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types of abnormal rhodopsin proteins can be misfolded and
retained in ER; in some cases, the mutant proteins are
bound by the ER-resident chaperone, BiP [3]. The accu-
mulated mutant proteins may induce unfolded-protein
response (UPR) to alleviate the ER stress. In general, the
abnormal proteins could be degraded through ubiquitin
proteasome pathway and/or autophagy [4]. However, if
the mutant protein was overloaded, the prolonged UPR
will induce ER stress-associated programmed cell death,
apoptosis [5]. Although many rhodopsin gene abnor-
malities are believed to be related to ER stress [3], prac-
tical therapies targeting mutant rhodopsin proteins or
downstream signaling pathways have yet to be estab-
lished. This may be due, in part, to the insufficient un-
derstanding of the disease pathogenesis: mutations
associated with RP are genetically heterogeneous, and,
in most cases, there is no formal proof of a causal re-
lationship between the genetic mutation and the RP
phenotype. Furthermore, only a limited number of gen-
etic abnormalities have been reproduced and studied
in Drosophila [6] and mouse systems [7,8], and drug
screening is not easily performed due to the lack of appro-
priate screening systems. Although the abnormal gene of
interest can be expressed in cell lines, overexpression
commonly results in artificial cellular responses.

In an effort to develop an authentic cell-based model
of human RP, induced pluripotent stem cell (iPSC) tech-
nology [9,10] has been recently applied to this disorder
[11,12]. However, a causal relationship between genetic
mutations and the RP phenotype remains to be eluci-
dated. In the present study, we generated iPSCs from
the somatic cells of an RP patient carrying a heterozy-
gous mutation in the rhodopsin gene [13]. These cells
were then differentiated into rod photoreceptor cells to
investigate the cellular pathogenesis of RP and to screen
chemical therapeutics. A comparison of the RP and con-
trol iPSC-derived photoreceptor cells showed that the
RP patient’s iPSC-derived rod photoreceptor cells had a
reduced survival rate in culture and an increased ER
stress response. Furthermore, to formally demonstrate
that the phenotype was due to the expression of mutant
rhodopsin, we utilized the helper-dependent adenoviral
vector (HDAdAV) to replace the mutated rhodopsin gene
in the RP patient’s iPSCs with the wild-type rhodopsin
gene, thus repairing the gene, and found that the pheno-
type of the iPSC-derived photoreceptor cells reverted to
normal. This method allowed a phenotypic comparison
between the iPSC-derived photoreceptor cells of the same
genetic background and developmental course during iPSC
generation. Moreover, replacing the wild-type gene in the
control iPSCs with a mutated gene using HDAdV recon-
structed the pathological condition. We next used the RP
patient’s iPSC-derived photoreceptor cells to screen for
chemical reagents that rescued the ER stress phenotype.
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The involvement of autophagy, which can be induced in
response to ER stress [14], was also explored.

Results

Generation of iPSCs from an RP patient

The iPSC line RP#5 (#5) was generated using skin cells
[15] isolated from an RP patient carrying a rhodopsin mu-
tation (a G to A substitution at nucleotide 541) (Figure 1A)
[13]. The point mutation resulted in a change in amino
acid 181 from a glutamic acid (E) to lysine (K) (E181K)
and was shown to be present on one allele in the #5 iPSCs
but not in the 201B7 (B7) iPSCs (Figure 1B). The expres-
sion of pluripotent markers (Figure 1C-E) and the forma-
tion of teratomas containing all three germ layer cells
(Figure 1F) were also confirmed.

Preparation of gene-targeted iPSC lines

To determine whether the expression of rhodopsin
E181K was solely responsible for the accelerated photo-
receptor cell loss, we prepared rhodopsin gene-targeted
iPSCs using HDAdVs. A wild-type rhiodopsin gene in a
BAC clone, with a Neo cassette introduced in the third
intron, was inserted into an HDAdV vector to generate
the correction vector (Figure 2A). Using this correction
vector, the wild-type rhodopsin gene was replaced with
the genome sequence of the #5 iPSCs through homolo-
gous recombination, followed by the removal of the Neo
cassette by Cre recombinase to generate #5Rw iPSCs
(Figure 2A). Similarly, the mutated rhodopsin sequence
obtained from the genome of the #5 iPSCs was inserted
into an HDAdV vector to construct a mutagenesis vec-
tor (Figure 2B) that was transferred into the genome of
B7 iPSCs, followed by the removal of the Neo cassette,
to generate B7Rm iPSCs (Figure 2B).

The introduction and removal of the Neo cassette at
the rhodopsin locus were confirmed by PCR analyses
(Figure 2C). We further confirmed the absence of the
rhodopsin point mutation in the #5Rw cells and the pres-
ence of the heterozygous point mutation in the B7Rm cells
(Figure 2D). These data indicated that the targeted rhod-
opsin gene correction and mutagenesis were successful.

Impact of the rhodopsin gene mutation in differentiated
rod photoreceptor cells derived from iPSC lines

Next, we induced retinal cell differentiation using the
serum-free embryoid body (SFEB) method, along with sub-
sequent stepwise changes in the culture medium for sev-
eral weeks, as previously reported and modified by Lamba
et al. [16]. iPSCs were cultured in the presence of Noggin,
Dkk-1, and IGF-1 for 3 weeks, followed by 2 weeks of
culture in their absence [16]. Using this method, up to 10%
of the differentiated cells were reported to express early
markers of photoreceptor differentiation at the end of
3 weeks, and these cells can be transplanted into subretinal
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Figure 1 RP patient’s iPSCs. (A) A colony of RP#5 iPSCs derived from an RP patient’s skin cells. (B) DNA analysis of the rhodopsin gene in the
RP#5 iPSCs and control 201B7 iPSCs. (C-E) Immunostaining for pluripotent markers; the nuclei were counterstained with DAP! (blue). (C) Nanog
and Oct3/4. (D) Tra-1-60. (E) SSEA4. (F) Teratoma formation assay showing that the RP#5 iPSCs gave rise to all three germ layers, confirming their

Gut-like epithelium

space where they will integrate into the retina to form
synapses [16-18]. In the present study, a recombinant
adenovirus expressing EGFP under the control of the
neural retina leucine zipper promoter, a rod photoreceptor-
specific marker that acts as a transcription factor for the
rhodopsin gene, (Ad-pNrl-EGFP) [19-21], was introduced
2 days before flow cytometry analyses (Figure 3A, B). The
specific detection of EGFP by flow cytometry was con-
firmed using the cells with (Figure 3C right) and without
Ad-pNrl-EGFP infection (Figure 3C left). This experiment
also confirmed that 32.8% of the cells were Ad-pNri-
EGFP positive after 5 weeks of culture. Among the Ad-
pNrl-EGFP-positive cells derived from the #5 iPSCs, we
confirmed that recoverin, a photoreceptor marker, was up-
regulated after 5 weeks in differentiation culture compared
to the non-differentiated #5 iPSCs (Figure 3D).

Using this method, rod photoreceptor cells derived from
each iPSC line (#5, #5Rw, B7, and B7Rm) were quantified
weekly from 2 to 5 weeks after differentiation was initiated
(Figure 3E). During the first 4 weeks of culture, the pro-
portion of Ad-pNrl-EGFP-positive rod photoreceptor cells
gradually increased with time, and there was no difference
among the cell lines. However, after 5 weeks in differenti-
ation culture, the proportion of rod photoreceptor cells
was significantly higher in the cultures derived from the
#5Rw and B7 iPSC lines, which did not contain the
mutated rhodopsin coding sequences, compared to the
#5 and B7Rm lines, which did contain the mutation
(Figure 3E, F). Furthermore, we investigated the ratio of
apoptotic cells of pNrl-EGFP-positive rod photoreceptor
cells derived from #5 and #5Rw iPSCs, by immunostaining
using an anti-Annexin 'V antibody (Figure 3G) and by PI



Yoshida et al. Molecular Brain 2014, 7:45 Page 4 of 11
http://www.molecularbrain.com/content/7/1/45
-
A ) HSV-tk PGK-neo CMV-Bgal
Correction reme - }
vector Exont 2 3 4 5 ><
Genome of #5 === ) - -
Exon 1 2 34 5 .
4.2kb _|Genetargeting 54 .
Genome of #5 ! c y
+ Correction s w o 1 P—
veotor Exont 2 3 4 ‘ 5
Genome of #5Rw  we w {} (e e - -
Exont 2 34 5
B ) - - CMV-Bgal
Mutagenesis H . K no P9
vector Exont 5 ><
Genomne of BY "E‘x;;x ‘%'3 5 3@"44 = -
| Gene targeting 15.8 kb
Genome of B7 b de
+ Mutagenesis e ma ) 1 () —
vecolr Exont 2 3 4 l 5
Genome of B7Rm  m= = {7} il -
Exont 2 34 5
S
C $ & D
RN
& g #5Rwy B7Rm
& &
Q)&‘ 533 CCCGAGGGC CCC?RGGGC
U &
§ ; |
N |
4
|
i
i
8
. . . 9”/{*:5%‘
Figure 2 The rhodopsin gene-targeting methods. (A, B) Schematic illustrations of the rhodopsin gene correction implemented in the RP#5
iPSCs and the mutagenesis in the 201B7 iPSCs using HDAdVs. (C) A PCR analysis confirmed that recombination occurred at the rhodopsin locus.
Products of 4.2 kb and 15.8 kb were obtained using primers a-b and c-d (arrowheads in A, B), respectively. (D) Sequence analysis of the
recombinant rhodopsin genes in each iPSC line. HDAAV, helper-dependent adenoviral vector; HSV-tk, herpes simplex virus thymidine kinase gene
cassette; Neo, neomycin-resistance gene cassette; white triangles, loxP sites; red boxes, exon 3 of rhodopsin containing the E181K mutation.
#5, RP#5 iPSCs; #5Rw, rhodopsin gene-corrected RP#5 iPSCs; B7, 201B7 iPSCs; B7Rm, rhodopsin gene-mutated 20187 iPSCs.

