414C2
201B7
KhES1
414C2,
201B7
KhES1
414C2
201B7

KkhES1

o draates o G OCT3/4 NANOG SOX2
201B7 201B7-MSC 512 1,2 2
100 1004 00 5
SSEA4 SSEA4 |_A> 2 4 1 B |
X 80 80 o 08 i
© %08 8 1 |
2w “ 3 : 12 1
%5 3046 1 06 -
< 0 ; 0.4 0.4 ‘ 0.8
] S02 0.2 A 04 1
s e ¢ 3Ty T x 0 $ - S e 0 = =
10, 100 100 - 100 10 10 10 100 10 10 ,8’7\ o() @Q ,ﬁé\ 00 %Q '3,7\ Oo %CJ
NN IR SR R STR
P o Pl P A
RIS R &
P P P P P P

Figure 7. Derivation of hMSCs from hNCCs. A) Schematic protocol for the induction of h(MSCs. B) Phase contrast images of cells before (D8) and after
(D21) the induction. Scale bar, 200 um. C) Expression of surface markers in hBM-MSCs (hBM90) and 201B7-derived MSCs (201B7-MSC). D) Hierarchical
clustering analyses by genome-wide gene expression profiles. RNAs were extracted from hBM-MSCs (BM90, BM91 and BM94), induced-MSCs, and the
corresponding hNCCs and hiPSCs. E) Differentiation properties of induced-MSCs. The induction for osteogenic (Ol), chondrogenic (Cl), and adipogenic (Al)
lineages was performed as described in the Materials and Methods section and evaluated by Alizarin Red staining (Ol), Alcian Blue staining (Cl), and Oil
Red O staining (Al), respectively. Scale bar, 100 um. F) Population of SSEA4-positive cells. G) The expression levels of pluripotent markers (OCT3/4,
NANOG and SOX2) in hPSCs, hNCCs, and hMSCs. Average + SD. N=3, biological triplicates.

doi:10.1371/journal.pone.0112291.g007
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Figure 8. Derivation of hMSCs from hNCCs under defined culture conditions. A) Schematic protocol for
the induction of h(MSCs from hNCCs under defined culture conditions. B) Phase contrast images of cells 0, 7,
and 21 days after the hNCC and hMSC induction, respectively. Scale bar, 200 pm. C) Expression of hMSC-
related surface markers in hMSCs induced under defined culture conditions. D) Osteogenic differentiation (Ol)
properties of h(MSCs induced under defined culture conditions. hMSCs were cultured during the induction
period in STK2 as a control.

doi:10.1371/journal.pone.0112291.g008

findings of previous studies [33], and consequently observed marked improve-
ments in growth and the stable proliferation of hNCCs even after 10 passages (
Figures 3A, B). The expanded hNCCs maintained their original cell morphology
and all cells expressing NCC markers, such as TEAP2A (Figure 3C). The global
gene expression profiles of hNCCs after prolonged expansion (PN10) were similar
to those of early-passage cells (PNO) (Figure S4A and S4B, correlation coefficient

=0.96 to 0.98) and markedly different from those of original hPSCs (Figures 3D
and S4C).
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Modulation of the characteristics of hNCCs by insulin and retinoic
acid (RA)

The results of the microarray analyses revealed that induced hNCCs expressed
some genes characteristic to cranial NCCs (high for OTX2 and DLX1; low for
HOXA2 and HOXA3) (date not shown). A previous study demonstrated that the
depletion of insulin from CDM (growth-factor free CDM; hereafter referred to as
gfCDM) induced a more anterior neuroectoderm (rostral hypothalamic
progenitor-like cells), while retinoic acid (RA) exhibited posteriorizing activity
[15]. Therefore, we compared the expression of regional markers in hNCCs
cultured with gfCDM, CDM, and CDM with RA (100 nM) (Figure 4A). As
expected, the expression of OTX2, a marker for mesencephalic NCCs (Figure 4B)
[34], was slightly higher under the gfCDM condition than under the CDM
condition (Figure 4C). The DLXI gene, a marker for first and second branchial
arch NCCs (Figure 4B) [35], was expressed in cells cultured under all conditions,
and was the highest in CDM with the RA condition (Figure 4C). The expression of
the HOXA2 and HOXA3 genes, which are markers of the second and third
branchial arches, was negligible under the gfCDM and CDM conditions (
Figures 4B, C) [36,37]. Taken together, these results indicated that the regional
identities of hNCCs could be modulated by exogenous signals including insulin
and RA.

Derivation of peripheral neurons, glia, and melanocytes from
hNCCs

We next examined the differentiation potentials of induced hNCCs. Neuronal
differentiation was initiated by sphere formation and promoted by culture media
containing a mixture of factors (BDNF, GDNF, NGF, and NT-3). Cells expressed
B-tubulin and peripherin after 14 days, which indicated differentiation into
peripheral neurons (Figure 5A). Further cultivation under the same conditions (4
to 6 weeks) promoted the glial differentiation of hNCCs (Figure 5B).
Melanocytes are well-known derivatives of NCCs. Using a previously described
method that included CHIR, EDN3, and BMP4 [15, 38], induced hNCCs
expressed microphthalmia-associated transcription factor (MITF) and ¢-KIT,
markers for melanocytes (Figure 5C). These differentiation properties were

Pt oy Lol i

compatible with those of NCCs in vivo.

Derivation of corneal endothelial cells from hNCCs

Cranial NCCs have been shown to exhibit the ability to differentiate into corneal
endothelial cells in vivo [39,40]. Therefore, we examined whether hNCCs grown
in gfCDM, which preferentially expressed more anterior NCC markers (

Figures 4B, C), could differentiate into cells harboring the characteristics of
corneal endothelial cells. When 201B7-derived hNCCs were cultured in the
conditioned medium of corneal endothelial cells for twelve days (Figure 6A), cells
changed their morphology into that of polygonal corneal endothelial-like cells (
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Figure 6B) and started to express the corneal endothelial marker, ZO-1 (

Figure 6C). Descemet’s membrane is known to consist of collagen type 4 and
collagen type 8, which are derived from the corneal endothelium [41]. The mRNA
expression of the COL4A1 and COL8AI genes was confirmed in induced
endothelial-like cells (Figure 6D). These results strongly suggested that the hNCCs
induced in this study possessed the characteristics of cranial NCCs, which exhibit
the potential to differentiate into cranial NCC-derived structures.

Derivation of hMSCs from hNCCs

Cranial NCCs also have differentiation properties toward mesenchymal cells,
which construct the cranio-facial skeleton, and may be referred as MSCs [3]. In
order to derivate hMSCs from hNCCs, the culture medium was changed from
that for ANCC to «MEM with 10% FBS (Figure 7A), which we used previously for
human bone marrow-derived MSCs (hBM-MSCs) [24]. Through the induction of
hMSCs, the expression of NGFR and SOXI0 reduced rapidly within 48 hours
(PNO) of the medium change, while that of PAX3 and TFAP2A reduced gradually
until passage 3 (Figure S5A). Conversely, the expression of MSC markers (CD73,
CD105, and CD44) increased rapidly within 48 hours, reached a maximum by
passage number 2, and maintained their expression at a level comparable to that
in BMMSC:s (Figure S5B). These results indicated that the transition from NCCs
to MSCs was gradual during passage number three. Cells passaged three times in
the medium showed a typical fibroblastic morphology similar to that of hMSCs (
Figure 7B), and expressed surface markers for hMSCs (positive for CD73, CD105,
and CD44, and negative for CD45) (Figure 7C). Microarray analyses revealed that
hNCC-derived MSCs had a global expression pattern similar to that of primary
hBM-MSCs (Figure 7D). Differentiation properties toward osteogenic, chondro-
genic, and adipogenic lineages are one of the criteria required for MSCs [42],
which were clearly confirmed in hNCC-derived MSCs (Figure 7E). FACS analysis
showed that there was no SSEA4-positive cells (Figure 7F) and the expression of
PSC marker genes was below detectable levels (Figure 7G).

