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Summary: Human induced pluripotent stem (iPS) cells were differentiated into the endoderm using activin
A and were then treated with fibroblast growth factor 2 (FGF2) for differentiation into intestinal stem cell-like
cells. These immature cells were then differentiated into enterocyte-like cells using epidermal growth factor
(EGF) in 2% fetal bovine serum (FBS). At the early stage of differentiation, mRNA expression of caudal
type homeobox 2 (CDX2), a major transcription factor related to intestinal development and differentiation,
and leucine-rich repeat-containing G-protein-coupled receptor 5 (LGR5), an intestinal stem cell marker,
was markedly increased by treatment with FGF2. When cells were cultured in medium containing EGF and
a low concentration of FBS, mRNAs of specific markers of intestinal epithelial cells, including sucrase—
isomaltase, the intestinal oligopeptide transporter SLC15A1/peptide transporter 1 (PEPT1), and the major
metabolizing enzyme CYP3A4, were expressed. In addition, sucrase-isomaltase protein expression and
uptake of g-Ala-Lys-N-7-amino-4-methylcoumarin-3-acetic acid (8-Ala-Lys-AMCA), a fluorescence-labeled
substrate of the oligopeptide transporter, were detected. These results demonstrate a simple and direct
method for differentiating human iPS cells into functional enterocyte-like cells.
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Introduction

The small intestine and liver play important roles in all aspects
of pharmacokinetics, including drug disposition, drug metabo-
lism, drug transport, drug interactions, and bioavailability. Because
drug-metabolizing enzymes such as cytochrome P450 (CYP) and
UDP-glucuronyltransferase (UGT) and drug transporters such as
ATP-binding cassette (ABC) and solute carrier (SLC) transporters
are appreciably expressed in the small intestinal epithelia,? it is
necessary to estimate intestinal metabolism and absorption during
the early stages of drug development. To this end, various in vivo
and in vitro systems have been employed to assess the intestinal

first-pass effect. However, extrapolation of experimental animal
data to humans is often hampered by species differences, and
primary human intestinal cells are rarely available. Therefore, a
system that accurately and easily estimates intestinal membrane
permeability and metabolism is urgently required.

Human induced pluripotent stem (iPS) cells can be generated
by transducing reprogramming factors (OCT3/4, SOX2, KLF4,
¢-MYC) into somatic cells” and these cells share many character-
istics of embryonic stem (ES) cells.¥ Human iPS cells are expected
to be useful not only in regenerative medicine but also in phar-
macokinetic and toxicokinetic drug development studies because
their use is not as ethically regulated as that of human ES cells.
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Therefore, human iPS cells have been differentiated into various
cell types, including pancreatic cells,>® neuron cells,” cardiomyo-
cytes,® and hepatocytes.”!3)

A few studies report the differentiation of iPS cells into entero-
cytes. In particular, mouse iPS cells were differentiated into a gut-
like organ following the formation of embryoid bodies (EBs),'® and
human iPS cells were differentiated into intestinal tissue using a
culture method for intestinal crypt stem cells.'> However, func-
tional characteristics of drug transporters and drug-metabolizing en-
zymes of differentiated cells are almost entirely unexplored in these
reports. Thus, whether differentiated intestinal tissue or organoids
can be used in drug development studies, particularly studies of the
absorbability and metabolic capacity of drugs, remains unclear.

The small intestinal epithelium comprises absorptive cells,
goblet cells, endocrine cells, and Paneth cells. Several signaling
pathways such as Notch, Wnt, phosphoinositide 3-kinase, and
bone morphogenic protein signaling are associated with intestinal
development.'® Leucine-rich repeat-containing G-protein-coupled
receptor 5 (LGRS) has been identified as an intestinal stem cell
marker.!? Indeed, this was also observed in mouse LGR5-positive
cells that formed a crypt-villus structure in vifro.'® Improvements
in this technique have enabled long-term culture of human epi-
thelial cells isolated from the small intestine,'”) leading to advances
in intestinal stem cell research. However, mechanisms of intestinal
development are not sufficiently understood, and it is difficult to
control differentiation into all four cell types.

In this study, we established a functional enterocyte-like cell
line from human iPS cells for use in drug development studies.
We propose a simple and direct differentiation method by two-
dimensional culture. Our data may facilitate the development of an
intestinal pharmacokinetic analysis system to identify safe drugs
with favorable pharmacokinetic characteristics.

Materials and Methods

Materials: FGF2, FGF4, activin A, and epidermal growth
factor (EGF) were purchased from PeproTech Inc. (Rocky Hill,
NJ). Wnt3a was purchased from R&D Systems, Inc. (Minneapolis,
MN). BD Matrigel matrix Growth Factor Reduced (Matrigel)
was purchased from BD Biosciences (Bedford, MA). Affinity-
isolated rabbit polyclonal antihuman sucrase-isomaltase antibody
and intestinal recombinant protein epitope signature tags were
purchased from Sigma-Aldrich Co. (St. Louis, MO). The purified
[gG fraction of polyclonal goat antiserum against rabbit IgG
conjugated with Alexa Fluor 568 and KnockOut Serum Replace-
ment (KSR) were purchased from Invitrogen Life Technologies
Co. (Carlsbad, CA). pB-Ala-Lys-N-7-amino-4-methylcoumarin-3-
acetic acid (B-Ala-Lys-AMCA) was purchased from BIOTREND
Chemicals (Destin, FL), and (+)-(R)-trans-4-(1-aminoethyl)-N-(4-
pyridyl)cyclohexanecarboxamide dihydrochloride (Y-27632) was
purchased from Wako Pure Chemical Industries (Osaka, Japan).
Human adult small intestine total RNA from a 66-year-old male
donor was purchased from BioChain Institute Inc. (Newark, CA).
Murine embryonic fibroblasts (MEFs) were obtained from Oriental
Yeast Co. (Tokyo, Japan). The RNeasy Mini Kit was purchased
from Qiagen (Valencia, CA). The PrimeScript RT Reagent Kit and
TaKaRa SYBR Premix EX Taq II were purchased from Takara Bio
Inc. (Otsu, Japan). All other reagents were of the highest quality
available.

Human iPS cell cultures: A human iPS cell line (Windy) was
provided by Dr. Akihiro Umezawa of the National Center for Child

Health and Development. Human iPS cells were maintained in a
1:1 mixture of Dulbecco’s modified Eagle’s medium and Ham’s
nutrient mixture F-12 (DMEM/F12) containing 20% KSR, 2mM
L-glutamine, 1% MEM nonessential amino acid solution (NEAA),
0.1 mM 2-mercaptoethanol, and 5 ng/ml FGF2 at 37°C in humidi-
fied air with 5% CO,. The human iPS cells were cultured on a
feeder layer of mitomycin C-treated MEFs, and the medium was
changed every day.

Differentiation into enterocyte-like cells: The human iPS
cells were used for differentiation studies between passages 30 and
50. When the cells reached approximately 70% confluence, differ-
entiation was initiated by replacing the medium with Rosewell
Park Memorial Institute (RPMI) 1640 medium containing 2 mM
GlutaMAX, 0.5% fetal bovine serum (FBS), 100 ng/m! activin A (a
member of the transforming growth factor-S family that is known to
efficiently induce differentiation into the definitive endoderm),?%?"
100 units/ml penicillin, and 100 pg/ml streptomycin. After 48h,
the medium was replaced with RPMI 1640 containing 2mM
GlutaMAX, 2% FBS, 100 ng/ml activin A, 100 units/ml penicillin,
and 100 pg/ml streptomycin, and the cells were cultured for 24 h.
Subsequently, the culture medium was replaced with DMEM/F12
containing 2% FBS, 2mM GlutaMAX, and 250 ng/ml FGF2 or
FGF4 with or without 50 ng/ml Wnt3a for 96 h. The cells were then
treated for 1h with the selective Rho-associated kinase inhibitor
Y-27632 at 10 uM.?>? The cells were then passaged on Matrigel-
coated 24-well plates and cultured in DMEM/F12 containing 2%
or 10% FBS, 2% B-27 supplement, 1% N2 supplement, 1% NEAA,
2mM L-glutamine, antibiotics (100 units/ml penicillin and 100
pg/ml streptomyein), and 20ng/ml EGF for 1, 4, 13, or 19 days.
Y-27632 was added at 10 pM during the initial 24 h of culture. The
medium was changed every 3 days (Fig. 1).

RNA extraction and reverse transcription reaction: Total
RNA was isolated from differentiated iPS cells using the RNeasy
Mini Kit. First-strand ¢cDNA was prepared from 500ng of total
RNA. The reverse transcription reaction was performed using the
PrimeScript RT Reagent Kit according to the manufacturer’s
instructions.

