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SUMMARY

PlWi-interacting RNAs (piRNAs) direct Piwi to
repress transposons and maintain genome integrity
in Drosophila ovarian somatic cells. piRNA matura-
tion and association with Piwi occur at perinuclear
Yb bodies, the centers of piRNA biogenesis. Here,
we show that piRNA intermediates arising from the
piRNA cluster flamenco (flam) localize to perinuclear
foci adjacent to Yb bodies, termed Flam bodies.
RNAi-based screening of piRNA factors revealed
that Flam body formation depends on Yb, the core
component of Yb bodies, while Piwi and another
Yb body component, Armitage, are dispensable
for formation. Abolishing the RNA-binding activity
of Yb disrupts both Flam bodies and Yb bodies.
Yb directly binds flam, but not transcripts from
neighboring protein-coding genes. Thus, Yb inte-
grates piRNA intermediates and piRNA processing
factors selectively into Flam bodies and Yb bodies,
respectively. We suggest that Yb is a key upstream
factor in the cytoplasmic phase of the piRNA
pathway in ovarian somatic cells.

INTRODUCTION

PIWl-interacting RNAs (piRNAs) are small noncoding RNAs of
23-30 nt that are enriched in animal germlines. piRNAs specif-
ically interact with PIWI proteins to form piRNA-induced
silencing complexes (piRISCs) and direct them to repress trans-
posons and thus maintain genome integrity in the gonads ({shizu
etal., 2012 Jullano et al,, 2011; Siomi et al,, 2011). Loss-of-func-
tion mutations of PIWI proteins or piRNA biogenesis impairment
cause derepression of transposons, leading to defects in game-
togenesis and sterility (Aravin st al., 2007; Khurana and Theur-
kauf, 2010).

F
:# CrossMark

Drosophila express three PIWI proteins: Piwi, Aubergine (Aub),
and AGOS (Siomni et al., 2011). In germ cells in the ovaries, pri-
mary piRNAs originate from intergenic piRNA clusters through
the primary piRNA processing pathway in a Dicer-independent
fashion and are loaded onto Piwi and Aub. Following this, Piwi
localizes to the nucleus to mediate transposon silencing. In
contrast, Aub localizes to the cytoplasm, where it plays a role
in the piRNA amplification cycle cooperating with AGO3 through
reciprocal RNA cleavage that depends on PIWI-Slicer (endonu-
clease) activity (Brennecke et al., 2007; Gunawardane et al.,
2007, Ishizu et al,, 2012; Malone et al., 2009). In this system,
transposon transcripts in both sense and antisense orientations
are consumed as piRNA precursors; thus, transposon silencing
and piRNA production occur simuitaneously, enabling a con-
stant supply of piRNAs in cells. :

Somatic cells in ovaries express Piwi, but not Aub or AGO3;
therefore, they fail to amplify piRNAs. Thus, all piRNAs are pri-
mary and are specifically loaded onto Piwi (ishizu st al., 2012).
The Piwi-piRNA complex is then translocated to the nucleus, in
which it implements transcriptional silencing in cooperation
with cofactors such as Maelstrom and DmGTSF1/Asterix (36~
nerias ef al, 2013; Muerdier et al,, 2013; Ohtani et al., 2013;
Sienski et al., 2012). Whether Piwi in germ cells analogously col-
laborates with Maelstrom and DmGTSF1/Asterix to achieve
transposon repression remains unknown.

Investigation of the primary piRNA pathway using a cultured
Drosophila ovarian somatic cell (OSC) line and fly ovaries has re-
vealed that perinuclear Yb bodies are the centers for piRNA pro-
cessing and piRISC formation in ovarian somatic cells (Qlivieri
at al,, 2010; Saito et al., 2010). Protein constituents of Yb bodies
include Yb, Armitage (Armi), Shutdown (Shu), Sister of Yb (SoYb)
and Vreteno (Vret), all of which contain domains associated with
RNA metabolism; for instance, Yb shows significant similarity to
DEAD-box proteins and contains a Tudor (Tud) domain, whereas
Vret contains two Tud domains and an RNA-recognition motif
(Ishizu &t al, 2012). Armi belongs to the Upfip family of ATP-
dependent RNA helicase (Cook et al., 2004). Loss of Yb body
components prevents accumulation of primary piRNAs in the
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soma; thus, they are all required for primary piRNA biogenesis
and gonadal development (Haase et al., 2010; Handler et al.,
2011; Olivieri et al., 2010, 2012; Gi et al., 2011, Saito et al..
2010; Szakmary et al., 20089; Zamparini et al., 2011).

Nascent, piRNA-unloaded Piwi in OSCs interacts with Armi
and Yb, and the resultant complex associates with piRNA inter-
mediates in Yb bodies (Olivieri et al., 2010; Saito et al,, 2010),
Depletion of Yb disrupts Yb bodies, liberating other components
into the cytosol. Under these conditions, Piwi and Armi still asso-
ciate, although the heterodimer does not contain piRNA interme-
diates. As a result, piRISC formation fails. It is likely that Yb is at
the top of the hierarchy for Yb body formation and piRISC forma-

tion and that Armi, although categorized as an RNA helicase.

based on peptide sequence similarity, binds RNA substrates
(PIRNA intermediates) upon localization to Yb bodies.