Derivation of osteogenic cells from hiPSCs under defined culture
conditions

We determined the feasibility of inducing terminally differentiated cells from
iPSCs under defined culture conditions (Figure 8). 987A3 hiPSCs were used as the
initial material, which have been generated and maintained under feeder-free and
xeno-free conditions [21]. Cells were dissociated into single cells, seeded on
iMatrix-coated dishes (0.83-1.35 cells/cm?), and cultured with StemFit medium
for five days. hNCCs were then induced for seven to ten days (Figure 8A). The
efficiency of hNCC induction under these conditions was 40.9+5.5% (+ SD.
N=3, biological triplicate). The induction of hMSCs was performed using CDM
for MSCs (STK2) instead of aMEM/10% FBS (Figure 8A). After several passages
of hNCCs in STK2, the morphology of cells changed from cuboidal to fibroblastic,
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similar to that of hBM-MSCs (Figure 8B). The expression patterns of surface
markers were compatible with those of hMSCs (positive for CD73, CD105, and
CD44, and negative for CD45) (Figure 8C) and the differentiation properties for
osteogenic, chondrogenic, and adipogenic lineages were confirmed when the
standard FBS-containing induction medium was used (Figure S6). Osteogenic
differentiation was also confirmed using the chemically-defined osteogenic
medium (STK3) (Figure 8D). These results indicated that all steps from iPSC to
osteogenic cells could be performed under defined culture conditions.

Discussion

In the present study, we developed a simple and efficient induction method for
hNCCs from hPSCs. The induction efficiency of this method was high (70-80%)
irrespective with the type of hPSC. The induced hNCCs exhibited the cranial NCC
characters under maintenance culture conditions, while further treatment with
insulin and RA marginally posteriorized hNCCs. Consistent with the expression of
cranial NCC markers, induced hNCCs could differentiate into corneal endothelial
cells, which is a characteristic of cranial NCCs.

Our protocol was independent of the BMP signal. In our protocol, DMHI, a
specific BMP inhibitor, clearly attenuated the induction efficiency of the p75™&h
fraction (Figure S1). This result clearly contradicted the findings of previous
studies (no effect [14] or increased efficiency [15]). The marked differences in the
findings of these studies may be attributed to the seeding density used at the
beginning of induction. The seeding density of our protocol was approximately 2—
4 clumps/cm?® (approximately 20 cells/cm?®), while other studies used
1 x 10* cells/cm?® [26]. Both CNS and neural crest fates were previously observed
when cells were seeded at a low density, while CNS cells primarily formed at a
high density [43]. In accordance with these findings, the efficiency of the NCC
induction was markedly decreased if clumps were seeded at a higher density (data
not shown). The high density of hNCCs may have exaggerated local BMP
signaling secreted from the hNCCs themselves. Therefore, we combined high
density seeding with the BMP inhibitor treatment; however, the efficiency was still
low (data not shown). Based on these results, we could not account for the
differences between our protocol and those of previous studies.

In order to compare the hNCCs in this study with those in previous studies, we
analyzed gene expression profiles of hNCCs published previously. The
comparison of the relative induction levels of NCC specific genes revealed that
hNCCs differentiated by our protocol and previous studies showed similarities in
some aspects, but overall profiles were different from each other (Figure S3).
These results indicated that induction protocols reported in this study and in the
previous studies induced different subset of hNCCs.

Induced hNCCs exhibited differentiation properties for multiple cell lineages
including peripheral neurons, glial cells, melanocytes, and corneal endothelial
cells, and also delivered hMSCs that further differentiated into osteogenic,
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chondrogenic, and adipogenic cells. These properties are compatible with NCCs
being multipotent stem cells [3]. However, clonal analyses are indispensable for
confirming the stemness of induced hNCCs. Previous clonal analyses revealed that
63—65% of the hNCC clones could differentiated into multi-lineage cells positive
for markers of neurons, glial cells, and smooth muscle cells [43, 44], suggesting

that hNCCs induced from hPSCs were multipotent on the clonal level. Although
stemness has yet to be investigated in this study, induced hNCCs in this protocol
will be a promising cell source for various types of research.

Human diseases that have been related to the development of hNCCs include
Hirschsprung’s disease, DiGeorge syndrome, Waardenburg syndrome, Charcot-
Marie-tooth disease, Hermansky-Pudlak syndrome, familial dysautonomia,
Chediak-Higashi syndrome, and CHARGE syndrome [45, 46]. hNCCs containing
the mutations responsible for these diseases can be induced from hiPSCs
established from the respective patients; therefore, this will be a powerful tool for
creating in vitro disease models that can contribute to a more detailed
understanding of the pathogenesis of NCC disorders and also to the development
of novel therapeutic modalities [15]. In addition, hNCCs have been shown to be
the cell-of-origin of some cancers such as neuroblastoma [47], which indicates
that hNCCs can be used in in vitro transformation experiments. We have already
confirmed that the survival rate of freeze-stocked hNCCs was satisfactory and the
freeze and thaw process had no impact on the growth and differentiation
properties of these cells (data not shown). These are favorable features for a
material in research because it is important to use cells of the same quality in
order to evaluate reproducibility.

Induced hNCCs-deridatives can also be used for cell therapy. In this regard,
hNCC-derived hMSCs will be a very useful material. hMSCs have been used in a
wide range of regenerative medicines, and promising results have been reported in
some cases [48, 49]. In contrast with the advances reported in clinical applications,
many issues related to the biology of hMSCs have yet to be investigated, one of
which is the cell-of-origin of hMSCs. hNCCs may be the precursors of hMSCs
based on the finding that craniofacial skeletal tissues are derived from NCCs [50].

‘This has also been supported in lineage tracing experiments using PO-cre mice

[51,52]. Current sources of hMSCs include bone marrow, fat tissue, synovium,
and umbilical cord; however, it remains unclear whether NCC-derived cells exist
in all of these adult tissues and serve as the source of hMSCs. A comparison
between hNCC-derived MSCs and somatic tissue-derived hMSCs may provide
more information related to this issue.

One of the limitations of current hMSCs is their limited proliferative activity,
which may pose problems in their application to conditions requiring a large
amount of cells. This can be overcome if hNCC-derived MSCs are used because
hNCCs can be induced from hPSCs, which have unlimited proliferative activity.
Two issues are important for this application. One is to be free from infectious
substances that may be derived from animal materials. Using iPSCs generated and
maintained under feeder-free and xeno-free conditions, we successfully induced
hNCCs and hMSCs with minimum animal material (BSA in CDM) (Figure 8A).
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Furthermore, we generated terminally differentiated cells (osteogenic cells) from
these MSCs under chemically defined media. To the best of our knowledge, this is
the first study to demonstrate the induction of osteogenic cells under feeder-free
and serum-free conditions from PSCs. The other concern relates to the
contamination of undifferentiated cells, particularly parental hPSCs, which may
lead to serious conditions such as the formation of malignant tumors [53]. We
confirmed that hNCC-derived hMSCs were free from SSEA4-expressing cells and
the expression of PSC-marker genes was below detectable levels (Figures 7F, G).
Although more precise and meticulous analyses are required to prove the safety of
these cells, the results of the present study have provided evidence to promote the
use of hNCC-derived hMSCs for cell therapy.