staining (Figure 3H). The pNrl-EGFP-positive cells derived
from #5 iPSCs included more apoptotic cells than those
derived from #5Rw iPSCs, suggesting that the lower num-
ber of the rod differentiated photoreceptor cells derived
from #5 than from #5Rw iPSCs was caused, at least in
part, by the enhanced apoptosis of rod photoreceptor cells
derived from #5 iPSCs. These data collectively indicated
that the rhodopsin E181K mutation was solely responsible
for the rod photoreceptor cell loss associated with this
patient.

Because ER stress has been implicated in the patho-
genesis of RP that involves rhodopsin mutations [3], we
analyzed the expression of the ER stress markers BiP

(Figure 3I) and CHOP (Figure 3]) using real-time PCR
analyses. For this purpose, we purified the Ad-pNrl-EGFP
cells using flow cytometry and extracted mRNA from
the Ad-pNrl-EGFP-positive rod photoreceptor cells. The
mRNA levels of both BiP and CHOP were elevated in the
#5 and B7Rm iPSC-derived rod photoreceptor cells after
5 weeks in differentiation culture. Furthermore, we also
examined the apoptosis-related molecules BID (Figure 3K)
and NOXA (Figure 3L). After 5 weeks of culture, these
molecules were also upregulated in the purified Ad-pNri-
EGFP-positive rod photoreceptor cells derived from the
#5 and B7Rm iPSCs, suggesting that the mutant rhodop-
sin protein induced ER stress and apoptosis.
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Figure 3 Impact of the E181K rhodopsin gene mutation on rod photoreceptor cells derived from iPSC lines. (A) Protocol of rod photoreceptor
cell differentiation. (B) Expression of the rod photoreceptor cell-specific gene Nrf was visualized by infection with the Ad-pNr-EGFP virus. (C) Flow
cytometry analysis of the differentiated cells without (left) and with (right) Ad-pNr-EGFP infection at 5 weeks. (D) The recoverin mRNA levels of the flow
cytometry-purified pNr-EGFP-positive rod photoreceptor cells derived from the #5 iPSCs compared to the undifferentiated #5 iPSCs at the same time
point. (E) Quantification of the pNr-EGFP-positive rod photoreceptor cells in each iPSC line after 2, 3, 4, and 5 weeks of differentiation. Red, B7; blue,
#5Rw; pink, B7Rm; green, #5. N = 9. (F) Proportion of pNr-EGFP-positive rod photoreceptor cells derived from iPSC lines after 5 weeks. N=9. (G, H) The
ratio of dead cells in pNr-EGFP-positive photoreceptor cells detected by Annexin V (G) and Pl (H). N=4. (L) Relative mRNA levels of BiP (1), CHOP (J),
BID {K), and NOXA (L) normalized to b-Actin in the pNr-EGFP-positive cells collected after 5 weeks, as determined by a real-time PCR analysis. N= 3.
Ad-pNr-EGFP, adenovirus promoter Ni-EGFP. *p < 0.05. Scale bar, 40 um. Mean + SD (with each p-values of marked by *) for iPSCs and pNri-EGFP
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were carried out by Student’s T test.

Drug screening using rod photoreceptor cells derived
from RP iPSCs

To explore treatments that may protect rod photoreceptor
cells from the accelerated cell loss induced by the rhodop-
sin mutation, we treated the cells with reagents that could
modify ER stress-related pathways and quantified the
Ad-pNrl-EGFP-positive rod photoreceptor cells using flow
cytometry after 5 weeks in differentiation culture. The

reagents were added to the medium after 3 weeks of cul-
ture and were re-added each time the medium was chan-
ged (every 2-3 days). After 5 weeks of culture, the number
of #5 iPSC-derived rod photoreceptor cells collected and
counted by flow cytometry was significantly increased fol-
lowing treatment with rapamycin and PP242 (both mTOR
inhibitors), AICAR (an activator of AMP kinase [AMPK]),
NQDI-1 (an inhibitor of apoptosis signal-regulating kinase
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1 [ASK1]), and salubrinal (an inhibitor of eukaryotic trans-
lation initiation factor 2 subunit a [e[F2a] phosphatase
and protein synthesis) (Figure 4A). These data showed that
the E181K mutant rhodopsin-related cell loss could be
suppressed by mTOR inhibition, AMPK activation, ASK1
inhibition, or the suppression of protein synthesis.

Effect of treatments on ER stress and apoptosis markers
Next, we investigated the effects of reagents on ER stress
markers in the #5 iPSC-derived rod photoreceptor cells.
After the Ad-pNrl-EGFP-positive cells were purified and
treated with the above-mentioned reagents, mRNA was
harvested from the cells and analyzed using real-time
PCR. The mRNA levels of BiP and CHOP were found to
be reduced following rapamycin, PP242, AICAR, NQDI-
1, or salubrinal treatment (Figure 4B, C) in the Ad-pNri-
EGFP-positive rod photoreceptor cells, suggesting that
these reagents suppressed the ER stress caused by the
mutant rhodopsin. Additionally, the expression levels of
apoptosis-related molecules, which were upregulated in
the rod photoreceptor cells expressing the mutant rhod-
opsin, were decreased following the addition of these
same drugs (Figure 4D, E).

Involvement of autophagy

As ER stress is known to activate autophagy to overcome
cellular dysfunction, we examined autophagy markers in
each line of iPSC-derived rod photoreceptor cells in the
presence and absence of treatment with different drugs.
We first examined LC3 immunostaining that indicates
a putative autophagosome in pNrl-EGFP-positive photo-
receptor cells (Figure 5A-L), and found that the presence
of LC3 was obvious in the cells with rhodopsin mutation
(Figure 5D-I), but hardly detected in the cells without the
mutation (Figure 5A-C, J-L). The autophagy markers LC3,
Atg5, and Atg7 were all suppressed in the #5Rw and
B7 iPSC-derived rod photoreceptor cells compared to the
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levels in the #5 and B7Rm iPSC-derived cells (Figure 5M-O).
Treatment of the #5 iPSC-derived rod photoreceptor cells
with each of the reagents described above also resulted in
the reduced expression of the autophagy markers LC3,
ATG5, and ATG7 (Figure 5P-R).

Discussion

We generated an iPSC line from the somatic cells of a pa-
tient with RP who carried the rhodopsin E181K mutation,
and this iPSC line was used to derive rod photoreceptor
cells that harbored the same rhodopsin mutation. These
cells were then used to demonstrate that the E181K muta-
tion was indeed a pathogenic, disease-causing mutation
and were used to explore the underlying molecular mech-
anisms and potential therapeutic approaches.

A considerable number of genetic abnormalities are rec-
ognized as the cause of RP pathogenesis. Although mul-
tiple genes and multiple mutations within these genes have
been linked to RP, some of these mutations may, in fact, be
non-pathogenic, and, in some cases, patients may have
more than one mutation in their genome [1]. Moreover,
RP is exceptionally heterogeneous, and the same mutation
in different individuals may produce different clinical con-
sequences due, in part, to the different genetic back-
grounds of the individuals [1]. Given these complications,
it has been challenging to determine the precise genotype-
phenotype association of a large number of mutations. In
the present study, using human iPSCs and gene manipula-
tion, we demonstrated that the correction of a rhodopsin
gene mutation reversed photoreceptor cell loss in the
iPSC-derived rod photoreceptor cells of an RP patient,
whereas mutagenesis of the rhodopsin gene in control
iPSCs increased cell loss. These experiments directly dem-
onstrated the pathogenicity of the rhiodopsin mutation in
an in vitro system. When utilizing iPSCs to analyze disease
pathogenesis, there may be a concern that the observed
phenotype might be related to differences in the cell lines
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Figure 4 Drug screening in the RP #5 iPSC-derived rod photoreceptor cells. (A) Relative number of pNr-EGFP-positive rod photoreceptor
cells derived from #5 iPSCs after treatment with each therapeutic reagent. N =9. (B-E) Relative mRNA levels of BiP (B), CHOP (C), BID (D), and
NOXA (E) in the pNrl-EGFP-positive cells cultured with rapamycin, PP242, AICAR, NQDI-1, and salubrinal at 5 weeks after differentiation. Each
reagent increased the rod photoreceptor cell survival at 5 weeks, whereas ER stress and apoptotic markers were suppressed. N =3 for B-E.
Rapa., rapamycin; Salub,, salubrinal. *p < 0.05, **p < 0.01, ***p < 0.001. Mean + SD relative to cont. (with each p-values of marked by *) for Cont,,
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Figure 5 (See legend on next page.)
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(See figure on previous page.)