Real-time polymerase chain reaction (PCR) analysis: Rela-
tive mRNA expression levels were determined using SYBR Green
real-time quantitative reverse transcription-PCR (RT-PCR). Real-
time PCR analysis was performed on the Applied Biosystems 7300
Real Time PCR System using 7300 System SDS software version
1.4 (Applied Biosystems, Carlsbad, CA). PCR was performed
with the primer pairs listed in Table 1 using SYBR Premix EX
Taqg II. mRNA expression levels were normalized relative to that
of the housekeeping gene glyceraldehyde-3-phosphate dehydro-
genase (GAPDH).
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with or without Wnt3a

Fig. 1. Schematic of the protocol for the differentiation of human iPS cells
into enterocytes

Human iPS cells were cultured in the presence of activin A (100 ng/ml) for
3 days. The cells were further cultured in medium containing FGF2 (250 ng/ml)
or FGF4 (250 ng/ml) with or without Wnt3a (50 ng/ml) for 4 days. After 7 days
of differentiation, the cells were treated with Y-27632 (10 uM), passaged, and
subsequently cultured in the presence of 2% or 10% FBS and EGF (20 ng/ml)
for 19 days.
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Table 1. Sequences of primers for real-time PCR analysis

Gene name Sense (5'—3)

Antisense (5'—3") Product length (bp)

CDX2 ACCTGTGCGAGTGGATGC TCCTTTGCTCTGCGGTTCT 232
LGRS TGCTCTTCACCAACTGCATC CTCAGGCTCACCAGATCCTC 193
DPP4 CAAATTGAAGCAGCCAGACA GGAGTTGGGAGACCCATGTA 212
Sucrase-isomaltase GGTAAGGAGAAACCGGGAAG GCACGTCGACCTATGGAAAT 195
Villin 1 AGCCAGATCACTGCTGAGGT TGGACAGGTGTTCCTCCTTC 169
ISX CAGGAAGGAAGGAAGAGCAA TGGGTAGTGGGTAAAGTGGAA 96
CYP3A4 CTGTGTGTTTCCAAGAGAAGTTAC TGCATCAATTTCCTCCTGCAG 298
SLCISAL/PEPTI CACCTCCTTGAAGAAGATGGCA GGGAAGACTGGAAGAGTTTTATCG 105
SLC46A1/PCFT GGTCTTTGCCTTTGCCACTA AGAGTTTAGCCCGGATGACA 98
GAPDH GAGTCAACGGATTTGGTCGT GACAAGCTTCCCGTTCTCAG 185
Immunofluorescence staining: The cells differentiated with < 100 4 A e -
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PBS and incubated with a 1:500 dilution of Alexa Fluor 568- ntestine cells

FGF2 FGF4

labeled secondary antibody for 60 min at room temperature. After
being washed three times with PBS, the cells were incubated with
1 pg/ml 4',6-diamidino-2-phenylindole (DAPI) for 5min at room
temperature and washed with PBS. The cells were mounted on a
glass slide using a 9:1 mixture of glycerol and PBS and viewed
using an LSM 510Meta confocal microscope (Carl Zeiss Inc.,
Oberkochen, Germany).

Uptake study of g-Ala-Lys-AMCA: The cells differentiated
with FGF2 and 2% FBS were rinsed several times with PBS and
incubated with DMEM/F12 containing 25 uM g-Ala-Lys-AMCA
for 4h at 37°C. After incubation, uptake of f-Ala-Lys-AMCA
was stopped by washing with ice-cold PBS. The cells were fixed
for 30min at room temperature in 4% paraformaldehyde, and
immunofluorescence staining was performed using the primary
and secondary antibodies as described above. The cells were then
mounted using a 9:1 mixture of glycerol and PBS and viewed
using an LSM S510Meta confocal microscope.

Statistical analysis: Levels of statistical significance were
assessed using Student’s #test, and multiple comparisons were
performed using analysis of variance (ANOVA) followed by
Tukey’s test.

Results

Early stages of differentiation into intestinal cells: For
efficient, selective, and direct differentiation, a protocol designed
to mimic intestinal development is desirable. We attempted
differentiation into enterocytes that mediate the formation of the
definitive endoderm. Because the intestine is an endoderm-derived
organ, the human iPS cells were initially differentiated into the
endoderm using a high concentration of activin A (100 ng/ml).
Subsequently, we investigated the effects of FGF2, FGF4, and
Wnt3a, which promote the development of mid- and hindgut
lineages,’**¥ during differentiation from the definitive endoderm
to intestinal stem cells. In these experiments, mRNA expression
of caudal type homeobox 2 (CDX2), a major transcription factor
of intestinal development and cell differentiation,?%*” was slightly
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Fig. 2. Relative mRNA expression levels of CDX2 (A) and LGRS (B) in
differentiated intestinal stem cell-like cells

Human iPS cells were cultured in the presence of activin A for 3 days. The cells
were further cultured in medium containing FGF2 or FGF4 with or without
Wnt3a for 4 days and then in the presence of EGF for 1 day. After 8 days of
differentiation, total RNA was extracted and mRNAs were analyzed by SYBR
Green real-time RT-PCR. mRNA expression levels were normalized relative to
that of GAPDH. Gene expression levels are represented relative to the level
in the adult small intestine, which is set as 100. The adult small intestine and
undifferentiated human iPS cells (shown as open columns) were used as posi-
tive and negative controls, respectively. Data are presented as the mean + S.D.
(n =3), except for the adult small intestine and human iPS cells. Levels of
statistical significance were compared among all groups: **p < 0.01, ¥p < 0.05.

higher in FGF4-treated cells than that in FGF2-treated cells
(Fig. 2A). In contrast, mRNA expression of LGRS in FGF4-
treated cells was significantly lower than that in FGF2-treated cells
(Fig. 2B). Under all conditions, these mRNA expression levels
were higher than those in undifferentiated human iPS cells. No
effects of Wnt3a were observed on mRNA expression of CDX2 or
LGRS during the early stages of differentiation.

Differentiation into enterocyte-like cells: To effectively dif-
ferentiate human iPS cells into enterocyte-like cells, we examined
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the effects of FBS concentration in the differentiation medium.
Expression of LGRS in differentiated human iPS cells did not
differ in the presence of 2% or 10% FBS (Fig. 3A). However,
mRNA expression of sucrase—isomaltase was 3.5-fold higher in
2% FBS than that in 10% FBS (Fig. 3B). In addition, mRNA
expression levels of SLC15A1/peptide transporter 1 (PEPT1) and
CYP3A4 were higher in the presence of 2% FBS (Figs. 3C and
3D). In differentiated enterocyte-like cells, sucrase~isomaltase and
CYP3A4, which were not detected in undifferentiated human iPS
cells, were expressed, and mRNA expression levels of LGRS and
SLC15A1/PEPT1 were 30-40-fold higher than those in undiffer-
entiated human iPS cells. Morphological changes in differentiating
human iPS cells are shown in Figure 4. Similar to ES cells,
undifferentiated human iPS cells had little cytoplasm and were
small in size (Fig. 4A). When human iPS cells were cultured in
the presence of activin A and FGF2, the cells gradually exhibited
morphological changes such as enlargement and acquisition of
spiky shapes (Fig. 4B). At the final stage of differentiation with
EGF and 2% FBS, a number of dome-like structures formed and
were assumed to contain liquids and cells (Figs. 4C and 4D).
In cells differentiated with activin A, FGF2, EGF, and 2% FBS,
villin 12829 and intestine specific homeobox (ISX)® were ex-
pressed, whereas intestinal fatty acid-binding protein (IFABP) was
not expressed. Interestingly, mRNA expression levels of CDX2,
dipeptidyl peptidase 4 (DPP4), and SLC46A1/proton-coupled
folate transporter (PCFT) were similar to those in the adult small
intestine, which was used as a positive control (Fig. 5). How-
ever, gene expression levels of UGT1A1 and ABCB l/multidrug
resistance 1 (MDR1) were similar to those in undifferentiated
human iPS cells (data not shown).

To determine the optimal duration of differentiation, we exam-
ined time-dependent variations in expression levels of specific
small intestine genes such as LGRS, sucrase—isomaltase, and
SLC15A1/PEPT1. After short-term culture (11 days), mRNA
expression levels of sucrase-isomaltase and SLC15A1/PEPT1
were very low but gradually increased with differentiation until
day 26. Similarly, CYP3A4 mRNA was not expressed after 11 days
of differentiation but was expressed after 20 days (Fig. 6). LGRS
mRNA did not change with the duration of differentiation.

Immunofluorescence staining of sucrase—isomalitase in enter-
ocyte-like cells: Sucrase-isomaltase is an essential carbohydrate
digestion enzyme that is specifically expressed in brush border
membranes of mature enterocytes. Therefore, sucrase~isomaltase
expression is thought to be an indicator of differentiation into
enterocytes. Indeed, protein expression of sucrase—isomaltase was
confirmed in differentiated cells using immunofluorescence stain-
ing, in particular, in dense clusters of cells (Fig. 7).