Supporting Information

Figure S1. Effect of the BMP signal on the induction of p75™&" cells. hiPSCs
(201B7) were treated in NCC induction media with BMP4 (10 ng/ml) (A) or
DMHI1 (10 pM) (B), and the fraction of p75-positive cells was analyzed by FACS.
C) Effects of BMP signal inhibitors on the induction of p75™€" cells. 201B7 cells
were treated with each BMP inhibitor at the indicated dosage, and the fraction of
p75-positive cells was analyzed by FACS.

doi:10.1371/journal.pone.0112291.s001 (TIFF)

Figure S2. Global comparison of the expressions of genes between PSCs and
p75™" cells. A) A volcano plot showing the P value for differences in the
expression of each gene between the average of PSC lines (H9, KhES1, 414C2, and
201B7) and the average of corresponding p75™%" cells. A total of 562 entities
downregulated and 447 entities upregulated in p75™%" cells were identified as a
differentially expressed gene set. B) Heat map analyses revealed global similarities
among hNCCs derived from each PSC line.
doi:10.1371/journal.pone.0112291.s002 (TIFF)

Figure S3. Expression of NCC marker genes in induced NCCs from PSCs. The
induction ratio of NCC markers relative to a corresponding pluripotent baseline
was demonstrated in each induced NCC. iPS NCCs, GSE44727.
WA09_NC_Dayl1, 45223. Marker genes for each sub-population of NCC were
labeled using the indicated colors.

d0i:10.1371/journal.pone.0112291.s003 (TIFF)

Figure S4. Comparison of gene expression profiles between hNCCs at different
passages by scatter plotting. RNAs were extracted from hNCCs derived from
201B7 (A) and KhES1 (B) at different passages (PNO, PN4 and PN10), and
analyzed using microarrays. C) Correlation coefficient analysis was performed
using these data.

doi:10.1371/journal.pone.0112291.s004 (TIFF)

Figure S5. The expression of markers for hNCCs and hMSCs in each passage. A
gradual transition from hNCCs to hMSCs was observed in hNCC markers (A)
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and hMSC markers (B). Average + SD. N=3, biological triplicates. Regarding
BMSCs, cDNA was prepared from the bone marrow stromal cells of four healthy
donors (BM25, 26, 34, and 107), and the average was presented as BMSCs in each
graph.

doi:10.1371/journal.pone.0112291.s005 (TIFF)

Figure S6. Osteogenic-, chondrogenic-, adipogenic induction from feeder-free
hiPSCs through hNCC-derived hMSCs. Differentiation properties of hNCC-
MSCs. The induction for osteogenic (OI), chondrogenic (CI), and adipogenic
(AI) lineages was performed as described in the Materials and Methods section
and evaluated by Alizarin Red staining (OI), Alcian Blue staining (CI), and Oil
Red O staining (AI), respectively. Scale bar, 200 pm.
doi:10.1371/journal.pone.0112291.s006 (TIFF)

Table S1. Information of primary antibodies used in this study.
doi:10.1371/journal.pone.0112291.s007 (TIF)

Table S2. Information of PCR primers used in this study.
doi:10.1371/journal.pone.0112291.s008 (TIF)
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Abstract

The first step in developing regenerative medicine approaches to treat renal diseases using pluripotent stem cells must be
the generation of intermediate mesoderm (IM), an embryonic germ layer that gives rise to kidneys. In order to achieve this
goal, establishing an efficient, stable and low-cost method for differentiating IM cells using small molecules is required. In
this study, we identified two retinoids, AM580 and TTNPB, as potent IM inducers by high-throughput chemical screening,
and established rapid (five days) and efficient (80% induction rate) IM differentiation from human iPSCs using only two small
molecules: a Wnt pathway activator, CHIR99021, combined with either AM580 or TTNPB. The resulting human IM cells
showed the ability to differentiate into multiple cell types that constitute adult kidneys, and to form renal tubule-like
structures. These small molecule differentiation methods can bypass the mesendoderm step, directly inducing IM cells by
activating Wnt, retinoic acid (RA), and bone morphogenetic protein (BMP) pathways. Such methods are powerful tools for
studying kidney development and may potentially provide cell sources to generate renal lineage cells for regenerative
therapy.
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Introduction ment would first differentiate ESCs or iPSCs into IM, followed by
formation of renal progenitors, such as the metanephric

: mesenchyme and ureteric bud, and eventually produce the various
global public health problem. Increased prevalence of CKD has types of fully differentiated renal cells.

led to a rise in the number of dialysis patients, and is associated
with elevated morbidity and mortality due to the increased risk of
cardiovascular diseases [1-3]. Most patients with CKD never

recover their renal function, and there is a worldwide shortage of which the renal structures are derived [14], and is maintained until
donor kidneys for transplantation; therefore, it is important to kidney organogenesis occurs. Osr/ knockout mice lack renal
develop kidney regeneration therapy using embryonic stem cells structures, due to the failure to form the IM [15,16]. Therefore,
(ESCs) [4-6] or induced pluripotent stem cells (iPSCs) [7-9], differentiation of pluripotent stem cells (PSCis) into OsrI-expressing
which have unlimited self-renewal capabilities and the potential to IM cells is the first and crucial step toward the induction of renal
differentiate into any cell type in the body. However, directed lineage cells.
differentiation methods from human ESCs (hESCs) or iPSCs We recently established a highly efficient method for inducing
(hiPSCs) into kidney lineage cells have not been fully developed. the differentiation of IM cells from human iPSCs/ESCs (hiPSCs/
Kidneys are derived from an early embryonic germ layer, the ESCs), in which the combination of activin A and CHIR99021, a

Chronic kidney disease (CKD) is increasingly recognized as a

Previous research on kidney development in a mouse model
showed that expression of a transcriptional regulator, Odd-skipped
related 1 (Osrl), starts early in the embryonic day (E) 7.5 IM from

intermediate mesoderm (IM). In vertebrates, the IM sequentially glycogen synthase kinase 3B inhibitor, is first used to generate
develops into three stages of kidneys; the pronephros, mesone- mesendoderm [17,18], followed by combined treatment with bone
phros and metanephros. The mammalian adult kidney (metane- morphogenetic protein (BMP)-7 and CHIR99021 [19]. This
phros) is formed by a reciprocal interaction between two precursor protocol induces development of hiPSCs into OSR1™ IM cells at
tissues, the metanephric mesenchyme and the ureteric bud [10- rate higher than 90%. The OSRI* IM cells can further
13]. Kidney regeneration methods that mimic normal develop- differentiate into multiple cell types constituting IM-derived
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organs, such as the kidneys, adrenal cortex, and genitalia, both i
vitro and in vivo [19]. Although this method efficiently generates IM
cells, modifications are needed for clinical application in kidney
regeneration therapy. Growth factors, such as activin A and BMP-
7, are expensive, and their effects are inconsistent among different
lots. Differentiation methods using low-molecular-weight com-
pounds would be less expensive and more consistent. Small
molecules can control cellular processes by modulating signal
transduction pathways, gene expression, or metabolism. High-
throughput screening has been previously used to identify novel
small molecules that support the directed differentiation of mouse
ESCs (mESCs) and hESCs into definitive endoderm [20],
pancreatic progenitors [21], and cardiomyocytes [22].

In vitro differentiation of the undifferentiated cell mass in the
fertilized eggs of amphibians such as Xenopus leevis [23-25],
mESCs [26-29] and hESCs/iPSCs [30,31] into renal lineages has
been stimulated using retinoic acid (RA). However, the roles and
mechanisms of RA signaling have remained unclear. Previous
studies reported that the signaling pathways of BMP-2 or BMP-4
were involved in the regulation of mesoderm formation, including
differentiation of the IM in chick embryos [32,33], but little is
known about the developmental mechanisms of IM formation,
especially in mammals.

In the present study, we aimed to develop an efficient, stable
and low-cost method for differentiating hiPSCs/ESCs into IM
cells using small molecules. We performed high-throughput
screening of approximately 1,800 chemical compounds and
identified two retinoic acid receptor (RAR) agonists, AM580 and
TTNPB, that efficiently induce the differentiation of hiPSCs/
ESCs into IM cells. Based on these results, we established a simple,
rapid, and highly efficient differentiation method, using a
combination of just two chemicals (CHIR99021 with TTNPB or
AMS580), to induce development of hiPSCs/ESCs into IM cells
that have the potential to give rise to IM derivatives. We found
that combined treatment with CHIR99021 and TTNPB or
AMD580 induces the differentiation of IM cells by activating the
expression of BMP-4 through RAR. We further demonstrated that
IM cells can be directly generated from hiPSCs/ESCs without the
mesendoderm step, by activating the Wnt, RA, and BMP signaling
pathways. The new differentiation method using small molecules
provides less expensive and more consistent means of generating

IM cells than the growth factor method. Therefore, this new -

method is useful for studying the mechanisms of mesoderm and
kidney development and may provide a source of renal lineage
cells for use in regenerative medicine to treat CKD.