Figure 5 Autophagy markers in iPSC-derived rod photoreceptor cells. Immunostaining of pNr-EGFP-positive cells (green: A, D, G and J) and
immunocytochemistry using anti-LC3 antibody (magenta: B, E, H and K), and their merged images (C, F, 1, L). Arrowheads indicated pNr-EGFP-
and LC3-double positive cells. Scale bar: 20 pm. The autophagy marker molecules LC3 (M, P), ATGS (N, Q), and ATG7 (O, R) were analyzed using
real-time PCR in the pNr-EGFP-positive rod photoreceptor cells derived from each iPSC line in the absence of treatment (M-0) and in #5
iPSC-derived cells following therapeutic treatment (P-R), both at 5 weeks of culture. Autophagy was suppressed in the #5Rw and B7 iPSC-derived
cells and in the #5 iPSC-derived cells with each treatment. N = 3 for all. Rapa., rapamycin; Salub,, salubrinal. *p < 0.05, ***p < 0.001. Mean +SD
(with each p-values of marked by *) for #5, #5Rw, 87, B7#Rm in (M) 10010, 0.830 + 0.005 (p < 0.0001), 0.881 £ 0.008, 0.943 + 0.003 (p = 0.002);
(N) 1+0.007, 0.747 +0.005 (p < 0.0001), 0.836 = 0.005, 1.06 & 0.006 (p < 0.0001); (O) 1:£0.004, 0.849 £ 0.003 (p < 0.0001), 0.842 +0.003, 1.04 = 0.003
(p < 0.0001). Mean -+ SD relative to cont. (with each p-values of marked by *), for Cont.. Rapa., PP242, AICAR, NQDI-1, Salbr. for (P) 1+ 0.010,
06010001, 0.873 0011, 0.784 4 0.004, 0.885 + 0.004, 0.757 +0.002 (all, p < 0.0001); (Q) 1 +0.007, 0.599 + 0.001, 0.867 + 0.004, 0.772 + 0.003,
0.872 £ 0.0003, 0683 £ 0.001 (all, p < 0.0001); (R) 1+0.004, 0.675 £ 0.001, 0.924 + 0.003, 0.818 + 0.002, 0.879 £ 0.001, 0.818 + 0.004 (all, p < 0.0001).
These data were obtained by technical triplicate and not by biological triplicate. Statistical analyses in M-O and P-R were carried out by Student's

T test and by One-way ANOVA Dunnett's test, respectively.

that reflect differences in the reprogramming process
[22]. Thus, to exclude such a concern, we investigated
the effect of correcting the genetic defect in the patient-
derived iPSC line, aiming to clarify the genotype-
phenotype causal relationship.

This genetically well-controlled study was facilitated by
the use of HDAAV for the gene targeting of human iPSCs.
HDAdV was originally developed to overcome host im-
mune responses to El-deleted AdV, the adenovirus com-
monly used for gene transfer [23]. Because the viral genes
are completely removed from the vector genome, the
HDAGJV system is less toxic to the infected cells. More-
over, the increased cloning capacity of HDAdV when
combined with negative selection was shown to result in
an increased frequency of targeted integrations in human
iPSCs [24]. In the present study, the use of this method-
ology resulted in the successful generation of targeted
iPSCs, and large gene targeting in iPSCs will be useful for
establishing the pathogenesis of various candidate genes
associated with hereditary diseases [25]. Moreover, be-
cause HDAdV gene transfer does not result in the transfer
of viral sequences, this technique may also have the poten-
tial to be used for gene therapy via iPSC transplantation.
Indeed, the HDAdV gene transfer system has -several
advantages compared to other genome-editing methods,
such as CRISPR (clustered regularly interspaced short
palindromic repeats) or TALEN (Transcription Activator-
Like Effector Nucleases), which may induce off-target
alterations [26]. Fu et al. reported that the off-target sites
caused by CRISPR harbored up to five mismatches, and
many sites were mutagenized with frequencies comparable
to those observed at the intended on-target site. This is
because the DNA break caused by Cas9 nuclease, which
leads to the genome editing, can be guided by simple
base-pair complementarity between the first 20 nucleo-
tides of an engineered guide RNA-target DNA interface
and can be easily misguided by sensing mismatched se-
quences. Undesired off-target sites when using TALEN
are also related to unintended DNA cleavage [27]. In con-
trast, the HDAdV gene transfer system does not require

DNA cleavage but instead requires homologous recom-
bination; therefore, this technique results in few off-target
effects.

Clinical trials using several therapeutic approaches for
RP are currently in progress. One example is retinal pig-
ment epithelium-specific 65-kDa protein (RPE65) gene
therapy for the treatment of Leber’s congenital amaurosis
(LCA); this autosomal recessive abnormality is caused by a
loss-of-function of RPE65 and can thus be treated through
the introduction of the normal gene.

In contrast, a different approach is required for auto-
somal dominant diseases caused by mutations that result
in a toxic gain-of-function protein. A randomized trial of
ciliary neurotrophic factor (CNTF) was performed to
evaluate the safety and efficacy of this factor with regard
to the visual functions of RP patients [28]. Although this
treatment caused no serious adverse events, retinal sensi-
tivity was reduced, possibly due to rhodopsin degradation
[29] in response to CNTF. Thus, definitive therapeutic ap-
proaches for RP have not yet been established. Our study
using a patient’s iPSC-derived photoreceptor cells offers a
novel approach for the evaluation of potential of new
therapeutics.

We found that treatment with salubrinal, a selective in-
hibitor of elF2q, led to an increased number of #5 iPSC-
derived rod photoreceptor cells. Additionally, the treated
cells showed reduced levels of ER stress and apoptotic
markers, suggesting that the rod photoreceptor cell death
caused by the rhodopsin E181K mutation could be sup-
pressed by inhibiting protein synthesis, including the syn-
thesis of the abnormal rhodopsin. Treatment with NQDI-1,
an inhibitor of ASK1 activation, also increased the survival
of the mutant rod photoreceptor cells, consistent with the
idea that apoptosis is regulated by the ER stress-induced
Ire-1a-ASK1-JNK pathway {30,31].

Based on these findings, we further investigated the
ER stress-induced apoptosis pathway using additional re-
agents that modify this signaling pathway. Treatment
with rapamycin reduced ER stress markers in the #5
iPSC-derived rod photoreceptor cells and significantly
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increased cell survival. The accumulation of unfolded mu-
tant rhodopsin protein, which increases ER stress, may
have activated the mTORCI-regulated Irela-ASKI1-JNK
apoptotic pathway [30]; mTORCI can further increase cell
death through a positive feedback mechanism, resulting in
increased protein synthesis, including the mutated rhod-
opsin [30]. Thus, the protective effect of rapamycin in
these cells may be due to the suppression of the vicious
cycle between the UPR (unfolded protein response) and
mTORC1 pathways. This FDA-approved drug (rapamy-
cin) can be reassessed to treat RP; however, further studies
are required. In contrast to rapamycin, PP242 inhibits
both mTORC1 and mTORC2; the latter is also influenced
by UPR, and mTORC2 signaling induces survival signal-
ing via AKT activation [30]. This contradictory action of
mTORC2 may limit the overall effect of PP242 on the
suppression of cell death.

AMPK activation through AICAR treatment also exhib-
ited a protective effect by reducing ER stress and increasing
photoreceptor cell survival. Previous studies have shown
that AMPK suppresses mTORC1 indirectly through the
phosphorylation and activation of the tuberous sclerosis
complex (TSC) [30,32]. Additionally, extensive studies have
also revealed that the activity of mTORCL1 is modulated by
intracellular energy levels through multiple mechanisms,
and AMPK is reported to directly phosphorylate multiple
components of the mTORC1 pathway [32].

Autophagy is a process that involves the degradation of
proteins and organelles in response to various forms of
cellular stress, including ER stress [14]. The unfolded or
misfolded proteins in the ER lumen that cause ER stress
are translocated to the cytoplasm where they are de-
graded. During this process, the ubiquitin proteasome sys-
tem and autophagy act as degradation systems for the
unfolded proteins. Thus, disturbing autophagy renders the
cells vulnerable to ER stress, as autophagy plays important
roles in cell survival after ER stress [15]. The absence of
autophagy may cause neurodegenerative diseases [33,34],
and autophagy has also been shown to cause apoptosis
in some diseases by destroying cellular components [35].
Accordingly, we examined the expression of autophagy
markers in the iPSC-derived rod photoreceptor cells with
or without the rhodopsin mutation. We found that the
levels of autophagy markers changed in parallel with the
levels of ER stress and the levels of the apoptosis markers.
We interpret this result that the decrease in autophagy
markers following the drug treatments may have resulted
from the decreased demand for autophagy following the
suppression of ER stress.