Uptake of f-Ala-Lys-AMCA in enterocyte-like cells: Oligo-
peptide transporters are expressed in the brush border membrane
and participate in peptide absorption from the intestinal lumen.?
As shown in Figure 3C, expression of SLCISA1/PEPT1 mRNA
in differentiated enterocyte-like cells was more than 30-fold higher
than that in undifferentiated human iPS cells. To determine whether
this leads to active peptide transport in differentiated cells, we
performed peptide uptake assays using p-Ala-Lys-AMCA, a
fluorescence-labeled substrate of the oligopeptide transporter.’!
As shown in Figure 8, intracellular uptake of g-Ala-Lys-AMCA
was observed in cells expressing the sucrase-isomaltase proteins.
However, uptake of p-Ala-Lys-AMCA at 4°C was low compared
with that at 37°C (data not shown).
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Fig. 3. Relative mRNA expression levels of LGRS (A), sucrase~isomaltase
(B), SL.C15A1/PEPT1 (C), and CYP3A4 (D) in differentiated enterocyte-
like cells cultured in 2% or 10% FBS

Human iPS cells were cultured in the presence of activin A for 3 days. The
cells were further cultured in medium containing FGF2 for 4 days and then
in the presence of 2% or 10% FBS and EGF for 17 days. After 24 days of
differentiation, total RNA was extracted and mRNAs were analyzed by SYBR
Green real-time RT-PCR. mRNA expression levels were normalized relative to
that of GAPDH. Gene expression levels are represented relative to the level in
the adult small intestine, which is set as 100. The adult small intestine and
undifferentiated human iPS cells (shown as open columns) were used as positive
and negative controls, respectively. Data are presented as the mean & S.D.
(n = 3), except for the adult small intestine and human iPS cells. N.D., not
detected. Levels of statistical significance were compared with the 2% FBS
group: **p < 0.01.
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Fig. 4. Morphological changes in human iPS cells during differentiation
into enterocyte-like cells

Human iPS cells were cultured in medium containing activin A for 3 days,
FGF?2 for 4 days, and 2% FBS and EGF for 17 days. (A) Undifferentiated human
iPS cells; (B) midgut lineage cell-like cells after 7 days of differentiation; (C, D)
enterocyte-like cells after 24 days of differentiation. Scale bar, 500 pym (A-C),
100 um (D).
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Fig. 5. Relative mRNA expression levels of the intestinal markers villin 1,
1SX, CDX2, DPP4, and SLC46A1/PCFT in differentiated enterocyte-like
cells

Human iPS cells were cultured in the presence of activin A for 3 days. The cells
were further cultured in medium containing FGF2 for 4 days and then in the
presence of 2% FBS and EGF for 19 days. After 26 days of differentiation, total
RNA was extracted and mRNAs were analyzed by SYBR Green real-time RT-
PCR. mRNA expression levels were normalized relative to that of GAPDH.
Gene expression levels are represented relative to the level in the adult small
intestine, which is set as 100. The adult small intestine and undifferentiated
human iPS cells (shown as open columns) were used as positive and negative
controls, respectively. Data are presented as the mean &= S.D. (n = 3), except for
the adult small intestine and human iPS cells.
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Fig. 6. Time-dependent variation in mRNA expression levels of sucrase—
isomaltase, SLC1SA1/PEPT1, CYP3A4, and LGRS in differentiated entero-
cyte-like cells

Human iPS cells were cultured in the presence of activin A for 3 days. The cells
were further cultured in medium containing FGF2 for 4 days and then in the
presence of 2% FBS and EGF for 4, 13, or 19 days. After 11, 20, or 26 days of
differentiation, total RNA was extracted and mRNAs were analyzed by SYBR
Green real-time RT-PCR. mRNA expression levels were normalized relative to
that of GAPDH. Gene expression levels are represented relative to the level in
the adult small intestine, which is set as 100. The adult small intestine was used
as a positive control. Data are presented as the mean = S.D. (n = 4) except for
the adult small intestine. N.D., not detected. Levels of statistical significance
were compared among all groups: **p < 0.01.

Discussion

Ueda et al.'® reported the synthesis of gut-like organs from
mouse iPS cells using the EB formulation technique with mouse
ES cells. However, this hanging drop culture technique is hampered
by its high requirement of skill, Jow EB formulation efficiency,
unstable EB quality, and differing differentiation efficiencies
between EBs. Spence et al.'® reported the direct differentiation
of human iPS cells into three-dimensional intestinal organoids.
These organoids contained various cell types, including enter-
ocytes, endocrine cells, goblet cells, and Paneth cells, although
expression of drug-metabolizing enzymes and transporters, which
are central to drug absorption and metabolism, was not examined.
In their study, the intestinal crypt culture system, in which spheroids
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Fig. 7. Immunofiuorescence analysis of sucrase-isomaltase in differentiated enterocyte-like cells

Human iPS cells were cultured in the presence of activin A for 3 days. The cells were further cultured in medium containing FGF2 for 4 days and then in the presence of
2% FBS and EGF for 19 days. After 26 days of differentiation, differentiated cells were stained with antisucrase--isomaltase antibody (A—C) or nonimmune rabbit serum
as a negative control (D~F). Nuclei were counterstained with DAPL (A) Immunofluorescence staining of sucrase-isomaltase (red); (D) immunofiuorescence staining of
rabbit serum as a negative control; (B, E) DAPI-stained DNA (blue); (C, F) overlay (Merge) image of sucrase—isomaltase and DAPI. Scale bar, 50 pm.

Fig. 8. Uptake of B-Ala-Lys-AMCA into differentiated enterocyte-like cells

Human iPS cells were cultured in the presence of activin A for 3 days. The cells were further cultured in medium containing FGF2 for 4 days and then in the presence
of 2% FBS and EGF for 19 days. After 26 days of differentiation, the differentiated cells were incubated with p-Ala-Lys-AMCA (25 uM) for 4 h at 37°C. After uptake
was stopped, the differentiated cells were fixed and stained with antisucrase-isomaltase antibody. Typical images from S-Ala-Lys-AMCA uptake experiments. Arrows
indicate co-localization of -Ala-Lys-~AMCA and sucrase~isomaltase protein. (A) Intracellular uptake of -Ala-Lys-AMCA (blue); (B) immunofiuorescence staining of
sucrase—isomaltase (red); (C) overlay (Merge) image of f-Ala-Lys-AMCA and sucrase—isomaltase. Scale bar, 50 pm.
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are formed by three-dimensional culture, was applied during
differentiation from the endoderm to intestinal organoids, and
several factors were added in large quantities to induce differ-
entiation. This method may be suitable for the culture of intestinal
stem cells but not for selective differentiation into enterocytes, and
it is complicated and costly. Therefore, we generated enterocyte-
like cells using a simple two-dimensional culture method.

Spence ef al.' also reported that the combination of FGF4
(500 ng/ml) and Wnt3a (500ng/ml) effectively posteriorized the
endoderm. Ameri et al*® reported the induction of CDX2 with
FGF2 (256 ng/ml) in a concentration-dependent manner in the
human ES cell-derived endoderm. In the present study, we exam-
ined the effects of FGF2, FGF4, and Wnt3a on the induction of the
midgut endoderm lineage. Our results showed that the expression
level of CDX2 was comparable in the FGF2 and FGF4 treatment
groups, whereas no effect of Wnt3a was observed. These results
were inconsistent with those of Spence ef al.,'® possibly because
of the lower concentrations of Wnt3a used in our study (50 ng/ml).
Sherwood et al.*® demonstrated that p-catenin-dependent Wnt
signaling, activated by the glycogen synthase kinase-3 (GSK3)
inhibitor, induced the expression of the intestinal master regulator
Cdx2 and induced intestinal differentiation of the ES cell-derived
endoderm and large intestinal gene expression. They also indicated
that because of poor bioactivity, the induction level of Cdx2
expression by Wnt3a was lower than that by the GSK3 inhibitor.
Therefore, superior stability and bioactivity of small-molecule
compounds may lead to more effective experimental regulation of
these signaling pathways. However, the striking activation of Wnt
signaling also induced large intestinal gene expression, and further
investigations of the extent of activation of Wnt signaling during
small intestinal differentiation may be required. The expression
of LGR5'? was higher in the FGF2 treatment group than that in
the FGF4 treatment group. Therefore, subsequent differentiation
experiments were performed using FGF2.

We have demonstrated that enterocyte-like cells, which express
the specific intestinal markers sucrase—isomaltase,*** villin 1, ISX,
and pharmacokinetics-related genes, were differentiated from an
intestinal stem cell-like cell population by two-dimensional culture
with EGF and a low serum concentration. Sucrase-isomaltase and
SLCI15A1/PEPT1 mRNA gradually increased with the duration
of differentiation, indicating that longer duration may be necessary
to efficiently obtain mature enterocytes. In contrast, LGRS mRNA
expression remained unchanged, suggesting that enterocytes
matured during intestinal stem cell proliferation. DPP4 (serine
protease) and SLC46A1/PCFT (folate transporter) are known to be
abundantly expressed in epithelial cells of the small intestine.?63”
Expression of DPP4 and SLC46A1/PCFT in differentiated cells
was higher than that in adult small intestine samples. Intestinal
differentiation was promoted by low FBS concentrations in this
study. Potentially, the growth of extra-enterocytic cells such as
fibroblasts may be suppressed with decreasing FBS concentra-
tions, and some differentiation and growth-inhibiting factors may
be present in FBS, although the mechanisms underlying these
effects remain unclear.

At present, human intestinal epithelial cells are difficult to
obtain, and no appropriate model cell system exists. Instead, other
tissue cell-derived cell lines, including Caco-2 cells (human colon
carcinoma cell line) and Madin-Darby canine kidney (MDCK)
cells, have been used as intestinal models in drug absorption
studies.>*® However, drug transporter expression patterns in these

cells considerably differ from those in enterocytes. In particular,
CYP3A4 is expressed at very low levels in these cell lines. In
the present study, cells expressing the sucrase—isomaltase protein
showed uptake of S-Ala-Lys-AMCA, the substrate of the oligo-
peptide transporter (Fig. 8). Differentiated cells also expressed
CYP3A4 mRNA, albeit at levels lower than those in the adult
small intestine (Fig. 3), suggesting that enterocyte-like cells differ-
entiated from human iPS cells have peptide-transporting activity
and may be useful in the study of drug absorbability.