Materials and Methods

Cell Culture

Five hiPSC lines (201B6, 253G1, 253G4, 585A1 and an OSR1-
green fluorescent protein (GFP) knock-in hiPSC line, 3D45,
generated from 201B7 [7,19,34,35]), and three hESC lines (H9,
khES] and khES3 [6,36]), were routinely cultured on feeder layers
of mitomycin C-treated mouse SNL feeder cells [37] in Primate
ES medium (ReproCELL) supplemented with 500 U/ml penicil-
lin/streptomycin (Invitrogen) and 4 ng/ml recombinant human
basic fibroblast growth factor (bFGF, Wako). Cells were split at a
ratio of 1:3-1:6 every six to eight days using CTK dissociation
solution consisting of 0.25% trypsin (Invitrogen), 0.1% collagenase
IV (Invitrogen), 20% Knockout serum replacement (KSR,
Invitrogen) and 1 mM CaCl, in PBS [7].
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Chemicals Libraries

The library included compounds from the Prestwick Chemical
library - (Prestwick Chemical, Illkirch, France) and the ENZO
library (ENZO Life Sciences, Farmingdale, NY, USA).

High-throughput Chemical Screening

An OSRI-GFP knock-in hiPSC line, 3D45 [19], grown on
mouse embryonic fibroblast (MEF) feeder cells from E 12.5 ICR
mouse embryos, were dissociated by an enzymatic method with
CTK dissociation solution. After washing them with PBS (Nakalai
Tesque), the cells were scraped off with a cell scraper, dissociated
by pipetting and seeded on Human Collagen Type I-coated 96-
well plates (BD) with MEF-conditioned Primate ES medium
containing 10 ng/ml bFGF. When hiPSC colonies attained
approximately 70% confluency, the cells were treated with
100 ng/ml recombinant human/mouse/rat activin A (R&D
Systems), 3M CHIR99021 (Wako) and 10 pM Y27632 (Wako)
in Stage 1 medium containing DMEM/F12+Glutamax (Invitro-
gen) supplemented with 500 U/ml penicillin/streptomycin, 2%
FBS (HyClone) and 10 pM Y27632 for two days. Then, the
compound treatments were performed at a final concentration of
1uM in 100 Wl of Stage 2 medium containing DMEM/
F12+Glutamax supplemented with 0.1 mM non-essential amino
acids (Invitrogen), 500 U/ml penicillin/streptomycin, 0.55 mM 2-
mercaptoethanol (Invitrogen) and 10% KSR supplemented with
0.1% DMSO (v/v) per well. After five days of compound
treatments, the cells were dissociated by trypsinization, resus-
pended in HBSS with propidium iodide (1:1000, Wako) and
examined for their GFP expression by a LSR Fortessa equipped
with a High Throughput Sampler (BD). Positive hits were defined
as the compounds that induced GFP* cells at three standard
deviations (3SD) above the DMSO controls without producing
autofluorescence or cytotoxicity.

Generation of Efficacy Curves -

The OSRI1-GFP knock-in hiPSCs (3D45) were dissociated and
plated onto Matrigel-coated 96-well plates in Stage 1 medium with
100 ng/ml activin A, 3 pM CHIR99021 and 10 pM Y27632.
After two days of Stage 1 treatment, AM580 or TTNPB was
added at a final concentration of 10 pM, 5 uM, 2.5 uM, 1.2 pM,
600 nM, 300 nM, 150 nM, 75 nM, 37.5 nM, 19 nM, 10 nM,
5nM, 2.5 nM, 1.2 nM, 0.6 nM or 0.3 nM. Five days later, the
induction of OSR1* cells was detected by flow cytometry. For the
replacement of TTNPB or AM580 in the small molecule method,
all-trans retinoic acid (ATRA), adapalene, or CD1530 was added
at a final concentration of 10 uM, 5 pM, 2.5 uM, 1.2 pM,
600 nM, 300 nM, 150 nM, 75 nM, 37.5 nM, 19 nM, 10 nM,
5 nM or 2.5 nM, and BMS493, LE135, MM11253 or SR11237
was used at a final concentration of 10 pM, 5 uM, 2.5 uM,
1.0 uM, 100 nM, 10 nM, 1.0 nM or 0.1 nM. The induction of
OSRI1* cells was analyzed by flow cytometry on day 6 of
treatment. For the addition of SR11237 or UVI3003 to the
TTNPB method, these chemicals were added at final concentra-
tions of 5 uM, 2.5 uM, 1.0 uM, 100 nM, 10 nM or 1.0 nM. The
details of the growth factors and chemical compounds used in this
study are shown in Table S4.

Differentiation Methods

To induce IM cells, hiPSC/ESC colonies grown on feeder
layers of mitomycin C-treated mouse SNL feeder cells [37] were
first dissociated by an enzymatic method with CTK dissociation
solution, and incubated on gelatin-coated plates for 30 min to
remove SNLs. Then, the cells were dissociated into single cells by
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gentle pipetting after the treatment with Accutase (Innovative Cell
‘Technologies, Inc.) for 20 min. The cells were then seeded on
Matrigel (Matrigel Matrix Growth Factor Reduced, BD)-coated
plates at a density of 1.5x10° cells/cm?.

For the original small molecule methods, the dissociated
hiPSCs/ESCs were treated with 3 pM CHIR99021 and 1 pM
AMS580 (Santa Cruz Biotechnology) or 1 pM TTNPB (Santa Cruz
Biotechnology) in Stage 1 medium for two days. Next, the culture
medium was replaced with Stage 2 medium containing 1 pM
AMS580 or 1 pM TTNPB. The Stage 2 cultures were maintained
for an additional three to 12 days. The growth factor method was
previously described as a “single-cell method” [19].

For the serum-free small molecule methods, the cells were
cultured with a serum-free medium containing DMEM/F12 +
Glutamax supplemented with 1 xB27 supplement (Invitrogen) and
500 U/ml penicillin/streptomycin on Synthemax (Synthemax II-
SC Substrate, Corning)-coated plates throughout the differentia-
tion culture.

Flow Cytometry and Cell Sorting

The cells were treated with 0.25% trypsin/EDTA for 5 min at
37°C, and dissociated by pipetting in HBSS (GIBCO). Dead cells
stained with propidium iodide were excluded from the analysis.
The cells were analyzed and sorted using a FACS Aria II cell
sorter (BD). The isolated cells were collected in PBS with 2% FBS
containing 10 pM Y27632.

RT-PCR and Real-time Quantitative RT-PCR (qRT-PCR)
Total RNA was isolated from triplicate samples in three
independent experiments using an RNeasy kit (Qiagen) according
to the manufacturer’s recommendations, followed by cDNA
synthesis using standard protocols. Briefly, first-strand cDNA
was synthesized from 1 pg of total RNA using ReverTra Ace
(TOYOBO). The cDNA samples were subjected to PCR
amplification using a thermal cycler (Veriti 96 well Thermal
Cycler, Applied Biosystems). PCR was performed using the Ex-
Taq PCR kit (Takara) according to the manufacturer’s instruc-
tions. The PCR cycles were as follows: for S-ACTIV, initial
denaturation was performed at 94°C for 2.5 min, followed by 25
cycles of 94°C for 30 s, 60°C for 1 min, 72°C for 30 s, and a final
extension at 72°C for 10 min. For the other genes, the cycles
consisted of initial denaturation at 94°C for 2.5 min, followed by
30-40 cycles of 94°C for 30 s, 58-62°C for 30 s, 72°C for 30 s,
and final extension at 72°C for 7 min. mRNA from human fetal
kidney was used as a positive control for expression of OSRI,
PAX2, LIMI1, WTI, EYAI, SALLI, and CITED2. mRNA from
human adult ovaries was used as a positive control for SOXI7.
mRINA from neural progenitor cells, induced from hiPSCs by
SFEBq culture [38], was used as a positive control for SOXI.
mRNA from human umbilical vein endothelial cells (HUVECs)
was used as a positive control for KDR. mRNA from human adult
cervix was used as a positive control for SIX2. mRNA from human
adult kidney was used as a positive control for HOXDI11, FOXDI,
SALL4, and HOXB7. mRNA from human adult ovaries was used
as a positive control for GATA4 and GATA6. mRNA from human
adult adrenal gland was used as a positive control for SF/ and
HSD3B2. mRNA from human adult testes was used as a positive
control for DAX/ and LHX9. qPCR was performed using the Step
One Plus Real-Time PCR System (Applied Biosystems) and the
SYBR Green PCR Master Mix (Takara). Denaturation was
performed at 95°C for 30 s, followed by 45 cycles at 95°C for 5 s
and at 60°C for 30 s. The threshold cycle method was used to
analyze the data for the gene expression levels as recommended by
the manufacturer, and was calibrated to the levels of the
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housekeeping gene, f-ACTIN. The PCR reactions were performed
in triplicate for each sample. The primer sets are shown in Table
S2.