In the present study, to examine the effects of various
drugs, and characterize the ER stress and autophagy
marker expression, we could obtain consistent results with
low p-values in the triplicated real-time PCR experiment
(Figures 4 and 5). Strictly, however, these results can be
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interpreted as follows. Because of the limitation of the cul-
ture scale, we had to put each iPSC-derived pNrL-GFP
positive rod photoreceptor cells which were obtained from
each culture well together, before reverse transcription.
Thus, each real-time PCR data in Figures 4 and 5 was ob-
tained using the same RT-product as a template, rather
than biological triplicate. These experimental conditions
can explain why such low p-values for the mRNA expres-
sion changes by various drugs’ treatment. Thus, in the fu-
ture investigations, these results should be re-confirmed
using biological triplicate by performing larger scale of
iPSC cultures and subsequent photoreceptor differenti-
ation assays.

To obtain target cells that could be used to explore dif-
ferent therapeutic approaches, we used Lamba’s differenti-
ation method [16], which allows the cells to express rod
photoreceptor cell markers within only a few weeks. Con-
sidering that the human photoreceptor require more time
to mature iz vivo, it is possible that the photoreceptor cells
derived using this method have artificial intracellular mi-
croenvironments. In fact, there are several protocols for
retinal differentiation that involve months of culture
[11,12,36,37]. However, the method used in the present
study required less time and constitutes an efficient strat-
egy for creating cells that can be used to examine patho-
genic genes and screen novel therapeutics, which can be
then applied in industrial uses.

Conclusions

In summary, the generation of iPSCs from an RP patient
was a valuable approach to demonstrate a causative link
between a pathogenic mutation and a cellular pheno-
type. The use of iPSCs derived from RP and control in-
dividuals, combined with the manipulations of the gene
of interest using HDAdYV, allowed us to examine the ef-
fects of normal and mutant rhodopsin in otherwise gen-
etically identical rod photoreceptor cells. Further studies
using similar systems should help to reveal the molecu-
lar mechanisms underlying other genetic diseases and
could serve as a cellular platform for the evaluation of
potential therapeutics, including the large-scale screen-
ing of compound libraries.

Methods
This study followed the tenets of the Declaration of
Helsinki and was approved by the ethics committee at
Keio University School of Medicine (Approval No.
2008016).

Isolation of human skin cells and generation of iPSCs

Skin cells were obtained from a 53-year-old Japanese fe-
male RP patient by a skin-punch biopsy after the patient
gave her written, informed consent. These cells were then
infected with retroviruses encoding four reprogramming
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factors, Oct3/4, Sox2, KIf4, and c-Myc, as previously de-
scribed, to generate a human iPSC line, RP#5 (#5), [15,38].
The control iPSC line [201B7 (B7)], which was generated
using the same method described for #5, was kindly pro-
vided by Dr. Shinya Yamanaka of Kyoto University [15].
The sequences of the rhodopsin genes in the iPSCs (see
Additional file 1: Table S1) and the immunostaining of
pluripotent markers (see Additional file 2: Table S2) were
analyzed; teratoma formation was confirmed as previously
described [38].

Preparation of HDAdVs and gene targeting

HDAdVs were prepared as previously described to gener-
ate gene-targeted iPSCs (#5Rw and B7Rm clones) (see Re-
sults and Additional file 3).

Differentiation, collection, and analyses of rod
photoreceptor cells

The in vitro differentiation of the rod photoreceptor cells
from iPSCs was performed as previously reported (see
Additional file 3) [16]. The differentiated cells were in-
fected with Ad-pNrl-EGFP, which was generated using the
pENTRI1A plasmid harboring the Nrl promoter region
(kindly provided by Dr. Anand Swaroop, NIH, MD) [19],
2 days prior to each analysis. The cells were suspended in
PBS containing 10 pg/ml propidium jodide (PI) to stain
the non-viable cells and were sorted to collect the
EGFP-positive viable cells using a triple-laser MoFlo
(Dako), FACS Calibur or FACS Aria (BD Biosciences)
flow cytometer. The collected cells were counted or
used for a real-time PCR analysis (see Additional file 1:
Table S1). For real-time PCR analyses, the differentiated
cells were summed up from each culture well according
to the iPSC groups or the treatment groups. Annexin V
staining was performed using Annesin V-Biotin Apop-
tosis Detection Kit (Bio Vision), followed by the staining
with Streptoavidin, Allophcocyanin, crosslinked, conju-
gated antibody (Life Technoloties). Immunohistochemi-
cal analyses were performed using antibodies listed in
Additional file 2: Table S2. Images were obtained using
LSM-710 confocal (Zeiss) microscopes.

Treatment protocol

The iPSC-derived cells were treated with the following
drugs after 3 weeks of differentiation: 10 nM rapamycin
(Selleckchem.com), 500 nM PP242 (Sigma-Aldrich), 2 uM
5-aminoimidazole-4-carboxyamide ribonucleoside (AICAR,
Santa Cruz), 500 nM Nuclear Quality Assurance-1 (NQDI-
1, Axon Medchem), and 3 M salubrinal (Millipore).

Statistical analyses

All the results are expressed as the mean + SD. The differ-
ences were analyzed using the Student’s T test (between 2
groups) and Dunnett’s test (among 6 groups), and the
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differences were considered significant when p <0.05. All
statistical tests were performed using IBM SPSS statistics
Ver.19 (IBM, Armonk, NY) and confirmed using Statal3
(Light Stone, Tokyo, Japan).

Additional files

Additional file 1: Table S1. Primer list.
Additional file 2: Table S2. Antibody list.
Additional file 3: Supplementary materials and methods.
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Here we established a unique human glial cell line, GDC90, derived from a human glioma and demon-
strated its utility as a glial scaffold for the polarization and differentiation of human induced pluripotent
stem cell-derived neural progenitor cells (iPSC-NPCs). When co-cultured with GDC90 cells, iPSC-NPCs
underwent rapid polarization and neurite extension along the radially spreading processes of the
GDC90 cells, and showed migratory behavior. This method is potentially useful for detailed examination
of neurites or for controlling neurites behavior for regenerative medicine.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

During embryonic corticogenesis, neural progenitor cells (NPCs)
and neuronal cells have complicated interactions with glial cells. In
particular, radial glia (RG) cells construct the framework and
control the alignment of neuronal cells during embryonic CNS
development {1]. Glial cells are also important for the differentia-
tion of NPCs derived from pluripotent stem cells (PSCs) and
induced pluripotent stem cells (iPSCs) {2]. It is now possible to
investigate developmental processes of the human central nervous
system (CNS) and the pathogenesis of neural disorders using
human PSCs {3-6]. iPSC-derived NPCs (iPSC-NPCs) can produce
both neuronal and glial cells; however, they tend to remain
neurogenic for a prolonged period {7,8]. Extensive research has

Abbreviations: iPSCs, induced pluripotent stem cells; iPSC-NPCs, iPSC-derived
neural progenitor cells; RG, radial glia; PB, PiggyBac.
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led to methods for promoting iPSC differentiation toward specific
lineages. However, the differentiation propensities of the iPSCs
and iPSC-NPCs are not completely controlled. Furthermore, iPSC-
NPCs produce neuronal cells with disordered and randomly
arranged neurites, which complicates the examination of neurite
morphology and dynamics. The disorderly arrangement of neurites
in in vitro cultures may be due to the absence of the radial glial
scaffold that is abundant during in vivo corticogenesis.

This shortage of glial scaffolds in vitro is addressed by co-cultur-
ing iPSC-NPCs with glial cells. Human iPSC-NPCs can be induced to
develop into mature neurons by culturing them with mouse pri-
mary astrocytes {2|. However, the isolation of primary glial cells
for each experiment is time-consuming and laborious. Thus, the
use of a human glial cell line as a scaffold for iPSC-NPC differenti-
ation may be a more efficient approach.

Here, we established a co-culture system using iPSC-NPCs and a
unique glial cell line, GDC90, which promoted iPSC-NPC differenti-
ation, polarization, and migration. Use of this unique human glial
cell line may shed light on the detailed morphological behaviors
of iPSC-NPCs and contribute to their application in regenerative
medicine.
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2. Materials and methods
2.1. Human tissues and cells

This study was carried out in accordance with the principles of
the Helsinki Declaration, and approval for the use of human tissues
and cells was obtained from the ethical committees of Osaka
National Hospital and Keio University School of Medicine (Nos.
94, 110, 146, IRB0713). Surgically removed primary brain tumor
tissues were collected at the Osaka National Hospital with written
informed consent.

Human iPSC clone 201B7 {8}, obtained from the RIKEN cell bank
(Tsukuba, Japan), was propagated on Mitomycin C-treated mouse
embryonic fibroblast (MEF) feeder cells as previously described {131

Two human glioma cell lines derived from glioblastoma multi-
forme (GBM), U-251MG (IF050288, The Japan Health Sciences
Foundation, Tokyo, Japan) and U-87MG (HTB-14, ATCC), were
propagated in culture medium with 10% fetal bovine serum.
Human neural stem cells (oh-NSC-3-fb) derived from the fetal fore-
brain were propagated by the neurosphere method as previously
described {11}.