In this study, we used a human iPS cell line, which is easily
differentiated into hepatocytes of an endodermal lineage, because
the intestine is also an endoderm-derived tissue. Differentiation
propensity is known to be markedly different among human ES
and iPS cell lines.** Thus, there may be a difference in the
degree of intestinal differentiation depending on the human iPS cell
line being tested. Regarding this point, we believe it is necessary to
perform studies comparing intestinal differentiation among human
iPS cell lines in the future.

In conclusion, because the intestine is an endoderm-derived
tissue, human iPS cells were directly differentiated into the
endoderm using activin A. Subsequently, we devised a simple
method for differentiation into enterocyte-like cells with functional
peptide ftransport by two-dimensional culture and the addition
of several growth factors. These data suggest that human iPS-
derived enterocytes may facilitate future drug development studies.
If enterocyte-like cells, which have functional features similar to
those of enterocytes, can be generated from human iPS cells, it
may be possible to construct systems for easy estimation of overall
intestinal function, including absorption and metabolism.
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Wolfram syndrome is a genetic disorder characterized by diabetes
and neurodegeneration and considered as an endoplasmic re-
ticulum (ER) disease. Despite the underlying importance of ER
dysfunction in Wolfram syndrome and the identification of two
causative genes, Wolfram syndrome 1 (WFS1) and Wolfram syn-
drome 2 (WFS2), a molecular mechanism linking the ER to death
of neurons and B cells has not been elucidated. Here we implicate
calpain 2 in the mechanism of cell death in Wolfram syndrome.
Calpain 2 is negatively regulated by WFS2, and elevated activation
of calpain 2 by WFS2-knockdown correlates with cell death. Calpain
activation is also induced by high cytosolic calcium mediated by the
loss of function of WFS1. Calpain hyperactivation is observed in the
WFS1 knockout mouse as well as in neural progenitor cells derived
from induced pluripotent stem (iPS) cells of Wolfram syndrome
patients. A small-scale small-molecule screen targeting ER calcium
homeostasis reveals that dantrolene can prevent cell death in neu-
ral progenitor cells derived from Wolfram syndrome iPS cells. Our
results demonstrate that calpain and the pathway leading its acti-
vation provides potential therapeutic targets for Wolfram syn-
drome and other ER diseases.

Wolfram syndrome | endoplasmic reticulum | diabetes |
neurodegeneration | treatment

he endoplasmic reticulum (ER) takes center stage for protein
production, redox regulation, calcium homeostasis, and cell
death (1, 2). It follows that genetic or acquired ER dysfunction
can trigger a variety of common diseases, including neurodegen-
erative diseases, metabolic disorders, and inflammatory bowel
disease (3, 4). Breakdown in ER function is also associated with
genetic disorders such as Wolfram syndrome (5-8). It is chal-
lenging to determine the exact effects of ER dysfunction on the
fate of affected cells in common diseases with polygenic and
multifactorial etiologies. In contrast, we reasoned that it should
be possible to define the role of ER dysfunction in mechanisti-
cally homogenous patient populations, especially in rare diseases
with a monogenic basis, such as Wolfram syndrome (9).
Wolfram syndrome (OMIM 222300) is a rare autosomal re-
cessive disorder characterized by juvenile-onset diabetes mellitus
and bilateral optic atrophy (7). Insulin-dependent diabetes usu-
ally occurs as the initial manifestation during the first decade of
life, whereas the diagnosis of Wolfram syndrome is invariably
later, with onset of symptoms in the second and ensuing decades
(7, 10, 11). Two causative genes for this genetic disorder have
been identified and named Wolfram syndrome 1 (WFSI) and
Wolfram syndrome 2 (WFS2) (12, 13). It has been shown that
multiple mutations in the WFSI gene, as well as a specific muta-
tion in the WFS2 gene, lead to B cell death and neurodegeneration
through ER and mitochondrial dysfunction (5, 6, 14-16). WFS1
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gene variants are ajso associated with a risk of type 2 diabetes (17).
Moreover, a specific WFSI variant can cause autosomal dominant
diabetes (18), raising the possibility that this rare disorder is rel-
evant to common molecular mechanisms altered in diabetes and
other human chronic diseases in which ER dysfunction is involved.

Despite the underlying importance of ER malfunction in
Wolfram syndrome, and the identification of WFSI and WFS2
genes, a molecular mechanism linking the ER to death of neu-
rons and B cells has not been elucidated. Here we show that the
calpain protease provides a mechanistic link between the ER and
death of neurons and f cells in Wolfram syndrome.

Results

The causative genes for Wolfram syndrome, WFSI and WFS2,
encode transmembrane proteins localized to the ER (5, 12, 13).
Mutations in the WFSI or WFS2 have been shown to induce
neuronal and B cell death. To determine the cell death pathways
emanating from the ER, we sought proteins associated with
Wolfram syndrome causative gene products. HEK293 cells were
transfected with a GST-tagged WFS2 expression plasmid. The
GST-WEFS?2 protein was purified along with associated proteins
on a glutathione affinity resin. These proteins were separated by
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SDS/PAGE and visualized by Coomassie staining. Matrix-assisted
laser desorption/ionization-time of flight (MALDI-TOF) mass
spectroscopic analysis revealed 13 interacting proteins (Table S1),
and one of the WFS2-associated polypeptides was CAPN2, the
catalytic subunit of calpain 2, a member of the calcium dependent
cysteine proteases family whose members mediate diverse biological
functions including cell death (19-21) (Fig. 14). Previous studies
have shown that calpain 2 activation is regulated on the ER
membrane and it plays a role in ER stress-induced apoptosis and
cell death (20, 22-24), which prompted us to study the role of WES2
in calpain 2 activation.

7

Calpain 2 is a heterodimer consisting the CAPN2 catalytic sub-
unit and the CAPNS1 (previously known as CAPN4) regulatory
subunit. We first verified that WFS2 interacts with calpain 2 by
showing that endogenous calpain 2 subunits CAPN2 (Fig. 1B) and
CAPNSI (Fig. 1C) each associated with GST-tagged WFS2 ex-
pressed in HEK293 cells. Endogenous CAPN2 was also found
to be coimmunoprecipated with N- or C-terminal FLAG-tagged
WEFS2 expressed in HEK293 cells (Fig. S1.4 and B, respectively).
To further confirm these findings, we performed a coimmuno-
precipitation experiment in Neuro2a cells (a mouse neuroblas-
toma cell line) and INS-1 832/13 cells (a rat pancreatic § cell line)
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Fig. 1. WFS2 interacts with CAPN2. (4) Affinity purification of WFS2-associated proteins from HEK293 cells transfected with GST or GST-WFS2 expression plasmid.
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Proteins were separated by SDS/PAGE and visualized by Coomassie biue staining. CAPN2 was identified by MALDI-TOF analysis and denoted by an arrow. (B) GST-
tagged WFS2 was pulled down on a glutathione affinity resin from lysates of HEK293 cells transfected with a GST-WFS2 expression plasmid, and the pulled-down
products were analyzed for CAPN2 by immunoblotting with anti-CAPN2 antibody. (C) GST-tagged WFS2 was pulled down on a glutathione affinity resin from
lysates of HEK293 cells transfected with GST-WFS2 expression plasmid and the pulled-down products were analyzed for CAPNS1 by immunoblotting with anti-
CAPNS1 antibody. (D) Lysates of Neuro2a cells were immunoprecipitated with 19G or anti-calpain 2 antibodies. Lysates of 1gG and anti-calpain 2 immunopre-
cipitates were analyzed for WFS2, CAPN2 or actin by immunoblotting. (£) Lysates of INS-1 832/13 cells were immunoprecipitated with IgG or anti-calpain 2
antibody. Lysates of IgG and anti-calpain 2 immunoprecipitates were analyzed for WFS2, CAPN2 or actin by immunoblotting. (F) COS7 cells were transfected with
pDsRed2-ER vector (Center) and stained with anti-calpain 2 antibody (Left). (Right) A merged image is shown. (G) HEK293 cells were transfected with empty
expression plasmid or a CAPN2 expression plasmid. Apoptosis was monitored by immunoblotting analysis of caspase 3 cleavage. (Left) Expression levels of CAPN2
and actin were measured by immunoblotting. (Right) Quantification of immunoblot is shown (n = 3, *P < 0.05).

Lu et al. PNAS | Published online November 24, 2014 | E5293

— 229 —



!
Z

and found that endogenous WFS2 interacted with endogenous
CAPN2 (Fig. 1 D and E). WFS2 is known to be a transmembrane
protein localized to the ER. We therefore explored the possibility
that calpain 2 might also localize to the ER. We transfected COS7
cells with pDsRed2-ER vector to visualize ER. Immunofluores-
cence staining of COS7 cells showed that endogenous calpain 2
was mainly localized to the cytosol, but also showed that a small
portion colocalized with DsRed2-ER protein at the ER (Fig. 1F).
Cell fractionation followed by immunoblot further confirmed this
observation (Fig. S1C). Collectively, these results suggest that
calpain 2 interacts with WFS2 at the cytosolic face of the ER.

Calpain hyperactivation has been shown to contribute to cell loss
in various diseases (19), raising the possibility that calpain 2 might
be involved in the regulation of cell death. To verify this issue, we
overexpressed CAPNZ, the catalytic subunit of calpain 2, and ob-
served increase of cleaved caspase-3 in HEK293 cells indicating that
hyperactivation of calpain 2 induces cell death (Fig. 1G).