Immunostaining

The cells were fixed with 4% paraformaldehyde (PFA, Nacalai
Tesque)/PBS for 20 min at 4°C. For immunostaining of the
cytoplasm, the cells were washed with PBS and blocked with 5%
normal donkey serum (Chemicon)/PBST (PBS/0.1% Triton X-
100, Nacalai Tesque) for 1 hr at room temperature. The primary
antibodies were diluted in blocking solutions and incubated with
samples overnight at 4°C. For nuclear immunostaining, the cells
were washed with PBS and incubated in PBS/0.2% Tween 20
(Wako) for 30 min at room temperature, followed by blocking with
3% normal donkey serum/1% BSA (Nacalai Tesque)/PBST
(PBS/0.25% Triton X-100) for 1 hr at room temperature. The
primary antibodies were diluted in blocking solution and
incubated with samples overnight at 4°C. Secondary antibodies
were diluted in blocking solution and incubated with samples for
1 hr at room temperature. The details of the antibodies used in
this study are shown in Table S3.

In Vitro Differentiation Culture of OSR1* Cells

The OSRI* IM cells induced with the TTNPB method were
isolated by flow cytometry sorting on culture day 6, seeded onto
gelatin-coated 96-well plates at a density of 1.0x10° cells/well,
and cultured with Stage 2 medium containing 10 pM Y27632,
100 ng/ml recombinant human BMP-7 and 100 ng/ml recombi-
nant mouse Wnt3a or 1 uM CHIR99021 [19]. After an additional
eight days of culture, the cells were examined by RT-PCR and
immunostaining.

Graft Preparation and Implantation

The hiPSC-derived OSR1™ on culture day 6 was isolated by
flow cytometry sorting, seeded onto low attachment 96-well plates
(Lipidure Coat, NOF Corp) at a density of 1.0x10° cells per well,
and cultured with Stage 2 medium containing 10 pM Y27632 for
2 days. Then, about 20 aggregates were transferred onto
polyethylene terephthalate fiber-Collagen Sponge (MedGEL) that
was prewetted with Stage 2 medium. The aggregates and sponge
were overlayed with 501 of Matrigel. The resultant implant
constructs were placed in an incubator set at 37°C and 5% CO.
for 1h to allow the construct to gel. These constructs were
transferred to culture dishes with prewarmed medium until
implantation. One of the epididymal fat pads (EFPs) of
immunodeficient mice (NOD. CB17-Pd“Y/]) was carefully
externalized through an abdominal incision, then a single implant
construct was wrapped in the EFP and the implanted EFP were
returned to abdominal cavity. After 4 weeks of implantation, mice
were killed and the serial sections of implanted tissues were
examined with immunostaining [19].

Aggregate Culture of OSR1* Cells

The day 6 isolated OSRI* IM cells differentiated with the
TTNPB method were quickly seeded onto 96-well low-cell-
adhesion plates (Lipidure Coat, NOF Corp) with Stage 2 medium
(1.0x10° cells in 100 1/well) containing 10 M Y27632, and then
were cultured at 37°C to form cellular aggregates. After eight days
of suspension culture, the aggregates were fixed, and serial sections
were examined by Immunostaining. Stained sections were
analyzed with a LSN710 confocal microscope (Zeiss).
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Organ Culture Experiments

The organ culture experiments were performed as described
previously [19,39]. Briefly, E 11.5 metanephric kidneys from ICR
mice were dissected in Improved MEM (Invitrogen). The
metanephric kidneys were then placed in 0.05% trypsin-EDTA
(GIBCOj for 10 min at 37°C and dissociated by pipetting. The
dissociated cells were stabilized in Improved MEM supplemented
with 500 U/ml penicillin/streptomyecin and 10% FBS (Kidney
culture medium, KCM) for 10 min at 37°C, and then were filtered
through a 40 m cell strainer (BD). A total of 1.0x10° freshly
dissociated metanephric cells and 1.0x10* OSR1* cells isolated by
flow cytometry sorting after the induction with the small molecule
methods were mixed, seeded onto 96-well low-cell-adhesion plates
with 10 M Y27632, then cultured overnight at 37°C to form
aggregates. The cellular aggregates were then cultured at the air-
fluid interface on 0.4 m pore polycarbonate filters (Millipore)
supplied with KCM at 37°C.. After eight days of organ culture, the
aggregates were fixed, and serial sections were examined by
immunostaining.

Statistical analysis

The statistical significance of the differences in the frequency of
renal tubule formation between the hiPSC-derived OSR1™ cells
generated with small molecule treatments and the control
undifferentiated hiPSCs in organ culture was analyzed using
Fisher’s exact test.

Animal Welfare

This study was carried out in strict accordance with the
recommendations in the Regulation on Animal Experimentation
at Kyoto University. The protocol in this study was approved by
the Animal Research Committee of Kyoto University. All efforts
were made to minimize suffering. Mice were humanely sacrificed
prior to tissue collection.

Inhibitor Screening

The effects of 18 different chemical inhibitors on the induction
of OSR1™ IM cells with the TTNPB method were examined at
different concentrations, as indicated in Figure S4. After 72 hrs of
treatment, the cells were examined by the same procedures used
for the high-throughput chemical screening described above. The
details of the growth factors and chemical compounds used in this
study are shown in Table S4.

Western Blot Analysis

The cells treated with the small molecule methods were
harvested in lysis buffer (BioVision). Proteins were separated by
10% Tris-Glycine SDS/PAGE (BIO-RAD) under denaturing
conditions and transferred to a PVDF membrane (BIO-RAD).
After blocking with 5% skim milk in PBS/0.1% Tween20, the
membrane was incubated with antibodies against phospho-
Smadl/5 or P-actin overnight at 4°C. The membrane was then
washed, incubated with anti-mouse/rabbit peroxidase-conjugated
secondary antibody (Jackson ImmunoResearch) at room tempera-
ture for 1 hr and developed by a chemiluminescence detection
system (GE Healthcare).

Gene Knockdown Experiments

The dissociated OSR1-GFP knock-in hiPSCs (3.0x10* cells in
0.5 ml/well of 24-well plates) in Stage 1 medium with 3 M
CHIR99021, 1 M TTNPB, and 10 M Y27632 were transfected
with 50 nM siRNA for RARB (MISSION siRNA, Sigma) or
Universal Negative Control siRINA Duplex (Stealth RINAi
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Negative Control Kit, Invitrogen) using the Lipofectamine
RNAIMAX  reagent (Invitrogen) throughout Stage 1. After
48 hrs of Stage 1 treatment, the cells were transfected again, this
time with Stage 2 medium containing 1 M TTNPB and the same
siRNA solutions used in Stage 1.