2.2. Isolation of glioma-derived cells

Glioma-derived cells (GDCs) were isolated from GBM speci-
mens using a serum-free suspension culture method as previously
described {111

2.3. Generation of iPSC-NPCs

NPCs were generated from the human iPSC line 201B7 by
embryoid body formation and subsequent neurosphere culture as
previously described {81.

2.4. Genetic labeling by PiggyBac (PB) transposon-mediated gene
transfer

A CAG promoter {12}-driven expression cassette and a neomy-
cin-resistanice gene cassette from pEBmulti-neo (Wako, Osaka,
Japan) were cloned into pPB533A2 (System Biosciences, CA, USA),
replacing components between two core insulators and the PB ter-
minal repeat sequences. The coding sequence for EGFP or for tdT-
omato [from ptdTomato-N1 (Clontech, CA, USA)] was cloned
downstream of the CAG promoter to construct pPB-CAG-EGFP (or
-tdTomato) -Neo using restriction enzymes.

Nucleofection of GDC90 cells and iPSC-NPCs was performed as
previously described {13}. Both 7.5 pg of the fluorescent protein
expression vector and 2.5 pg of the PB transposase expression vec-
tor PB200A (System Biosciences) were introduced into 3-5 x 10° -
cells. Fluorescent proteins were expressed in U-87MG and U-
251MG cells by transfecting them with PB vectors using the
FuGene HD Transfection Reagent (Promega, WI, USA). Geneticin
(200-600 pg/ml, Life Technologies) was maintained in the medium
until the second passage.

2.5. Quantitative RT-PCR

Total RNAs were isolated using the RNeasy Mini Kit (Qiagen,

Venulo, Netherlands). Template ¢cDNA samples were synthesized
using the Prime Script RT Reagent kit (Takara, Shiga, Japan). Real-
time quantitative PCR was performed with the PowerSYBR Green
PCR Mix (Life Technologies) and the ABI7300 Real-time PCR system
(Life Technologies) using gene-specific primer pairs (Supplemental
Table 1). The expression value (Ct value) of each gene was normal-
ized to that of GAPDH, and the normalized expression values were
compared as previously described {10].

2.6, Immunocytochemistry and imaging analysis

GDC90 or iPSC-NPC aggregates were plated on Matrigel-GFR-
(BD Biosciences, NJ, USA) coated glass chamber slides (Matsunami
Glass, Osaka, Japan). The samples fixed with 4% paraformaldehyde
were incubated with primary antibody overnight at 4 °C and then
in secondary antibody and the DRAQ5 nuclear stain (Biostatus,
Leicestershire, UK) for 1h at room temperature. Images were
acquired using LSM510 and LSM5 software (Carl Zeiss, Oberko-
chen, Germany).

The primary antibodies were rabbit anti-Nestin (1:500) {14},
rabbit anti-glial fibrillary acidic protein (GFAP) (1:80, Sigma),
mouse anti-pll tubulin (1:500, Covance, Princeton, NJ, USA), rabbit
anti-brain lipid binding protein (BLBP) (1:500, Millipore), rabbit
anti-SOX2 (1:500, Chemicon), and rabbit anti-doublecortin (DCX)
(1:400, Cell Signaling, Danvers, MA, USA). The secondary antibod-
ies were goat anti-rabbit IgG Alexa Fluor® 488 (1:1000, Molecular
Probes, CA, USA), goat anti-mouse IgG Alexa Fluor® 648 (1:1000,
Molecular Probes), and goat anti-rabbit IgG Alexa Fluor® 648
(1:1000, Molecular Probes). Fluorescence microscopy was per-
formed with an IX81 inverted microscope (Olympus, Tokyo,
Japan). Time-lapse images were taken in a DH35i micro-incuba-
tion system with an automatic temperature controller (Warner
Instruments, CT), using Lumina Vision software (Mitani, Fukui,
Japan).

2.7. iPSC-NPC and GDC90 co-culture

For adjacent co-cultures, approximately 10 spheres each of
GDC90 cells and iPSC-NPCs were collected and plated on Matri-
gel-GFR~(BD Biosciences) coated glass-bottom dishes (Matsunami
Glass) in differentiation medium containing Neurobasal Medium
(Life Technologies), 2% B27 supplement (Life Technologies), 2 mM
t-glutamine (Life Technologies), and 1% Antibiotic-Antimycotic
(Life Technologies). For adjacent co-cultures using U-87MG or U-
251MG cells, aggregates were formed from 5 x 10° cells in low-
attachment 96-well V-bottom (conical) plates (PrimeSurface,
Sumitomo Bakelite, Tokyo, Japan). For mixed co-cultures, 5 x 103
U-87MG or U-251MG cells or 5.0x10° GDC90 cells and
5.0 x 10% iPSC-NPCs were seeded into a single well of a low attach-
ment 96-well V-bottom plate one day before plating on the Matri-
gel-GFR-coated dishes.

2.8. Three-dimensional co-culture of iPSC-NPCs and GDC90 cells on a
silicate membrane

Mixed aggregates containing 1 x 10% cells each of iPSC-NPCs
and GDC90 cells, generated as described above, were plated on a
CellBed silicate fiber membrane (Japan Vilene, Tokyo, Japan,
http:/fwww cellbed~ip.comy). The green fluorescence of neurites
extending from the EGFP-expressing iPSC-NPCs was observed with
an IX81 fluorescence microscope.

2.9. Statistical analysis
All data represent the mean of values determined from three

experiments. The statistical analysis of the results was performed
by Welch's t-test.

3. Results
3.1. Isolation and establishment of fluorescently labeled human GDCs

We isolated a cell line, GDC90, from the tumor specimen of a
74-year-old female glioblastoma multiforme (GBM) patient. To
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distinguish GDC90 cells from host or co-cultured cells, we used the
PB transposon vector which contains a tdTomato-expressing cas-
sette driven by the CAG promoter, a neomycin-resistance gene cas-
sette, and the PB terminal repeats sequence (Fig. 1A). Following
nucleofection of this vector and neomycin selection, GDC90 cells
were isolated that stably expressed tdTomato and maintained fluo-
rescence for over 10 passages, even when antibiotic selection was
discontinued (¥ig. 1B, C). Glioma cell lines (U-87MG, U-251MG),
and GDC40 cells, another GDC line isolated from a GBM patient
(Okada et al., submitted), were also labeled using the same system
(Fig. 1D-I). To observe the dynamic behavior of iPSC-NPCs, we
established EGFP-labeled iPSC-NPC cell lines using the same nucle-
ofection method (Fig. 1], K).

To characterize the glial cell lines, we examined neural marker
expression using quantitative RT-PCR and immunocytochemistry.
Quantitative RT-PCR (Fig. 1Q) showed that the Nestin mRNA level
was higher in GDC90 than in the other glial cell lines (n=3,
P<0.001) and that GFAP was more highly expressed in GDC90
and U-251MG cells than in iPSC-NPCs (n=3, P <0.001). The BLBP
expression was higher in GDC90 and GDC40 than in U-251MG cells
(n=3, P<0.001, P<0.01, respectively), where high BLBP expres-
sion was previously reported [ 15]. The PAX6 expression was higher
in GDC90 than GDC40 cells (n = 3, P < 0.01), but lower than in iPSC-
NPCs (n =3, P<0.01). Immunocytochemical analyses showed that
plated GDC90 cells had a polarized morphology with extended pro-
cesses that were Nestin-, GFAP-, and BLBP-positive (Fig. 1L-N), and
SOX2-positive nuclei (Fig. 10).

Collectively, these results showed that GDC90 cells exhibited
a molecular expression profile that was characteristic of
both glial and NPCs. This profile may be reminiscent of
RG cells, which are one of the candidate originators of human
gliomas.

3TR Core
Insulator

Core  STR
Insulator

3.2. iPSC-NPC and glial cell co-culture system

To assess the behavior of iPSC-NPCs in contact with glial cell
lines, we performed two different co-culture experiments. In the
first, we plated a fluorescently labeled glial cell line (U-251MG,
U-87MG, or GDC90) and iPSC-NPC spheres on the same dish
(Fig. 2A). GDCI0 aggregates plated on the dish extended their tdT-
omato-positive fibers in a regular and radial manner, and the
neighboring iPSC-NPCs extended their EGFP-positive fibers along
the GDCI0 radial fibers (Fig. 2B). Most of the iPSC-NPC processes
extended into the core of the adjacent GDC90 aggregate (¥ig. 2C),
and some of them even passed through the core and exited along
the radial fiber on the other side (Supplementary Movie 1). In con-
trast to GDCY0, U-251MG (Fig. 2D) and U-87MG (¥ig. 2E) processes
did not spread radially from the aggregates, and neighboring iPSC-
NPCs did not extend their processes in a regular and radial manner
in the co-culture.