To determine whether WEFS2 plays a role in cell survival, we
suppressed WES2 expression in mouse neuronal NSC34 cells using
siRNA and measured cell death under normal and ER stress
conditions. WFS2 knockdown was associated with increased
cleavage of caspase-3 in normal or ER stressed conditions (Fig. 2.4
and B). We subsequently evaluated calpain 2 activation by mea-
suring the cleavage of alpha II spectrin, a substrate for calpain 2.
RNAi-mediated knockdown of WFS2 induced calpain activation,
especially under ER stress conditions (Fig. 24).

In patients with Wolfram syndrome, destruction of B cells
leads to juvenile-onset diabetes (25). This finding prompted us to
examine whether WFS2 was also involved in pancreatic § cell
death. As was seen in neuronal cells, knockdown of WFS2 in
rodent f cell lines INS1 832/13 (Fig. 2C) and MING (Fig. S2) was
also associated with increased caspase-3 cleavage under both
normal and ER stress conditions. The association of WFS2 with
calpain 2 and their involvement in cell viability suggested that
calpain 2 activation might be the cause of cell death in WFS2-
deficient cells. To further explore the relationship between WFS2
and calpain 2, we expressed WFS2 together with the calpain 2
catalytic subunit CAPN2 and measured apoptosis. Ectopic ex-
pression of WFS2 significantly suppressed calpain 2-associated
apoptosis under normal and ER stress conditions (Fig. 2D, lane 4
and lane 8, and Fig. 2E). Next, we tested whether CAPN2
mediates cell death induced by WFS2 deficiency. When CAPN2
was silenced in WFS2-deficient cells, apoptosis was partially sup-
pressed compared with untreated WES2-deficient cells (Fig. 2F).
Taken together, these results suggest that WES2 is a negative
regulator of calpain 2 proapoptotic functions.

To further confirm that loss of function of WFS2 leads to cell
death mediated by calpain 2, we tested if calpeptin, a calpain in-
hibitor, could prevent cell death in WFS2-deficient cells. In agree-
ment with previous observations, calpeptin treatment prevented
WES2-knockdown-mediated cell death in neuronal (Fig. 3.4 and B)
and B cell lines (Fig. 3C and Fig. S34). Collectively, these results
indicate that WFS2 is a suppressor of calpain 2-mediated cell death.

CAPN?2 is the catalytic subunit of calpain 2. CAPN2 forms
a heterodimer with the regulatory subunit, CAPNS1, which is
required for protease activity and stability. We next explored the
role of WFS2 in CAPN2 and CAPNSI protein stability. Ectopic
expression or RNAi-mediated knockdown of WEFS2 did not
correlate with changes in the steady-state expression of CAPN2
(Fig. S3B). By contrast, overexpression of WFS2 significantly
reduced CAPNSI protein expression (Fig. 3D) and transient
suppression of WES2 slightly increased CAPNS1 protein ex-
pression (Fig. 3D). These data suggest that WEFS2 might be in-
volved in CAPNSI protein turnover, which is supported by the
data showing that GST-tagged WFS2 expressed in HEK293 cells
associated with endogenous CAPNSI1 (Fig. 1C). To investigate
whether WFS2 regulates CAPNSI stability through the ubiq-
uitin-proteasome pathway, we treated HEK293 cells ectopically
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expressing WFS2 with a proteasome inhibitor, MG132, and then
measured CAPNS1 protein level. MG132 treatment stabilized
CAPNSI protein in cells ectopically expressing WES2 (Fig. 3E).
Furthermore, we performed cycloheximide chase experiments
using HEK293 cells ectopically expressing WEFS2 and quantified
CAPNS1 protein levels at different time points. Ectopic expression
of WFS2 was associated with significantly accelerated CAPNS1
protein loss, indicating that WFS2 contributes to posttranslational
regulation of CAPNS1 (Fig. 3F). To further assess whether WES2
is involved in the ubiquitination of CAPNS1, we measured the
levels of CAPNS1 ubiquitination in cells ectopically expressing
WEFS2 and observed that CAPNS1 ubiquitination was increased by
ectopic expression of WFS2 (Fig. 3G).

To further investigate the role of WFS2 in calpain 2 regulation,
we collected brain lysates from WFS2 knockout mice. Measured
levels of cleaved spectrin, a well characterized substrate for cal-
pain (26). Notably, protein expression levels of cleaved spectrin,
as well as CAPNSI1, were significantly increased in WFS2
knockout mice compared with control mice (Fig. 3H). Collec-
tively, these results indicate that WES2 inhibits calpain 2 activation
by regulating CAPNS1 degradation mediated by the ubiquitin-
proteasome system.

Calpain 2 is a calcium-dependent protease. WFSI, the other
causative gene for Wolfram syndrome, has been shown to be
involved in calcium homeostasis (27, 28), suggesting that the loss
of function of WFS1 may also cause calpain activation. To
evaluate this possibility, we measured calpain activation levels in
brain tissues from WFS1 brain-specific knockout and control
mice. We observed a significant increase in a calpain-specific
spectrin cleavage product, reflecting higher calpain activation
levels in WFS1 knockout mice compared with control mice (Fig.
44). The suppression levels of WFS1 in different parts of the
brain were shown in Fig. 4B. To further confirm that calpain is
activated by the loss of WFS1, we looked for other calpain
substrates in brain tissues from WEFS1 knockout mice using
a proteomics approach. Two-dimensional fluorescence gel elec-
trophoresis identified 12 proteins differentially expressed be-
tween cerebellums of WFS1 knockout mice and those of control
mice (Fig. 4 C and D). Among these, myelin basic protein (MBP)
is a known substrate for calpain in the brain (29). We measured
myelin basic protein levels in brain lysates from WFS1 knockout
and control mice. Indeed, the cleavage and degradation of my-
elin basic protein was increased in WFS1 knockout mice relative
to control mice (Fig. 4E).

Next, we looked for evidence of increased calpain activity in
Wolfram syndrome patient cells. We created neural progenitor
cells derived from induced pluripotent stem cells (iPSCs) of
Wolfram syndrome patients with mutations in WFSI. Fibroblasts
from four unaffected controls and five patients with Wolfram
syndrome were transduced with four reprogramming genes
(Sox2, Oct4, c-Myc, and Kif4) (30) (Table S2). We produced at
least 10 iPSC clones from each control and Wolfram patient. All
control- and Wolfram-iPSCs, exhibited characteristic human
embryonic stem cell morphology, expressed pluripotency mark-
ers including ALP, NANOG, SOX2, SSEA4, TRA-1-81, and
had a normal karyotype (Fig. S A-F). To create neural pro-
genitor cells, we first formed neural aggregates from iPSCs.
Neural aggregates were harvested at day 5, replated onto new
plates to give rise to colonies containing neural rosette struc-
tures. At day 12, neural rosette clusters were collected, replated,
and used as neural progenitor cells. Consistent with the data
from WES1 and WFS2 knockout mice, we observed that spectrin
cleavage was increased in neural progenitor cells derived from
Wolfram-iPSCs relative to control iPSCs, which indicates in-
creased calpain activity (Fig. 5G).

Because calpain is known to be activated by high calcium, we
explored the possibility that cytoplasmic calcium may be increased
in patient cells by staining neural progenitor cells derived from
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Fig. 2. WFS2 suppresses cell death mediated by CAPN2. (A) NSC34 cells were transfected with control scrambled siRNA or siRNA directed against WFS2, and then
treated with 0.5pM thapsigargin (TG) for 6 h or untreated (UT). Apoptosis was monitored by immunoblotting analysis of cleaved caspase 3. (Left) Protein levels of
cleaved spectrin, WFS2, and actin were measured by immunoblotting. (Right) Quantifications of cleaved spectrin and cleaved caspase 3 are shown (n =5, *P < 0.05).
(B) NSC34 cells were transfected with control scrambled siRNA or siRNA directed against WFS2, and then treated with 0.5 uM thapsigargin (TG) for 6 h or untreated
(UT). Apoptosis was monitored by Annexin V staining followed by flow cytometry analysis. (n = 3, *P < 0.05). (C) INS-1 832/13 cells were transfected with control
scrambled siRNA or siRNA directed against WFS2, and then treated with 0.5 uM thapsigargin (TG) for 6 h or untreated (UT). {Left) Expression levels of cleaved
caspase 3, WFS2, and actin were measured by immunoblotting. (Right) Protein levels of cleaved caspase 3 are quantified (n = 3, *P < 0.05). (D) NSC34 cells were
transfected with empty expression plasmid (Mock), WFS2 expression plasmid, CAPN2 expression plasmid or cotransfected with WFS1 and CAPN2 expression plas-
mids. Twenty-four h post transfection, cells were treated with 5 pg/mL tunicamycin (TM) for 16 h or untreated (UT). Apoptosis was monitored by immunoblotting
analysis of the relative levels of cleaved caspase 3 (indicated in Left). Expression levels of CAPN2, WFS2, and actin were also measured by immunoblotting.
Quantification of cleaved caspase 3 levels under untreated (Center) and tunicamycin treated (Right) conditions are shown as bar graphs. (n = 5, *P < 0.05). (E)
Neuro2a cells transfected with empty expression plasmid (Mock), WFS2 expression plasmid, CAPN2 expression plasmid or cotransfected with WFS1 and CAPN2
expression plasmids were examined for apoptosis by Annexin V staining followed by flow cytometry analysis (Right, n = 3, *P < 0.05). (F) NSC34 cells were
transfected with scrambled siRNA (Cont), WFS2 siRNA, CAPN2 siRNA or cotransfected with WFS2 siRNA and CAPN2 siRNA. Apoptosis was detected by immuno-
blotting of cleaved caspase 3. (Left) Protein levels of CAPN2, WFS2 and actin were also shown. (Right) Quantification of immunoblotting is shown (n = 3, *P < 0.05).