Results

High-throughput Screening Identified Small Molecules
that Induce Production of IM Cells from hiPSCs

The screen used an hiPSC reporter line, in which the GFP
coding sequence had been knocked-in to the OSRI gene locus
(OSR1-GFP knock-in hiPSC line, 3D45; [19]) and flow cytometry
to quantitatively identify small molecules that increase the
induction rate of OSR1" cells. Mesendoderm cells, the starting
material for the screen, were generated from hiPSCs (3D45 cells)
using a combination of 100 ng/ml activin A and 3 uM
CHIR99021 for two days (Figure 1A, Stage 1), as described
previously {19]. The mesendoderm cells were then treated with
individual compounds for an additional five days (Stage 2). We
screened two chemical libraries, the Prestwick Chemical library
and ENZO library, comprising a total of 1,821 bioactive
compounds and known drugs. Positive hits were defined as
compounds that induced OSR1 (GFP)* cells at three standard
deviations (3SD) above the negative control (DMSO), without
producing autofluorescence or cytotoxicity. The OSR1™ IM cells
induced by the combination of CHIR99021 and BMP-7, which
we described previously [19], were used as a positive control.

The screening identified two compounds, AM580 and TTNPB,
both known to be RAR agonists, as inducers of OSRI™" cells
(Figure 1B). The induction rates of OSR1" cells in populations
treated with AM580 (64.3%7.4%, n = 3) or TTNPB (53.6%£21.5%,
n=23) were higher than rates for DMSO-treated controls
(1.6£0.4%, n=3) and positive controls (47.9£0.8%, n=3)
(Figure 1C).

Additional experiments were carried out to optimize the
concentrations of the compounds. Titration curves from 0.3 nM
to 1.2 M for AM580 and TTNPB showed that both compounds
induced OSRI1* cells in a dose-dependent manner, with the
highest efficiencies at 300 nM to 1.2 M for AM580, and at
37.5 nM to 1.2 M for TTNPB (Figure 1D).

A Small Molecule-based Differentiation Method Rapidly
and Efficiently Produces IM Cells from hiPSCs

Previous studies reported that the activation of Wnt signaling by
recombinant Wnt proteins or chemicals resulted in the differentia-

‘tion of mESCs and hESCs into mesendoderm without activin A

treatment [40,41]. Results of the present study confirmed that
mesendoderm cells were induced from hiPSCs by the treatment
with CHIR99021 alone (Figures S1A and B). To further optimize
the method for generating OSR1™ cells, we examined various
combinations of CHIR99021 with AM580 or TTNPB, without
activin A (Figure 2A). We found that, when hiPSCs were treated
with 3 M CHIR99021 combined with 1 M AMS580 or 1 M
TTNPB for two days during Stage 1, and with 1 M AM580 or
1 M TTNPB for an additional three days during Stage 2, the
induction rate of OSR1™ cells on day 6 was increased to around
80% (Small molecule method, including AM580 and TTNPB
methods, Figure 2B and Figure S2A). The numbers of OSR1" and
total cells peaked on culture day 11 (Figure 2C and Figure S2B).
The small molecule method induced a much larger number of
OSRI™ cells than our growth factor method [19] at all of the
tested time points. Therefore, we established a rapid (requiring

only five days), highly efficient (approximately 80%) and robust
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Figure 1. High-throughput Screening and Characterization of
the Two Hit Compounds. (A) Schematic diagram of the screening
strategy to induce the differentiation of human iPSCs (hiPSCs) into
intermediate mesoderm (IM). Stage 1 indicates the differentiation step
from hiPSCs into mesendoderm. Stage 2 indicates differentiation from
mesendoderm into IM. Chemical screening was performed on Stage 2
cells. (B) The chemical structures of the two hit compounds, AM580 and
TTNPB. (C) Results of flow cytometric analyses of the induction of OSR1*
cells on culture day 8; treatments consisted of two days of Stage 1 with
CHIR99021 and activin A, and five days of Stage 2 with AM580 or
TTNPB, DMSO (negative control), or combined CHIR99021 and BMP7
(positive control). (D) Dose-response curve of OSR1* cell induction on
day 8 by AM580 and TTNPB. The data in (C) and (D) are means=SD of
three independent experiments (n=3).

doi:10.1371/journal.pone.0084881.g001

differentiation method for generating OSR1™ cells from hiPSCs
using only two chemicals.

The development of a well-defined method for differentiating
PSCs would provide an excellent system that could be used to
elucidate the molecular mechanisms of IM differentiation. We
therefore devised a serum-free differentiation method by replacing
both fetal bovine serum (FBS) used in Stage 1 and KSR in Stage 2
of the small molecule method with B27 supplement. Moreover,
Matrigel which coated dishes was replaced by Synthemax, xeno-
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free coating material. The induction efficiency of OSR17 cells in
the refined protocol (Serum-free small molecule method, including
Serum-free AM580 and TTNPB methods) was about 80% and
comparable to the original small molecule method (Figure 2D).

To confirm that the human OSR1™ cells induced by the small
molecule method have an IM signature, we used RT-PCR
analyses and immunocytochemistry to examine the expression of
multiple IM marker genes. After five days of treatment, the
OSRI1™ cells isolated by flow cytometry sorting expressed PAX2,
LIMI, WT1, EYAI, SALLI, and CITED?2 (Figure 2E), which are all
known to be expressed in cells of IM or kidney lineage [12,14].
Moreover, some of the OSR17 cells isolated on culture day 6 were
positively stained for SALL1, WT1, LIMI, or PAX2 (Figure 2F).
In contrast, markers for non-IM lineage cells, including SOX77 for
endoderm, SOXI for ectoderm, and ADR for lateral plate
mesoderm, were not detected (Figure 2E). Most of the OSR1*
cells produced by the small molecule method appear to represent
the IM.

As it has been demonstrated that different hiPSC/ESC lines
vary in their differentiation potential [34,42], we examined
effectiveness of the small molecule method using multiple
hiPSC/ESC lines (Figure S3) [6,7,34-36]. The results confirmed
that the method works with dermal fibroblast-derived iPSC lines
(201B6, 253G1, and 253G4), a peripheral blood cell-derived iPSC
line (585A1), and hESC lines (KhES1, KhES3, and H9), in
addition to the 3D45 cells (201B7).

IM Cells Generated with the Small Molecule Method Can
Differentiate into IM Derivatives and Form Renal Tubule-
like Structures

Osrl™ IM cells contribute to a variety of cell types during
embryonic development in mice, including cells of the adrenal
cortex and gonad, as well as kidney [14]. We recently demon-
strated that hiPSC-derived OSR1* IM cells generated by the
growth factor method differentiated into these cell types, following
an additional seven-day treatment with 100 ng/ml BMP-7 and
100 ng/ml Wnt3a or 1-3 M CHIR99021 [19]. In the present
study, we treated OSR1™ cells isolated on culture day 6 of the
small molecule method with these factors for an additional eight
days to examine their developmental potential to give rise to IM-
derivative cell types (Figure 3A, upper panel). The treated cells
expressed marker genes for IM-derivative cell types, including
SI1X2 and HOXDI1 for the metanephric mesenchyme; FOXD] for
metanephric stroma; SALL4 and HOXB7 for the nephric duct and
ureteric bud; and GATA4, GATA6, SFI, HSD3f2, DAX] and
LHXY9 for gonadal or adrenocortical cells (Figure 3B). The
differentiated cells also stained positively for a number of renal
lineage markers: Lofus tetragonolobus lectin (LTL) and aquaporin 1
(AQPI) for the proximal renal tubule, podocalyxin (PDX) and
WTT1 for glomerular podocytes, Dolichos biflorus agglutinin (DBA)
and cytokeratin 8 (CK8) for nephric duct and ureteric bud, aSMA
for smooth muscle, E-cadherin (ECAD) for epithelia, and GATA6
and HSD3p for the gonad or adrenal cortex (Figure 3C).