In the second experiment, we generated mixed aggregates from
fluorescently labeled glial cells and iPSC-NPCs (Fig. 2F). Soon after
plating, numerous iPSC-NPCs had migrated out from the sphere
along the radial fibers of GDC90 cells (Fig. 2G, H). Approximately
10 days after plating, we observed the translocation-like migration
of iPSC-NPC-derived neurons along the radial fibers of GDC90 cells
(Supplementary Movie 2). The U-251MG and U-87MG lines did not
exhibit these scaffolding properties, possibly because they were
isolated and cultured as adherent cells in serum-containing med-
ium, rather than as floating neurospheres in serum-free medium.
We therefore tested another human glioma-derived cell line,
GDC40, which was isolated using the serum-free neurosphere
method. Interestingly, although the GDC40 cells expressed radial
glial marker BLBP and Nestin, similar to GDC90 cells (Fig. 1Q), they
did not efficiently support iPSC-NPC neurites extension (¥ig. 2I, J).
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Fig. 1. Generation of fluorescently labeled cells and molecular characterization of GDC90 cells. (A) Construction of the PiggyBac transposon fluorescent protein (FP)
expression vector. The CAG promoter enables strong expression in NPCs, and fluorescently labeled cells can be selected by neomycin resistance. (B-K) Proliferating GDC90
aggregates, other glial cell lines, and iPSC-NPC neurospheres with stable and strong fluorescent protein expression. Scale bar: 200 pm. (L-P) Immunocytochemistry of GDCS0.
GDC90 cells expressed the neural stem/progenitor cell markers Nestin and SOX2 and the RG cell markers GFAP and BLBP. Scale bar: 50 pm. (J-L): Quantitative RT-PCR analysis
of GDC90. GDCY0 cells expressed Nestin and GFAP and higher levels of BLBP than U-251MG cells (**P< 0.001, *P < 0.01).
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Fig. 2. Fluorescence imaging of co-cultured iPSC-NPCs and GDC90 cells. (A) Schematic of the adjacent co-culture system. iPSC-NPC neurospheres and glial aggregates were
plated in contact on the same dish. Glial cells and iPSC-NPCs were distinguished by their expression of tdTomato and EGFP, respectively. (B, C) Numerous iPSC-NPC-derived
neurites were observed extending along GDC90 fibers, toward GDC90 aggregates. Scale bars: 500 and 200 pm in B and C, respectively. (D, E) The other glioma cell lines, U-
251MG and U-87MG, did not form polarized fibers and attracted fewer neurites. Scale bar: 200 pm. (F) Schematic of mixed co-culture system. Aggregates containing both
glial cells and iPSC-NPCs were plated. (G, H) GDC90-derived polarized radial fibers spread from the mixed aggregates. iPSC-NPCs-derived neurites were spread along GDC90
radiating fibers. The neurites ran efferently from the GDC90 cells. Scale bar: 200 pm. (1, J) Cells of the other glioma-derived cell line GDC40 were not polarized and showed
random fiber spreading. The co-cultured iPSC-NPCs did not become polarized and did not exhibit regular neurite extension. (X, L) Immunocytochemistry of a neuronal marker
in iPSC-NPCs. In both the adjacent and mixed co-cultures, BIII tubulin-positive (blue) neurites extended radially and exhibited EGFP fluorescence. The iPSC-NPC-derived
neuronal cell bodies (arrow) were migrating away from the aggregates. Scale bar: 50 pm. (M, N) Immunocytochemistry of DCX, a marker of migrating young neurons, A
migrating EGFP-positive iPSC-NPC-derived neuron expressed DCX in its leading process (arrowhead). Another DCX-positive neuron labeled with EGFP fluorescence was

observed migrating along a GDC90 radial fiber that was identified by its tdTomato fluorescence (arrow). Scale bar: 50 pum.

Immunocytochemical analyses of the iPSC-NPC-GDC90
co-culture showed that the EGFP-positive fibers extending from
the iPSC-NPCs were BIII tubulin-positive neurites (Fig. 2K, L), which
also expressed DCX, a characteristic of migrating neurons (Fig. ZM).
DCX-positive iPSC-NPC-derived neurons were observed in associa-
tion with tdTomato-positive glial fibers (Fig. 2N), suggesting that
the GD90-co-cultured iPSC-NPCs became polarized and migrated
along GDC90 processes, similar to their movement along glial scaf-
folds in vivo.

In both cultures, the iPSC-NPCs differentiated into neurons that
migrated along GDC90-derived radial fibers, which supported both
afferent and efferent neurite extension. Thus, GDC90 represents a
unique glial cell line that supports iPSC-NPC differentiation, polar-
ization, and migration.

3.3. Glioma-derived glial cells exhibit a strong affinity for iPSC-NPCs

In the co-culture system, iPSC-NPCs showed different responses
to monolayer-cultured glioma-derived cells (U-251MG and
U-87MG) versus neurosphere-cultured-GDCs (GDC90). We consid-
ered that the differently prepared GDCs might have different affin-
ities for iPSC-NPCs. To explore this possibility, we generated mixed
aggregates that contained equal numbers of glioma-derived cells
and iPSC-NPCs. As expected, the GDC90 cells and iPSC-NPCs formed
single aggregates, in which iPSC-NPCs were relatively abundant in

the inner portion (¥Fig. 3D). In contrast, iPSC-NPCs and U-251MG
or U-87MG failed to form homogeneous aggregates (Fig. 3E, F).
Unexpectedly, the iPSC-NPCs formed patchy clusters in these aggre-
gates after one day of culture, and the two cell types formed com-
pletely separate aggregates after five days (Fig. 3H, 1). These
observations indicated that GDCY0 cells might have a higher affinity
for iPSC-NPCs than do U-251MG or U-87MG cells. This may be partly
due to differences in cell adhesion molecule expression. In fact,
quantitative RT-PCR showed that the N-cadherin expression was
similar in GCD90 cells and iPSC-NPCs (P = 0.3), but approximately
half that level in U-251MG cells (P < 0.01) (Fig. 3]). Thus, the high
affinity of GDC90 and iPSC-NPCs for each other might reflect their
shared expression of N-cadherin, which is abundant in neural tissue.

3.4. GDCY0 and iPSC-NPC co-culture on an artificial membrane

RG cells provide a structural framework for embryonic cortico-
genesis and are necessary for CNS regeneration in lower animals.
Thus, we further explored the effects of GDC90 cells on iPSC-NPC
behavior. To induce neurite extension three-dimensionally from
iPSC-NPCs, we plated mixed GDC90 and iPSC-NPC aggregates on
a silicate fiber substrate. In these membranes, large slits between
the silicate fibers represent sites where GDC90 cells and iPSC-NPCs
can interact directly. When these cell types were co-cultured on
the artificial substrate, GDC90 cells spread across the surface of
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Fig. 3. GDC90 cells exhibit a higher affinity for iPSC-NPCs than do other glioma-derived cells. (A-C) Fluorescence imaging of iPSC-NPCs and glioma-derived cells just after
forming mixed aggregates in V-bottom plates. (D~I) Glioma-derived cells exhibited different affinities for iPSC-NPCs. On day 1 (D-F), iPSC-NPCs formed patchy aggregates
with U-251 or U-87MG cells. By day 6 the iPSC-NPCs were excluded from the U-251 or U-87 MB aggregates, while iPSC-NPCs remained in the mixed aggregates with GDC90
cells, suggesting that GDC90 cells have a higher affinity for iPSC-NPCs than do other established glioma cell lines. Scale bar: 1 mm. (J) Quantitative RT-PCR analysis of N-
cadherin. N-cadherin expression levels were normalized to that of the U-87MG glioma cell line. N-cadherin expression in GDC90 cells was at least twice that in other glioma
cells lines (**P < 0.001). iPSC-NPCs expressed high levels of N-cadherin, similar to that of the human neural stem cell line (hNSC).

the membrane, and their outgrowth led to scaffold formation,
followed by iPSC-NPC-derived neurite extension (Fig. 4A-C). Even
after two months of culture, the iPSC-NPC-derived neurons sur-
vived on the membrane; they exhibited a highly polarized mor-
phology, characterized by the extension of long neurites
(Fig. 4D-F). Based on these observations, we concluded that
GDC90 cells could be used in conjunction with the artificial sub-
strate as a three-dimensional scaffold for iPSC-NPC differentiation.

4. Discussion

Here, we established a unique human glial cell line, GDC90,
which exhibited a radial glial-like molecular signature, a polarized

shape, and radially spreading processes. Compared with the other
glial cell lines tested, GDC90 cells showed a higher affinity for
iPSC-NPCs, consistent with a previous report indicating that
various glioma cell lines have different affinities for NSCs {18&].
Consistent with this higher affinity, GDC90 cells expressed more
N-cadherin than the other glioma-derived cell lines. Considering
that during mouse corticogenesis, N-cadherin is essential for the
attachment between radial glial cells and migrating neurons
{171, N-cadherin may contribute to the scaffolding function of
GDCA0 cells in our in vitro system. The molecular signature and
scaffolding properties of the GDC90 cells suggest they share some
characteristics with RG cells. Our findings support the possibility
that RG cells are involved in human glioma development {1§-20].