control- and Wolfram-iPSCs with Fura-2, a fluorescent calcium  modulating cytosolic calcium and performed a small-scale screen
indicator which enables accurate measurements of cytoplasmic to identify chemical compounds that could prevent cell death
calcium concentrations. Fig. 5H, Left, shows that cytoplasmic cal- mediated by thapsigargin, a known inhibitor for ER calcium
cium levels were higher in Wolfram-iPSC-derived neuronal cells ~ATPase. Among 73 well characterized chemical compounds that
relative to control cells. This result was confirmed by staining these ~ we tested (Table S3), 8 could significantly suppress thapsigargin-
cells with another fluorescent calcium indicator, Fluo-4 (Fig. 5SH, mediated cell death. These were PARP inhibitor, dantrolene,
Right). Collectively, these results indicate that loss of function of = NS398, pioglitazone, calpain inhibitor III, docosahexaenoic acid
WFS1 increases cytoplasmic calcium levels, leading to calpain  (DHA), rapamycin, and GLP-1 (Fig. 64). GLP-1, pioglitazone, and
activation. rapamycin are FDA-approved drugs and have been shown to confer

The results shown above argue that the pathway leading to  protection against ER stress-mediated cell death (27, 31-33).
calpain activation provides potential therapeutic targets for  Dantrolene is another FDA-approved drug clinically used for
Wolfram syndrome. To test this concept, we elected to focus on  muscle spasticity and malignant hyperthermia (34). Previous studies
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Fig. 3. WFS2 regulates calpain activity through CAPNS1. (4) Neuro-2a cells were transfected with siRNA against WFS2 or a control scrambled siRNA. Thirty-six h after
transfection, cells were treated with or without 100uM calpeptin for 12 h. Cleaved caspase 3 and actin levels were assessed by immunoblotting (left panel). Cleaved
caspase 3 protein levels are quantified in the right panel (n = 3, *P < 0.05). (B) Neuro-2a cells were transfected with siRNA against WFS2 or scrambled siRNA. Thirty-six h
after transfection, cells were treated with or without 100 uM calpeptin for 12 h. Early stage apoptosis was monitored by Annexin V staining followed by flow
cytometry (n = 3, *P < 0.05). (C) INS-1 832/13 cells were transfected with scrambled siRNA and WFS2 siRNA. Twenty-four h after transfection, cells were treated with or
without 5 uM calpeptin for 24 h. Cleaved caspase 3, WFS2 and actin levels were monitored by immunoblotting (Left) and quantified (Right) (n = 3, *P < 0.05). (D, Left)
CAPNS1, WFS2, and actin levels were assessed by immunoblotting in HEK293 cells transfected with empty expression plasmid (Mock), WFS2 expression plasmid,
scrambled siRNA (siCON), or WFS2 siRNA (siWFS2). (D, Right) Protein levels of CAPNS1 are quantified (n = 5, *P < 0.05). (E) HEK293 cells were transfected with empty
(Mock) or WFS2 expression plasmid, and then treated with MG132 (2 uM) or untreated (UT). Expression levels of CAPNS1 and WFS2 were measured by immuno-
blotting (Left) and quantified (Right) (n = 4, *P < 0.05). (F) HEK293 cells were transfected with empty or WFS2 expression plasmid, and then treated with cycloheximide
(100 pM) for indicated times. (Left) Expression levels of CAPNS1 and actin were measured by immunoblotting. (Right) Band intensities corresponding to CAPNS1 in Left
were quantified by image J and plotted as relative rates of the signals at 0 h (n = 3, *P < 0.05). (G) NSC34 cells were transfected with mock empty vector, FLAG tagged
ubiquitin (Ub-FLAG) plasmid or cotransfected with WFS2 expression plasmid and Ub-FLAG plasmid. Cell lysates were immunoprecipitated with FLAG affinity beads and
analyzed for ubiquitin conjugated proteins by immunobilotting. Levels of CAPNST and Ub-FLAG protein were measured in the precipitates. WFS2, CAPNS1 and actin
expression was monitored in the input samples. (H) Brain lysates from control and WFS2 knockout mice were analyzed by immunoblotting. Protein levels of cleaved
spectrin and CAPNS1 were determined (Leff) and quantified (Center and Right) (each group n = 3, *P < 0.05).

have shown that dantrolene is an inhibitor of the ER-localized
ryanodine receptors and suppresses leakage of calcium from the

restore cytosolic calcium levels in WFS1-deficient cells. RNAi-
mediated WEFS1 knockdown increased cytosolic calcium levels

ER to cytosol (35, 36). We thus hypothesized that dantrolene
could confer protection against cell death in Wolfram syndrome,
and performed a series of experiments to investigate this possi-
bility. We first examined whether dantrolene could decrease cy-
toplasmic calcium levels. As expected, dantrolene treatment de-
creased cytosolic calcium levels in INS-1 832/13 and NSC34
cells (Fig. S4 A and B). We next asked whether dantrolene could

E5296 | www.pnas.org/cgi/doi/10.1073/pnas.1421055111

relative to control cells, and dantrolene treatment restored cyto-
solic calcium levels in WEFS1-knockdown INS-1 832/13 cells (Fig.
6B, Left) as well as WFS1-knockdown NSC34 cells (Fig. 6B, Right).
Next, to determine whether dantrolene confered protection in
WES1-deficient cells, we treated WFS1 silenced INS-1 832/13 cells
with dantrolene and observed suppression of apoptosis (Fig. 6C)
and calpain activity (Fig. 6D). Dantrolene treatment also prevented
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calpain activation and cell death in WES1-knockdown NSC34 cells
(Fig. 6E). To verify these observations in patient cells, we pre-
treated neural progenitor cells derived from iPSCs of a Wolfram
syndrome patient and an unaffected parent with dantrolene, and
then challenged these cells with thapisgargin. Thapsigargin-induced
cell death was increased in neural progenitor cells derived from the

Luetal.

Wolfram syndrome patient relative to those derived from the un-
affected parent, and dantrolene could prevent cell death in the
patient iPSC-derived neural progenitor cells (Fig. 6F). In addition,
we treated brain-specific WFS1 knockout mice with dantrolene
and observed evidence of suppressed calpain activation in brain
lysates from these mice (Fig. 6G). Collectively, these results argue
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Fig. 5. High cytosolic calcium levels and hyperactivation of calpain in patient
neural progenitor cells. (4, Left) Wolfram syndrome iPS cells derived from
fibroblasts of a patient 1610. (4, Right) Karyotype of the Wolfram iPS cells. (B)
Alkaline phosphatase staining of the Wolfram iPS cells. (C-F) Wolfram syn-
drome iPS cells stained with pluripotent markers: Nanog (C), Sox2 (D), SSEA4
(E), and TRA-1 (F). (G) Immunoblot analysis of cleaved spectrin and actin in
neural progenitor cells derived from Wolfram syndrome patient iPS cells. The
relative levels of the spectrin cleavage product are indicated (Left) and
quantified (Right) (n = 4, *P < 0.05). (H, Left) Quantitative analysis of cytosolic
calcium levels in unaffected controls and Wolfram syndrome patients mea-
sured by Fura-2 calcium indicator (All values are means + SEM; experiment was
performed six independent times with >3 wells per sample each time; n = 6,
*P < 0.05). (H, Right) Quantification of cytosolic calcium levels in unaffected
controls and Wolfram syndrome patients measured by Fluo-4 calcium assay
(experiment was performed four independent times; n = 4, *P < 0.05).

that dantrolene could prevent cell death in Wolfram syndrome by
suppressing calpain activation.

Discussion

Growing evidence indicates that ER dysfunction triggers a range
of human chronic diseases, including diabetes, atherosclerosis,
inflammatory bowel disease, and neurodegenerative diseases
(3, 4, 37-39). However, currently there is no effective therapy
targeting the ER for such diseases due to the lack of clear un-
derstanding of the ER’s contribution to the pathogenesis of
these diseases. Although Wolfram syndrome is a rare disease and
therefore not a focus of drug discovery efforts, the homogeneity
of the patient population and disease mechanism has enabled us

E5298 | www.pnas.org/cgi/doi/10.1073/pnas.1421055111

to identify a potential target, a calcium-dependent protease,
calpain. Our results provide new insights into how the pathways
leading to calpain activation cause f cell death and neuro-
degeneration, which are schematically summarized in Fig. 6H.

There are two causative genes for Wolfram syndrome, WFSI
and WFS2. The functions of WFS1 have been extensively studied
in pancreatic p cells. It has been shown that WFS1-deficient
pancreatic § cells have high baseline ER stress levels and im-
paired insulin synthesis and secretion. Thus, WFS1-deficient
cells are susceptible to ER stress mediated cell death (5, 6, 32,
40-42). The functions of WEFS2 are still not clear. There is evi-
dence showing that impairment of WFS2 function can cause
neural atrophy, muscular atrophy, and accelerate aging in mice
(14). WFS2 has also been shown to be involved in autophagy (43).
However, although patients with both genetic types of Wolfram
syndrome suffer from the same disease manifestations, it was not
clear if a common molecular pathway was altered in these
patients. Our study has demonstrated, to our knowledge for the
first time, that calpain hyperactivation is the common molecular
pathway altered in patients with Wolfram syndrome. The mech-
anisms of calpain hyperactivation are different in the two genetic
types of Wolfram syndrome. WFS1 mutations cause calpain ac-
tivation by increasing cytosolic calcium levels, whereas WFS2
mutations lead to calpain activation due to impaired calpain
inhibition.