Next, to assess the developmental potential of hiPSC-derived
IM cells in vivo, we transplanted day 6 OSR1* cells generated with
the TTNPB method into the epididymal fat pads (EFPs) of
immunodeficient mice (NOD. CB17-Prkdi“?/]) (Figure 3A, upper
middle panel). At four weeks after transplantation, grafts from five
independent experiments contained cells immunoreactive for adult
renal cell markers, such as AQP1 and LTL (Figure 3D), with no
evidence of either teratomas or the formation of three-dimensional
renal structures, which was similar to the findings obtained from
the transplantation of hiPSC-derived IM cells generated with the
growth factor method, as described previously [19].

January 2014 | Volume 9 | Issue 1 | e84881



Generation of Nephrogenic IM Using Small Molecules

g 5‘;"3 ® _Day3  Day6
- Day 6 mDay 8 mDay 11 1."-,545 £ 9.9%
g 100 AM580 method ]
+_ 80 56:19%/‘.‘ m
E 60 ['- I pr - --q‘w-.v -
7] 1
O 40 " M »ﬁa, . \827:58%
20 i TTNPB method !
(1Y | Ll . .
«— CHIR99021 + + + + + + +
@ AM580 +| +
{1.2£0.7% 121 2 +6.6%
§ ATcTti':.:i s +| Growth factor ™ ]
CHIR38021 ¥ 4 4 + +| method 1
% AM580 + 4|+l + ',' ey ‘*
3| L A i N A —osRi
C =g
g OSR1* m Total
g 6 1
%3 [
é [ | SURSEE S G O SRS __iri _‘_Jllli 1 _.-Illi = -lil |‘ . | - -
> [TQ 82T Q5L2TASRTIZERITIRISIRITIZEIRZIQIEN Q82
R R L R R R e
w s w g w 3 w ™ s w s w E w s
B B 2 [ |8 R = ]
(0] (C] S| (0] ] |o o |®
Day 2 Day3 Day4 | Day5 Day6 | Day8 | Day 11 ! Day 15 1
D 4o :
@ OSR1
80 PAX2
+E 60 Intermediate mesoderm |.  LIM1
WT
A8 EYA1
Q=
T B 3 8 B  Endoderm
S T T 9T 3% Ectoderm
B E £ QEQE Lateral plate mesoderm | KDR
E o m Eg'im B-ACTIN i W
o EX Ea
2z Eg 2Z o]
< E dIdBF I
Day 6

SALL1Nuclei WT1Nuclei LIM1Nuclei PAX2Nuclei

"~ Isolated OSR1*cells (Day6)

AM580 method
TTNPB method
Positive control

o
i}
8.}
i)
=
| =
5
&
©
=
=

Figure 2. The Small Molecule Method for Differentiating hiPSCs into IM Cells. (A) The results of the flow cytometric analyses comparing the
induction efficiency of OSR1" cells on culture days 6, 8, and 11 for various treatments with CHIR99021 and AM580 or TTNPB, and the growth factor
method (CHIR99021 and activin A during Stage 1, CHIR99021 and BMP7 during Stage 2). (B) Results of flow cytometric analyses of OSR1* cell
induction on days 3 and 6 of the AM580, TTNPB, and growth factor methods. (C) Numbers of OSR1* and total cells generated by the TTNPB and
growth factor methods. (D) Results of the flow cytometric analyses showing the differentiation of OSR1" cells on day 6 using the serum-free small
molecules methods. (E) Results of RT-PCR analyses showing mRNA expression of IM and non-IM marker genes in undifferentiated hiPSCs before
treatment on day 1, and in OSR1* cells on day 6 after induction by the small molecule method. (F) Immunostaining for SALL1, WT1, LIM1, and PAX2 in
the OSR1* cells on day 6 of induction by the TTNPB method. Scale bars, 100 m. The data in (A-D) are means=SD of three independent experiments
(n=3). The data in (E) and (F) are representative of three independent experiments. See Figure S2 for additional data.
doi:10.1371/journal.pone.0084881.g002 ;

To further evaluate the multi-lineage differentiation potential, ureteric bud, AQP2 for the collecting duct, and GATA4 for the
cellular aggregates were generated from the OSR1* IM cells, by gonad and adrenal cortex (Figure 3E). Furthermore, renal tubule-
culturing them in non-attachment dishes for an additional eight like structures were formed inside the aggregates, which were
days with a ROCK inhibitor, Y27632, that increases the survival positive for ECAD, LTL, and a polarized epithelial marker,
rate of dissociated hiPSCs/ESCs and the cells differentiated from laminin (Figure 3F).

them [34,43] (Figure 3A, lower middle panel). The aggregates The ability of the hiPSC-derived OSR1™ cells produced by the
contained cells that were positively immunostained for IM- small molecule method to differentiate into three-dimensional
derivative markers, including SALL4 for the nephric duct and renal structures was further examined by co-culturing them with
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Figure 3. Developmental Potential of hiPSC-derived IM Cells Generated by the Small Molecule Method. (A) Schematic showing further
in vitro and in vivo development of OSR1™ cells that were differentiated from OSR1-GFP knock-in hiPSCs (3D45), using the TTNPB method. (B) Results
of RT-PCR analyses showing mRNA expression of marker genes for the developing kidney, gonad, and adrenal cortex in differentiated OSR1* cells on
culture day 14. (C) Differentiated cells stained on day 14 with antibodies or lectins against markers of IM derivatives: LTL and AQP1 for the proximal
renal tubule, PDX and WT1 for glomerular podocytes, DBA and CK8 for the nephric duct and ureteric bud, & MA for smooth muscle, ECAD as an
epithelial marker, and GATA6 and HSD3p as markers of gonad or adrenal cortex. (D) Immunostaining of histological sections of four-week-old hiPSC-
derived IM grafts generated by the TTNPB method transplanted into immunodeficient mice (NOD. CB17-Prkdc*“'%/J) for human mitochondria (HuMt)
(green), LTL (red), AQP1 (purple) and all nuclei (blue). (E) Immunostaining for IM derivative markers (SALL4 for the nephric duct and ureteric bud,
AQP2 for the collecting duct, and GATA4 for the gonads or adrenal cortex) of histological sections of cell aggregates generated from OSR1* cells
isolated on day 6 and grown in suspension culture for an additional 8 days. (F) Renal tubule-like structures formed inside the cell aggregates on day
14 stained for ECAD (green), LTL (red), laminin (purple), and nuclei (blue). The five panels on the right are magnified views of the solid box in the left
panel. (G) Section immunostaining of organ culture samples collected on day 14, for human nuclei (HuNu, green), LTL (red), laminin (purple), and all
nuclei (blue). The five panels on the right are magnified views of the solid box in the left panel. The data in (B, C), (D) and (E, F) are representative of
the findings of three, five and four independent experiments, respectively. Scale bars, 100 m.

doi:10.1371/journal.pone.0084881.g003
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mouse metanephric cells in an organ culture setting, as previously
described using hiPSC-derived IM cells generated by the growth
factor method {19,39] (Figure 3A, lower panel). The human
OSR1" cells were integrated into the mouse metanephric tissues
and differentiated into polarized tubule-like structures, which
stained positively for both LTL and laminin (Figure -3G). We
examined 145 organ culture samples: 37 with hiPSC-derived
OSRI1" cells induced with AM580, 49 induced with TTNPB, and
59 controls with undifferentiated hiPSCs. Human LTL*/laminin™
renal tubule-like structures originated from the OSR1* IM cells in
18 out of the 37 samples (48.6%) induced using AM580, and in 24
out of the 49 samples (49.0%) generated using T'TNPB. On the
other hand, undifferentiated hiPSCs co-cultured with mouse
metanephric cells did not form any kidney-like structures or
express any of the markers (0%, n=59; AM580 vs. undiffer-
entiated hiPSCs, p<<0.001; TTNPB vs. undifferentiated hiPSCs,
$<0.001). Thus, hiPSC-derived OSR1" IM cells induced by the
small molecule method appear to have the potential to
differentiate into IM derivatives and to form three-dimensional
renal structures.

These results suggest that the human IM cells generated with
the small molecule method have the potential to become renal
lineage cells both in witro and in vive, similar to the IM cells
generated with the growth factor method [19].