A GDCHO pad IPSC-NPCs
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D Differsntiated IPSC-NPCs
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Fig. 4. Behavior of iPSC-NPCs co-cultured with GDC90 cells on a three-dimensional scaffold. (A-C) GDC90 cells directed iPSC-NPCs-derived neurite extension on a silicate
fiber membrane. When GDC90 and iPSC-NPCs mixed aggregates were plated on the artificial membrane, iPSC-NPC neurites extended along the spreading GDC90 fibers. Scale
bar: 100 pm. (D-F) Long-term co-culture of iPSC-NPCs and GDC90 cells on the silicate membrane. iPSC-NPCs became polarized and extended long neurites along the

membrane fibers. Scale bar: 500 pm and 200 pm, respectively in E and F.
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Co-culture of the fluorescently labeled cells showed that GDC90
cells could support the differentiation, polarization, and migration
of iPSC-NPCs. Our findings suggest that the co-culture of RG-like
GDC90 cells converts iPSC-NPCs to polarized neurons that migrate
in vitro, consistent with a previous report showing that mouse neu- )
ronal migration in vitro required the presence of glial cells, which WA ’ ; artin,
were prepared from fetal mouse brains or cultured neural stem H :
cells {21,22}. Thus, our unique co-culture system enables in vitro
modeling of the differentiation, polarization, and migration of
iPSC-NPCs without in vivo xeno-transplantation procedures.

Non-vertebrate or lower vertebrate animals can reconstruct a
functional CNS via RG cell activation prior to neurogenesis {23
251, Here, we attempted to recapitulate this regenerative process
on a three-dimensional scaffold. The co-culture of GDC90 cells
and iPSC-NPCs on a silicate fiber membrane supported the exten-
sion of neurites from the iPSC-NPCs and the development of
iPSC-NPC-derived polarized neurons that were capable of long-
term survival. This membrane is so easy to handle that it may be
technically possible to transplant this well-differentiated neuronal
tissue. Conceptually, “glial-controlled regeneration” might provide
a hint for regeneration of injured CNS. Although clinical applica-
tions will require the replacement of tumor-derived glial cells by
iPSC-derived RGs {28,27}, GDC90 or mitotically inactivated
GDC90 cells will still be useful for basic research until advances
in differentiation methods enable the reproducible, stable and
abundant production of iPSC-derived RG cells.

5. Conclusion )

' cells with the

We established a unique human glial cell line, GDC90, and

examined its effects on iPSC-NPC differentiation, polarization,

and migration. This simple technique has the potential to acceler-

ate the research and development of iPSC-based disease modeling
and regenerative medicine.
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Abstract

Osteosarcoma is a malignant bone tumor in children and adolescents characterized by intrinsic thera-
peutic resistance. The IGF2 is expressed at elevated levels in osteosarcoma after treatment with chemo-
therapy, prompting an examination of its functional contributions to resistance. We found that continuous
exposure to IGF2 or insulin in the absence of serum created a dormant growth state in osteosarcoma
cells that conferred resistance to various chemotherapeutic drugs in vitro. Mechanistic investigations
revealed that this dormant state correlated with downregulation of downstream signaling by the IGF1
receptor, heightened cell survival, enhanced autophagy, and the presence of extracellular glutamine.
Notably, inhibiting autophagy or depleting glutamine was sufficient to increase chemotherapeutic sensitivity
in osteosarcoma xenografts in mice. Clinically, we confirmed that IGF expression levels were elevated in
human osteosarcoma specimens from patients who received chemotherapy. Together, our results suggest
that activation of IGF or insulin signaling preserves the survival of osteosarcoma cells under chemo-
therapeutic stress, providing a drug-resistant population that may engender minimal residual disease.
Attenuating this survival mechanism may help overcome therapeutic resistance in osteosarcoma. Cancer

Res; 74(22); 6531-41. ©2014 AACR.
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introduction

Osteosarcoma is the most common nonhematogenous
malignant bone tumor in children and adolescents. Death
from osteosarcoma is largely attributable to the unchecked
survival of a chemoresistant cells, and clinical outcomes have
not changed substantially over the past 20 years (1-3).
Characterization of the mechanisms of such chemoresis-
tance will thus be a key to the development of novel ther-
apeutic options.

The emergence of drug-resistant cancer cells has been
attributed to stochastic events mostly associated with genetic
mutations (4, 5). However, the mutation-based mechanism is
thought to occur over a relatively long time period and may
therefore not account for the rapid emergence of latent drug-
tolerant cells. Instead, nonmutational alterations after the
onset of therapy induced by the modified microenvironment
also can give rise to a drug-tolerant state in cancer cells (4,6, 7).
Also importantly, resistant subpopulations of cancer cells,
possibly identical to cancer stem cells, may initially be present
within tumors, and their subsequent enrichment by therapy
may be responsible for the recurrence of disease (8-10).
Because pre-existing resistant subpopulations, such as cancer
stem cells, have not yet been fully ascertained in osteosarcoma,
elucidation of the molecular mechanisms underlying such
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therapy-induced alterations in cancer will be important for
the development of new treatments.

We recently developed a mouse model of osteosarcoma
based on the overexpression of ¢-MYC in bone marrow
stromal cells derived from Ink4a/Arf knockout mice. Injec-
tion of highly tumorigenic cells (designated AXT cells) into
syngeneic mice results in the development of lethal osteo-
sarcoma with metastatic lesions that mimics human oste-
oblastic osteosarcoma (11). We previously showed that
cellular heterogeneity as well as therapeutic resistance in
this model can be brought about by soluble factors released
from the tumor microenvironment (12).

In the present study, we identified IGF2 as a soluble factor
whose gene was expressed at an increased level in osteosar-
coma tumors after chemotherapy. Despite its function as a
growth factor, IGF2 ensured cell survival with arresting cell
cycle and conferred a drug-tolerant state in osteosarcoma
cells. These effects of IGF2 were mimicked by insulin. Our
findings implicate IGF2 and possibly insulin signaling in the
therapeutic resistance of osteosarcoma.

Materials and Methods

Human osteosarcoma samples

Osteosarcoma tissues were obtained from each patient at
the time of biopsy (T1) and surgical resection after neoadjvant
chemotherapy (T2). All patients received basically same che-
motherapy, and all samples were approved for analysis by the
ethics committee of the Faculty of Medicine, Kyoto University
(Kyoto, Japan). Characteristics of each patient in detail are
described in Table 1.

Cell culture

AXT cells and human SAQOS2 and U20S (ATCC) were main-
tained in IMDM (Life Technologies) supplemented with 10%
FBS. For continuous exposure to mouse or human IGF2 (R&D
Systems) or human insulin (Sigma-Aldrich), cells were incu-
bated overnight in serum-containing medium, washed with
serum-free medium, and cultured in DMEM containing high
glucose supplemented with 2 mmol/L GlutaMAX (Life Tech-
nologies) and either 50 ng/mL IGF2 or 50 nmol/L insulin.
Medium was replaced 3 times a week, and the cells were
subjected to analyses at 12 hours after a medium change unless
indicated otherwise.

Cell proliferation assay

Cell viability was measured with Cell Titer-Glo Assay kit
(Promega). The detailed experimental scheme is shown in
Supplementary Materials and Methods and Supplementary
Fig. S1D.

Tumor xenograft model

All animal care and procedures were performed in accor-
dance with the guidelines of Hoshi University (Tokyo, Japan)
and Keio University. For establishment of tumor xenografts,
AXT cells (1 x 10°) were suspended in PBS and injected
subcutaneously into 8-week-old female C57BL/6 mice (SLC)
on day 0. The schedule of administration of drugs is described
in Supplementary Materials and Methods.

Reverse transcription-PCR

For patient samples, total RNA was isolated using RNeasy
Mini Kit (QIAGEN) and treated with a DNase-one kit (QIA-
GEN) to remove gDNA. Reverse transcriptase (RT) reaction
was performed using 1 to 2 pg of total RNA with the
SuperScript III First-Strand Synthesis System (Life Technol-
ogies) according to the manufacturer’s instructions. Real-
time PCR was performed in triplicate using SYBR Green
reagent (Applied Biosystems). cDNA from human liver was
obtained from Human MTC Panell (Clontech). HOS cells
were obtained from ATCC. The abundance of target mRNAs
was determined relative to that of ACTB mRNA. For mouse
samples, total RNA extraction, reverse transcription, and
real-time PCR analysis was performed as described previ-
ously (12). Sets of primers for real-time PCR are listed in
Supplementary Table S1.

RNAi

AXT cells were subjected to reverse transfection for 24 hours
under serum-containing IMDM with Silencer Select siRNAs for
Atg7 (s92536 or $92538; siRNAs 1 and 2, respectively) or with a
control siRNA (Life Technologies), each at a concentration of
50 nmol/L. The detailed experimental scheme is shown in
Supplementary Materials and Methods and Supplementary
Fig. SIE.