Previously, Wolfram syndrome studies focused on pancreatic
B cell function (5, 40, 41). However, patients also suffer from
neuronal manifestations. MRI scans of Wolfram syndrome pa-
tients showed atrophy in brain tissue implying neurodegeneration
in patients (7, 10). To investigate the mechanisms of neuro-
degeneration in Wolfram syndrome human cells, we established
Wolfram syndrome iPSC-derived neural progenitor lines and
confirmed the observations found in rodent cells and animal
models of Wolfram syndrome. Differentiation of these iPSC-
derived neural progenitor cells into specific types of neurons
should be carried out in the future to better understand which
cell types are damaged in Wolfram syndrome; this will lead to
a better understanding of the molecular basis of this disease and
provide cell models for future drug development.

Calpain activation has been found to be associated with type 2
diabetes and various neuronal diseases including Alzheimers,
traumatic brain injury and cerebral ischemia, suggesting that
regulation of calpains is crucial for cellular health (23). We
discovered that calpain inhibitor III could confer protection
against thapsigargin mediated cell death (Fig. 64). Our data also
demonstrates that calpeptin treatment was beneficial for cells
with impaired WFS2 function. These results suggest that tar-
geting calpain could be a novel therapeutic strategy for Wolfram
syndrome. However, calpain is also an essential molecule for cell
survival (44). Controlling calpain activation level is a double-
bladed sword. We should carefully monitor calpain functions in
treating patients with Wolfram syndrome (44).

Calpain activation is tightly regulated by cytosolic calcium lev-
els. In other syndromes that increase cytosolic calcium level in
pancreatic B cells, patients experience a transient or permanent
period of hyperinsulinaemic hypoglycemia. This hyperinsulinaemic
hypoglycemia can be partially restored by an inhibitor for ATP-
sensitive potassium (Karp) channels or a calcium channel antag-
onist that prevents an increase in cytosolic calcium levels (45, 46).
Although patients with Wolfram syndrome do not experience
a period of hyperinsulinaemic hypoglycemia, small molecule
compounds capable of altering cellular calcium levels may prevent
calpain 2 activation and hold promise for treating patients with
Wolfram syndrome. Treatment of WFS1-knockdown cells with
dantrolene and ryanodine could prevent cell death mediated by
WES1 knockdown. Dantrolene is a muscle relaxant drug pre-
scribed for multiple sclerosis, cerebral palsy or malignant hyper-
thermia (47). Dantrolene inhibits the ryanodine receptors and
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Fig. 6. Dantrolene prevents cell death in iPS cell-derived neural progenitor cells of Wolfram syndorme by inhibiting the ER calcium leakage to the cytosol. (A)
INS-1 832/13 cells were pretreated with DMSO or drugs for 24 h then incubated in media containing 20 nM of thapsigargin (TG) overnight. Apoptosis was
detected by caspase 3/7-Glo luminescence. (B) Cytosolic calcium levels were determined by Fura-2 in control and WFS1-deficient INS-1 832/13 (Left) and NSC34
(Right) cells treated or untreated with 10 pM dantrolene for 24 h (All values are means + SEM; experiment was performed 6 independent times with >3 wells
per sample each time n = 6, *P < 0.05). (C) INS-1 832/13 cells were transfected with scrambled siRNA or siRNA against WFS1. Cells were pretreated with or
without 10 pM dantrolene for 48 h, then incubated in media with or without 0.5 uM TG for 6 h. Expression levels of cleaved caspase-3, WFS1, GAPDH were
measured by immunoblotting (Left). Protein levels of caspase3 under untreated (Center) and TG treated (Right) conditions are quantified and shown as bar
graphs (n = 3, *P < 0.05). (D) INS-1 832/13 cells were transfected with scrambled siRNA or siRNA against WFS1, pretreated with or without 10 uM dantrolene
for 48 h, then incubated in media containing 0.5 pM TG for 6 h. Protein levels of cleaved spectrin, WFS1, GAPDH were analyzed by immunoblotting (Left) and
quantified (Right) (n = 3, *P < 0.05). (E) NSC34 cells were transfected with scrambled siRNA or siRNA against WFS1. Then treated with or without10 uM
dantrolene for 24 h. Protein levels of cleaved spectrin, cleaved caspase 3, WFS2 and GAPDH were determined by immunoblotting (Left) and quantified (Right)
(n =3, *P < 0.05). (F) Wolfram patient neural progenitor cells were pretreated with or without 10 1M dantrolene for 48 h. Then, cells were treated with 0.125
1M TG for 20 h. (Left) Apoptosis was monitored by immunoblotting. (Right) Quantification of cleaved caspase 3 protein levels are indicated (n = 3, *P < 0.05).
(G) Control and WFS1 brain-specific knockout mice were treated with water or dantrolene for 4 wk at 20 mg/kg. Brain lysates of these mice were examined by
immunoblotting. Protein levels of cleaved spectrin and GAPDH were monitored (Left) and quantified (Right) (All values are means + SEM; each group n > 3,
*P < 0.05). (H) Scheme of the pathogenesis of Wolfram syndrome.
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reduces calcium leakage from the ER to cytosol, lowering cytosolic
calcium level. The protective effect of dantrolene treatment on
WEFS1-deficient cells suggests that dysregulated cellular calcium
homeostasis plays a role in the disease progression of Wolfram
syndrome. In addition, it has been shown that stabilizing ER cal-
cium channel function could prevent the progression of neuro-
degeneration in a mouse model of Alzheimer’s discase (48).
Therefore, modulating calcium levels may be an effective way to
treat Wolfram syndrome or other ER diseases.

Dantrolene treatment did not block cell death mediated by
WES2 knockdown, suggesting that WES2 does not directly affect
the ER calcium homeostasis (Fig. S4 D and E). RNAi-mediated
WES1 knockdown in HEK293 cells significantly reduced the
activation levels of sarco/endoplasmic reticulum calcium trans-
port ATPase (SERCA), indicating that WES1 may play a role in
the modulation of SERCA activation and ER calcium levels (Fig.
S5). It has been shown that WFS1 interacts with the Na*/K™*
ATPase p1 subunit and the expression of WFS1 parallels that of
Na*/K* ATPase p1 subunit in a variety of settings, suggesting that
WES1 may function as an ion channel or regulator of existing
channels (42). Further studies on this topic would be necessary to
completely understand the etiology of Wolfram syndrome.

Our study reveals that dantrolene can prevent ER stress-
mediated cell death in human and rodent cell models as well as
mouse models of Wolfram syndrome. Thus, dantrolene and
other drugs that regulate ER calcium homeostasis could be used
to delay the progression of Wolfram syndrome and other dis-
eases associated with ER dysfunction, including type 1 and type
2 diabetes.

Materials and Methods

Human Subjects, Wolfram syndrome patients were recruited through the
Washington University Wolfram Syndrome International Registry website
(wolframsyndrome.dom.wustl.edu). The dinic protocol was approved by the
Washington University Human Research Protection Office and all subjects
provided informed consent if adults and assent with consent by parents if
minor children (IRB 1D 201107067 and 201104010).
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Animal Experiments. WFS1 brain-specific knockout mice were generated by
breeding the Nestin-Cre transgenic mice (Jackson Laboratory) with WFS1
floxed mice (40). WFS2 whole body knockout mice are purchased from MRC
Harwell. All animal experiments were performed according to procedures
approved by the Institutional Animal Care and Use Committee at the
Washington University School of Medicine (A-3381-01).

Calcium Levels. Calcium levels in cells were measured by Fura-2 AM dye and
Fluo-4 AM dye (Life Technology) Inifinite M 1000 (Tecan). Cells were plated in
96-well plates at 25,000 cells per well and stained with 4 pg/mL Fura-2 dye
along with 2.5 mM probenecid for 30 min, then the cells were washed with
PBS and kept in the dark for another 30 min to allow cleavage of AM ester.
Fluorescence was measured at excitation wavelength 510 nm and emission
wavelengths 340 nm and 380 nm. Then background subtractions were per-
formed with both emission wavelengths. The subtraction result was used to
calculate 340/380 ratios.

For Fluo-4 AM staining, neural progenitor cells were plated in 24-well
plates at 200,000 cells per well. After staining with Fluo-4 AM dye for 30 min
along with 2.5 mM probenecid, cells were washed and resuspended in
PBS. Incubation for a further 30 min was performed to allow complete
deesterification of intracellular AM esters. Then, samples were measured
by flow cytometry at the FACS core facility of Washington University School
of Medicine using a LSRIl instrument (BD). The results were analyzed by
FlowJo ver.7.6.3.