IM Differentiation by the Small Molecule Method
Involves RARP Signaling

Two families of RA nuclear receptors act as transcriptional
transducers of retinoid signals during normal development: RA
receptors (RARo, B, and ) and retinoid X receptors (RXRa, B,
and v) [44,45]. To determine which RAR and RXR isotypes are
activated during human IM cell differentiation by the small
molecule method, we examined the effects of three RAR agonists,
ATRA, adapalene, and CD1530; three RAR antagonists,
BMS493, LE135, and MMI11253; one RXR agonist, SR11237;
and one RXR antagonist, UVI3003, whose affinities to the RAR
and RXR isotypes are concentration-dependent (Table S1) [46-
49]. It has been reported that signals through RAR, but not
through RXR, are involved in the mESC differentiation into IM
cells [29]. In addition, T'TNPB and AM580 are known to be RAR
agonists, so we first examined the roles of RAR signaling
pathways. Induction of OSRI™ cells when TTNPB or AM580
was replaced with adapalene (a RARy agonist)- required
concentrations greater than 10-75 nM, suggesting that the
adapalene works mainly through RARP or RARY. Replacement
of TTNPB or AM580 with CD1530, a selective RARYy agonist,
required about 100 times higher concentration than adapalene to
induce OSRI* cells, indicating that signals through RARY might
not play central roles in IM differentiation (Figure 4A and Table
S1). Together, these results suggest that the IM cell differentiation
from hiPSCs in the small molecule method is primarily mediated
by RARP signaling.

To further analyze the roles of RAR isotypes, we added RAR
antagonists to the TTNPB method: a pan-RAR antagonist,
BMS493; a selective RARP antagonist, LE135; and a selective
RARy antagonist, MM11253 (Figure 4B). Induction of OSR1*
cells was reduced by adding BMS493 or LE135, but not by adding
MM111235, confirming the involvement of RAR signaling in IM
cell differentiation.

We also examined the effects of small-interfering RNA (siRINA)
targeting RARP on the induction of IM cells in the TTNPB
method. The addition of siRNA for RARp, which silenced around
70% of RARf expression, reduced OSRI gene expression by
approximately 70%, compared to cells treated with control siRNA
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(Figures 4C and D). Consistent with these findings, flow cytometry
analyses showed that induction of OSRI™ cells decreased by
approximately 40% after transfection of the siRNA for RARP
{Figure 4E). Thus, signals through RARP are essential for human’
IM cell differentiation by the small molecule method.

To clucidate the roles of RXR signals in the development of
buman IM cells, we examined effects of a pan-RXR agonist,
SR11237, and a pan-RXR antagonist, UVI3003, on the TTNPB
method. Addition of either compound did not significantly change
the induction of OSRI™ cells (Figure 4F). However, when
SR11237 was used instead of TTINPB or AM580, the induction
rate of OSR1™ cells was less than 20% (Figure 4G). Therefore, IM
differentiation from hiPSCs does not appear to be regulated by
signaling through RXR receptors.

To determine which RAR agonists are most effective for
inducing IM cell differentiation, we compared the efficacy of the
three RAR agonists (ATRA, adapalene, and CD1530) with
AMS580 and TTNPB. As induction of OSR1* cells peaked at
150 nM to 2.5 M ATRA, 150 nM to 1.2 M adapalene, and 5-
10 M CD1530, when those compounds replaced TTNPB or
AM580 (Figure 4A), we used 1 M ATRA, adapalene, AM580, and
TTNPB, and 5 M CDI1530 for these experiments. The gene
expression level of OSRI, analyzed by gRT-PCR, was higher
following treatment with AM580 or TTNPB than with ATRA,
adapalene, or CD1530 (Figure 4H). Therefore, AM580 and
TTNPB were most effective among the RAR agonists examined
for inducing IM cells by the small molecule method.

Activation of the BMP-Smad1/5 Signaling Pathways
during IM Cell Differentiation by the Small Molecule
Method

To further examine the differentiation mechanisms involved in
the generation of IM cells by the small molecule method, we
examined the effects of 18 signaling pathway inhibitors added
individually during Stage 2 of the TTNPB method (Figure S4).
Three days of culture with inhibitors of the BMP and Smad1/5/8
signaling pathways, including noggin (a BMP antagonist),
dorsomorphin (an ALK2/3/6 inhibitor), LDN193189 (an
ALK2/3 inhibitor), and DMH]1 (an ALK2 inhibitor), reduced
induction of IM cells in a dose-dependent manner (Figure 5A and
Figure S4). qRT-PCR analyses revealed that addition of noggin
inhibited up-regulation of OSRJ gene expression (Figure 5B),
indicating that BMP signaling pathways might be involved in
differentiation of IM cells. To determine which BMP ligands are
expressed during the induction process, we generated standard

- curves for the PCR products encoding five BMP ligands (BMP-2,

4, 5, 6, and 7), and analyzed the copy number of each ligand in
cDNA samples of hiPSC-derived OSR1™ cells on day 6. BMP-4
was the most abundantly expressed, and BMP-5 showed the
second highest expression (Figure 5C). Their expression levels
gradually increased in a time-dependent manner until culture day
5. Interestingly, expression of BAMP-4 began to increase during
Stage 1, around culture day 2 (Figure 5D), suggesting that the
small molecule method with CHIR99021 and TTNPB activates
BMP-4 expression and Smadl/5/8 signaling pathways prior to
day 3.

‘When noggin or DMHI1 were added beginning on day 1 of the
small molecule method, both OSR17 cell differentiation and OSR/
gene expression decreased more than when these factors were
added at Stage 2 (Figures 5A, B, E and F). Immunoblot analyses
detected high levels of Smadl/5 phosphorylation in cell lysates of
hiPSC differentiation culture on day 6 of the small molecule
method with CHIR99021 and AMS580 or TTNPB. Phosphoryla-
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Figure 4. The Small Molecule Method Functions via RARp Receptors. (A) Results of the flow cytometric analyses showing induction of OSR1*
cells by the small molecule method, when AM580 or TTNPB was replaced by all-trans retinoic acid (ATRA), adapalene, and CD1530. (B) Effects of
adding RAR antagonists, BMS493, LE135, and MM11253, on the induction of OSR1* cells by the TTNPB method. (C) The knockdown efficiency of
siRNAs targeting RARB, and (D and E) effects on expression levels of OSRT and the induction of OSR1* cells by the TTNPB method. (F) Effects of adding
a pan-RXR agonist (SR11237) or a pan-RXR antagonist (UVI3003) to the induction efficiency of OSR17 cells by the TTNPB method. (G) The induction of
OSR1* cells by the small molecule method, when SR11237 replaced AM580 or TTNPB. (H) Results of gRT-PCR analyses showing OSR1 expression
activated by the AM580 and TTNPB methods, and when ATRA, adapalene, or CD1530 were used instead of AM580 or TTNPB. OSR1-GFP knock-in
hiPSCs prior to treatments were used to normalize the data. The data in (A-H) are presented as the mean=SD on culture day 6 of three independent
experiments (n=3).

doi:10.1371/journal.pone.0084881.g004

tion levels were substantially attenuated by adding noggin or
DMHLI to the culture (Figure 5G).

We next assessed the efficacy of treatment with BMP-4 or BMP-
5 alone for inducing OSR1* cells from hiPSCs. Induction was
increased by approximately 45% after five days of treatment with
10 or 100 ng/ml BMP-4. In contrast, treatment with BMP-5 did
not lead to any significant induction of OSR1™ cells, and no
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synergistic effects of BMP-4 and BMP-5 were observed, although
both BMP-4 and BMP-5 were abundantly expressed in the
differentiation cultures (Figure 5H). These results indicate that
BMP-4, but not BMP-5, plays a crucial role in IM differentiation
from hiPSCs, and that the mechanisms underlying the small
molecule method include activation of the Smadl/5 signaling
pathways through increased BMP-4 expression.
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