Flow cytometry

Celis were fixed for 1 day with ice-cold 70% ethanol,
washed with PBS, and incubated for 1 hour on ice with
Alexa Fluor 647-conjugated Ki67 antibody (Cell Signaling
Technology). Then, cells were washed and suspended in PBS
containing propidium iodide at 10 pg/mL and RNase A
(Sigma-Aldrich). DNA damage was evaluated using Alexa
Fluor 647-conjugated YH2AX antibody and an isotype con-
trol antibody according to the manufacturer’s instructions
(Cell Signaling Technology). At least 10,000 live cells were
analyzed by FACS Verse (BD Biosciences). Data were ana-
lyzed with FlowJo software (Tree Star).

Time lapse imaging

AXT cells were cultured either in serum- or IGF2-con-
taining medium for 1 or 8 days before analysis, respec-
tively. Cells incubated in the IGF2-containing medium
were also exposed to serum beginning at 17.75 hours after
the onset of analysis. Images were obtained as previously
described (13).

Immunoblot analysis

Cells were lysed with Laemrnli sample buffer (Bio-Rad). For
preparation of a tumor homogenate, small fragments were
suspended in the same buffer and disrupted using Biomasher
(Nippi) and ultrasonic treatment. Immunoblot analysis was
performed as previously described (11, 12). Actin or a-tubulin
was examined as a loading control.

Transmission electron microscopy
Sample preparation and acquisition of images was per-
formed as described elsewhere (14).
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Immunostaining

Immunohistochemical analysis was performed as previ-
ously described (11, 12) using antibodies to GFP (Santa Cruz
Biotechnology) and LC3 (MBL). For immunofluorescent
staining, cells were fixed with ice-cold acetone for 5 minutes
for Ki67 and phospho-histone H2AX or 4% paraformalde-
hyde for 15 minutes for phospho-histone H3, respectively,
washed 3 times with PBS, exposed to PBS containing 3% BSA
for 1 hour, and stained with antibodies to Ki67, phospho-
histone H2AX, or phospho-histone H3 (Cell Signaling
Technology). Alexa Fluor 488, 555, or 594~conjugated sec-
ondary antibodies were purchased from Life Technologies.
Nuclei were stained with TOTO3 (Life Technologies) or
4’ 6-diamidino-2-phenylindole (DAPI; Vector Laboratories).
Stained cells were observed with a confocal microscope
(LSM510; Zeiss) or a fluorescence microscope.

Measurement of the activity of Gst

Gst activity was measured by Gst activity assay kit (Abcam).
Values were divided by each cell number and the activity per
cell was calculated.

Statistical analysis

All assays were performed at least in triplicate and data are
presented as means == SD and analyzed by the Student t test
unless indicated otherwise.

Resulis

IGF2 ensures survival of osteosarcoma cells in the
absence of serum

Environmental soluble factors are known to alter the
characteristics of cells. To clarify the mechanisms under-
lying emergence of chemoresistance of osteosarcoma, the
expression of various soluble factors was examined. After
exclusion of highly expressed molecules without the treat-
ment of chemotherapeutic agents, which were previously
described (12), we found IGF2 as one of the candidates
whose mRNA abundance was originally low but signifi-
cantly upregulated after chemotherapy. The amount of IgfI
mRNA was unaffected (Fig. 1A and Supplementary Fig.
S1A). This effect was even more pronounced in tumor
cells sorted by GFP, which was overexpressed in AXT cells
but not observed in GFP-negative nontumor cells. Serum
IGF2 level was significantly increased in tumor-bearing
mice and further slight increase was induced by chemo-
therapy (Supplementary Fig. S1B). On the basis of these
findings, we investigated the role of IGF2 in osteosarcoma
cells.

We first examined the effect of IGF2 on cell prolifera-
tion, IGF2 slightly stimulated proliferation in the presence of
serum (Fig. 1B). Whereas withdrawal of serum results in cell-
cycle arrest followed by cell death, the addition of IGF2 was
found to support AXT cell survival after serum withdrawal.
Mitotic cells were scarcely observed in AXT cells cultured in
the presence of IGF2 (Fig. 1C). Insulin and IGF1 share down-
stream signaling pathways with IGF2 (15), and they also
supported the survival of AXT cells after serum withdrawal

(Fig. 1D, data not shown). In contrast, FGF2 had no such
effect. The human osteosarcoma cell lines SAOS2 and U208
survived in the absence of serum to a greater extent than did
AXT cells. Although mitotic cells or many surviving cells were
detected even under serum-free condition for 3 or 10 days,
respectively, in U20S cells (Supplementary Fig. S1C); there-
fore, the effect of IGF2 was undervalued, the survival of both
human cells was also significantly enhanced by the presence
of IGF2 (Fig. 1E). These findings indicated that IGF2 and
insulin ensure osteosarcoma cell survival under serum-free
conditions.

Dormancy-like state induced by long-term exposure to
1GF2 or insulin

All AXT cells were dead under serum-free condition
within 10 days, whereas flow cytometric analysis of live cells
revealed that the Go-G, fraction and the proportion of Ki67-
negative (nonproliferating) cells was significantly increased,
whereas the S and G,-M fractions were significantly
decreased for AXT cells maintained in IGF2-containing
medium compared with those maintained in serum-contain-
ing medium (Fig. 2A and B and Supplementary Fig. S2A-
$2C). AXT cells that had been arrested in IGF2 medium re-
entered the cell cycle 24 hours after exposure to serum.
Similar cell-cycle arrest and downregulation of Ki67 expres-
sion were apparent both in AXT cells exposed to insulin and
in SAOS2 cells exposed to IGF2 (Fig. 2C and D and Supple-
mentary Fig. $2D-S2F).

To clarify the effect of IGF2 on cell cycle at the single-cell
level, we performed time-lapse video microscopy. AXT cells
cultured in serum-containing medium proliferated rapidly
to achieve confluence within 1 day with a doubling time of
462 £ 30.3 min (n = 5 Fig. 2E). In contrast, most cells
cultured in the presence of IGF2 had not entered mitosis
during observation for up to 19 hours, although some cells
entered the cell cycle. The arrested cells progressed into
mitosis after subsequent exposure to serum (Fig. 2E and
Supplementary Movie S1). The abundance of cyclins was
downregulated in the IGF2-treated cells; however, this
downregulation was reversed on exposure of the cell to
serum (Fig. 2F). The proteasome inhibitor bortezomib also
partially restored cyclin levels in IGF2-treated cells (Supple-
mentary Fig. $2G), suggesting the involvement of protea-
some-mediated degradation. Similar to IGF2, insulin medi-
ated the reversible downregulation of cyclin expression in
AXT cells. Together, these findings suggested that continu-
ous exposure to IGF2 or insulin in the absence of serum
maintains survival under dormancy-like state of osteosar-
coma cells.

Long-term exposure leads to attenuation of
responsiveness to IGF2 in AXT cells

To gain insight into the mechanism underlying the
dormancy-like state, we examined signaling downstream
of the IGF1 receptor (IGF1R). Binding of ligands to IGF1R
triggers activation of signaling by the PISK-Akt pathway
(15). Removal of serum resulted in the dephosphorylation
of Akt as well as of p70S6K and S6 in 2 hours (Fig. 3A).
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Figure 1. IGF2 ensures osteosarcoma cell survival under serum-free conditions. A, real-time PCR analysis of Igf2 expression in AXT cell-derived
subcutaneous tumors in mice subjected to chemotherapy. Data are presented as box-and-whisker plots for the indicated numbers of tumors. N.S.,
not significant. B, left and middle, cell viability of AXT cells cultured in medium containing serum either alone or together with mouse IGF2 or in
serum-free medium with or without IGF2. Each ratio relative to the value for day 0 was calculated. Right, number of viable AXT cells cultured
under serum-free condition with or without IGF2 for indicated days was counted. Live cells were evaluated by trypan blue exclusion. C, top, morphology
of AXT cells maintained in the presence of serum or cultured in IGF2-containing medium for 6 days. Cells enclosed by circles are mitotic cells.
Bottom, AXT cells cultured in the presence of serum or IGF2-containing medium for 5 days were stained with a phospho-histone H3 antibody and DAPI.
D, viability of AXT cells cultured in serum-free medium with or without FGF2 (20 ng/mL) or insulin. E, viability of SAOS2 or U208 cells cultured in

serum-free medium with or without human 1GF2.

Exposure of the serum-deprived cells to IGF2 induced a
transient increase in the phosphorylation levels of these
proteins, which had started to decline by 3 hours. To deter-
mine whether the transient nature of these effects of IGF2
was due to a loss of activity, we refreshed the IGF2-contain-
ing medium for the final 30 minutes of each incubation.
However, such replenishment of IGF2 did not restore the
phosphorylation levels of Akt and, more clearly, p70S6K and
S6 at 12 hours (Fig. 3A). This attenuation of responsiveness

was also apparent in cells cultured for 3 days under the
presence of IGF2 (Fig. 3B). These cells fully responded to
IGF2 24 hours after the final supplement of IGF2. However,
this activation was rapidly downregulated and subsequent
replenishment could not lead to the same level of activation
of p70S6K and S6 as the initial response (Fig. 3B). Notably,
downregulation of signaling apparent in cells cultured in
the presence of IGF2 or insulin for 7 days was fully reversed
by exposure of the cells to serum (Fig. 3C). We obtained
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