Statistical Analysis. Two-tailed t tests were used to compare the two treat-
ments. P values below 0.05 were considered significant. All values are shown
as means + SD if not stated. Please see S/ Materfals and Methods for
complete details.
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MINI REVIEW

Generation of pluripotent stem cells without the use of

genetic material

Akon Higuchi'*?, Qing-Dong Ling®*®, S Suresh Kumar®, Murugan A Munusamy?, Abdullah A Alarfaj?,
Yung Chang®, Shih-Hsuan Kao', Ke-Chen Lin', Han-Chow Wang’ and Akihiro Umezawa®

Induced pluripotent stem cells (iPSCs) provide a platform to obtain patient-specific cells for use as a cell source in
regenerative medicine. Although iPSCs do not have the ethical concerns of embryonic stem cells, iPSCs have not been
widely used in clinical applications, as they are generated by gene transduction. Recently, iPSCs have been generated
without the use of genetic material. For example, protein-induced PSCs and chemically induced PSCs have been
generated by the use of small and large (protein) molecules. Several epigenetic characteristics are important for cell
differentiation; therefore, several small-molecule inhibitors of epigenetic-modifying enzymes, such as DNA methyl-
transferases, histone deacetylases, histone methyltransferases, and histone demethylases, are potential candidates for the
reprogramming of somatic cells into iPSCs. In this review, we discuss what types of small chemical or large (protein)
molecules could be used to replace the viral transduction of genes and/or genetic reprogramming to obtain human

iPSCs.

Laboratory Investigation (2015) 95, 26-42; doi:10.1038/labinvest.2014.132; published online 3 November 2014

Pluripotent stem cells (PSCs) can be derived from terminally
differentiated tissues by altering the epigenetic status of cells.
These PSCs have the potential to differentiate into any cell
type derived from the three germ layers.!™ Cell type
determination is heavily dependent on epigenetic process.
The generation of iPCSs from differentiated cells is partly
regulated by epigenetics. PSCs provide an unlimited cell source
with the potential for use in studying diseases, drug screening,
and regenerative medicine. Human PSCs provide a promising
platform for obtaining patient-specific cells for various thera-
peutic and research applications. In general, induced pluripo-
tent stem cells (iPSCs) are generated via genetic manipulation
or by nuclear transfer to generate PSCs from somatic cells.®
However, nuclear transfer-generated PSCs raised ethical con-
cerns and are technically difficult to prepare. The genetic mani-
pulation of PSCs limits their clinical uses. Although embryonic
stem cells (ESCs) do not need to be genetically manipulated,
there are strong ethical concerns regarding human ESCs
(hESCs), limiting their use in clinical applications.

iPSCs were first generated in 2006-2007 by the transduc-
tion of four transcription genes, Oct3/4, Sox2, c-Myc, and

KIf-47-10 or Oct 4, Sox2, Nanog, and Lin28.1! Following these
studies, several researchers succeeded in generating iPSCs
using fewer pluripotent genes. Of note, researchers generated
iPSCs without transducing c-Myc, a potent oncogene.'?"14
Currently, mouse iPSCs (miPSCs) can be generated by
reprogramming a single gene, such as Oct4,'>1¢ or with the
aid of small or large molecules in place of gene trans-
duction.'”"!° However, the low reprogramming efficiency of
human iPSCs (hiPSCs) is a major drawback. The use of
virus-mediated delivery of reprogramming factors, which
leads to the permanent integration of oncogenes and poten-
tially harmful genomic alterations,?” is a serious concern. The
use of genome-integrating viruses could cause insertional
mutagenesis and unpredictable genetic dysfunction.®?!
Therefore, several reprogramming technologies that do not
use viral integration have been developed for iPSC produc-
tion.?>?* These approaches include the use of non-integrat-
ing viruses,”** transposon-based systems,?” and the delivery
of reprogramming factors on plasmids.?>?8-30 Adenovirus,
lentivirus, Sendai virus, miRNA, and plasmid transfection
methods have been reported to generate miPSCs*®3! and
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hiPSCs?%3032-35 to minimize chromosomal disruption.'®

Yu et al. generated hiPSCs by transfecting non-integrating
episomal vectors.’® In addition, the piggyBac trans-
poson!®273! and Cre-recombinase excisable viruses®® have
been used to generate hiPSCs. The transgenes can be excised
by inducible gene expression once reprogramming is
established.?>27°¢ However, there is evidence that there
can be problems with residual DNA and chromosomal
disruptions, resulting in harmful genetic alterations.'®

The repeated transfection of modified mRNA encoding the
reprogramming factors is also efficient for generating
iPSCs.2%37 Although these strategies eliminate the threat of
random viral integration into the host cell genome, these
approaches are technically challenging and less efficient than
viral transduction. Therefore, it is important to identify new
conditions and small or large molecules that can promote
reprogramming and ultimately replace all of the repro-
gramming transcription factors (TFs).'%34! For clinical
applications, using small or large molecules to generate PSCs
are preferable to genetic manipulations. Recently, several
novel methods have been reported for generation of iPSCs
without the use of genetic material; these methods include
protein-induced PSCs (piPSCs) that are reprogrammed from
somatic cells using cell-penetrating TF proteins,'®!® and
chemically iPSCs (CiPSCs) that are reprogrammed from
somatic cells using small molecules.!%17:20,38-49

Human CiPSCs are a promising tool in the clinical ap-
plication of PSCs. CiPSCs can be reprogrammed to become
iPSCs from somatic cells, without genetic manipulation,
through the addition of small-molecule chemicals in the
culture medium. In this review, we will discuss the generation
of iPSCs without the use of genetic material and instead
using small or large (protein) molecules. We will discuss
types of small and/or large (protein) molecules that can re-
place specific viral transduction of pluripotent TFs to obtain
piPSCs and CiPSCs from somatic cells.

PSCs REPROGRAMMING WITH PROTEINS (piPSCs)

In the reprogramming of somatic cells into iPSCs, one of the
methods that avoids exogenous genetic introduction to the
target cells is delivering the reprogramming proteins directly
into cells rather than transducing the cells with TF genes.
Previous researchers have reported that the proteins can be
delivered into mammalian cells in vitro and in vivo by con-
jugating the proteins with a short peptide to guide their
transduction, such as HIV transactivator of transcription
(tat) or polyarginine.>*>0-52 Various solubilization and refold-
ing techniques have been developed so that recombinant
proteins expressed in E. coli and contained in inclusion bodies
can be re-folded into bioactive proteins. This allows for easy,
large-scale production of therapeutic proteins.*>** Currently,
recombinant forms of Oct4, Sox2, Klf4, and c-Myc are
commercially available. Table 1 summarizes the reprogram-
ming of mouse and human somatic cells into piPSCs with the
aid of proteins by transduction without TFs.

www Jaboratoryinvestigation.org | Laboratory Investigation | Volume 95 January 2015

The challenge in delivering proteins into cells is the pro-
teins’ limited capacity to penetrate the cell membranes.
Proteins that are capable of crossing the cell membrane
barrier generally contain high proportions of basic amino
acids, such as lysine and arginine’»®> and the HIV tat
protein has a short, basic segment of 48-60 amino-acid re-
sidues that is known to cross the cell membrane and to ac-
tivate HIV-specific genes.!® In 2009, Zhou et al. attached a
transfection domain of a polyarginine protein to the C
terminus of the four reprogramming factors Oct4, Sox2, K1f4,
and c-Myc to generate recombinant proteins that are able to
permeate the plasma membranes of mouse embryonic
fibroblasts (MEFs).!1® The mouse piPSCs that were generated
were stably expanded for 30 passages, and the morphology of
the piPSCs was similar to ESCs, as they formed small,
compact, domed colonies.’® The piPSCs expressed typical
pluripotency markers, including ALP, SSEA1, Nanog, Oct4,
and Sox2, as assayed by immunostaining. The expression of
endogenous pluripotency genes was verified by RT-PCR. The
piPSCs generated embryoid bodies in suspension and
differentiated into cells characteristic of the three germ
layers: (a) endoderm cells expressing AFP, FoxA2, GATA4,
Sox17, albumin (hepatic marker), and Pdx1 (pancreatic
marker); (b) mesoderm cells expressing Brachyury and
mature beating cardiomyocytes expressing the CT3 and
MHC markers; and (¢) ectoderm cells expressing Pax5 and
Soxl (neural markers) and pllI-tubulin and MAP2ab
(mature neuronal markers).!® Although these findings are
promising, the extremely low efficiency (0.006%) and poor
reproducibility of the generation of piPSCs hinders its use as
a general method for generating iPSCs.

The same year, Kim ef al reported the generation of
piPSCs from human newborn fibroblasts (HNFs) using four
recombinant cell-penetrating reprogramming proteins (Oct4,
Sox2, Klf4, and c-Myc) fused with a cell-penetrating peptide
(CPP, polyarginine with nine repeating arginine residues).!®
The authors generated HEK293 cell lines that expressed each
of the four human reprogramming proteins fused to CPP.
HNFs were treated with cell extracts from the HEK293 cell
lines. After repeated treatment with the cell extracts con-
taining the reprogramming proteins, the HNFs ultimately
became human piPSCs.'® The human piPSCs showed similar
characteristics to hESCs (H9) in cell morphology and
pluripotent marker expression and were cultured for more
than 35 passages without loss of pluripotency, which suggests
that the appropriate epigenetic reprogramming events occurred
in these cells. The human piPSCs were successively differ-
entiated into cells derived from the three germ layers both
in vitro (embryonic formation) and in wvivo (teratoma
formation).!® Interestingly, Kim et al could not generate
mouse piPSCs when they applied the same method to mouse
cells.’® This discrepancy might be due to a low concentration
of reprogramming proteins, as they used whole-protein
extracts from HEK293 cells as the source of the repro-
gramming proteins. Furthermore, Kim er al. did not add
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