Zucchini (Zuc), a phospholipase D superfamily member, is
a single-strand-specific endonuclease required for converting
piRNA intermediates to mature piRNAs (Ipsaro et al., 2012; Nish-
imasu et al,, 2012). Depletion of Zuc in OSCs results in dispersal
of Yb bodies, because piRNA-unloaded Piwi is stalled and fails
to localize to the nucleus (Saito et al.. 2010). Without Zuc,
an excess of unprocessed piRNA intermediates accumulate
in OSCs as ribonucleoprotein (RNP) complexes with Armi, Yb,
and Piwi; as a result, few piRNAs are produced (Haase et al.,
2010; Nishimasu et al., 2012, Saito &t al,, 2010). These defects
can be rescued by ectopic expression of wild-type (WT) Zuc,
but not by ectopic expression of endonuclease-deficient Zuc
mutants (Nishimas et al.. 2012). Zuc has a mitochondrial target-
ing signal at the N terminus, and indeed mouse Zuc (also known
as MitoPLD) localizes to the outer membranes of mitochondria,
facing into the cytosol in mammalian cells (Choi et al., 2008).
. Zuc signals in OSCs can be detected in close proximity to Yb
bodies (Saito et al., 2010), as pi-bodies and piP-bodies, which
are considered to be the sites of pIRNA biogenesis in mouse
testis, are located in intermitochondrial regions (Pillai and
Chuma, 2012). This type of intracellular architectural arrange-
ment might raise the rates of Zuc-mediated conversion of piRNA
intermediates to mature piRNAs in the cells.

The functions of piRNA protein factors have been well studied.
In contrast, the cell biology of piRNA precursors is poorly under-
stood. Therefore, in this study, we performed RNA-fluorescence
in situ hybridization (RNA-FISH) in OSCs to visualize RNA tran-
scripts arising from the flamenco (flam) piRNA cluster. flam is
the main source of primary piRNAs in OSCs and somatic follicle
cells in Drosophila ovaries (Brennecke et al., 2007; Malone st al,,

2009; Saito et al., 2009). A P-element insertion in flam causes
derepression of transposons such as gypsy and piRNA loss in
mutant follicle cells (Brennecke et al., 2007; Mével-Ninio et al.,
2007). RNA-FISH showed that flam transcripts are condensed
into perinuclear foci adjacent to Yb bodies, which we termed
Flam bodies. Recently, a similar type of body named “Dot
COM” was reported (Dennis et al., 20113). The similarities and dif-
ferences between Flam bodies and Dot COM will be described
below. RNAi-based screening of piRNA factors revealed that
Flam body formation depends on Yb, the core component of
Yb bodies, while Piwi and another Yb body component, Armi,
are dispensable for the assembly. Depletion of Zuc, which
causes excessive accumulation of unprocessed piRNA interme-
diates (Maase et al., 2010; Nishimasu et al., 2012), results in the
dispersion of Flam bodies, which overlap considerably with Yb
bodies. Abolishing the RNA-binding activity of Yb disrupts both
Flam bodies and Yb bodies. Yb directly binds flam transcripts,
but not the transcripts of a neighboring protein-coding gene,
DIP1. Thus, Yb integrates piRNA intermediates and piRNA pro-
cessing factors selectively into Flam bodies and Yb bodies,
respectively. We propose that Yb is a key upstream factor in
the cytoplasmic phase of the piRNA pathway in the ovarian
soma.

RESULTS

flam Transcripts Are Localized to Perinuclear Flam
Bodies in Ovarian Soma

To examine the cellular localization of flam transcripts in OSCs,
we performed RNA-FISH using a flam-specific riboprobe com-
plementary to the 5’ region of the flam transcript (Figure 1A).
This region produces a substantial amount of primary piRNAs
in OSCs (Saito et al., 2010) (Figure 1A). By RNA-FISH, perinu-
clear, punctate signals were observed, suggesting that the
flam-piRNA precursors/intermediates concentrate at the cyto-
plasmic bodies (Figures 1B and $1A). A recent report showed
that flam/COM transcripts (flam is also known as COM) are en-
riched in a single nuclear focus, termed Dot COM (Dennis et al.,
2013). However, using electron microscopy in situ hybridization
(EM-ISH), we detected flam signals in the cytoplasm (Figures
1C and $1B). Fluorescence quantification analysis revealed
that the average number of Flam bodies per cell was 1.5 (Fig-
ure 1B). Signals from RNA-FISH riboprobes that were used
originally by Dennis et al. (COM 508 and 527) (Dennis &t al.,
2013) coincided with the flam signals (Figure $1C). Hereinafter,

Figure 1. Flam Bodies Localize Adjacent to Yb Bodies in Drosophifa Ovarian Soma

(A) Schematic drawing of the genomic flam locus and an upstream protein-coding gene DIP7 on chromosome X. Mature piRNAs uniquely mapping to the & region
of the flam locus corresponding to 21,506,000 to 21,510,000 on chromosome X (Sailo &t af., 2008) are shown by blue bars. A 583 nt riboprobe for RNA-FISH
complementary to the flam transcripts is shown by a magenta box (probe) (chrX: 21,506,472~21,507,054).

(B) Flam body (green) and Yb body (magenta) in OSCs visualized by RNA-FISH and immunofiuorescence using anti-Yb antibody, respectively. The nucleus is
stained with DAP! (blue). Scale bar, 2 um. The numbers of Flam bodies and Yb bodies were determined by quantification analysis of flam and Yb signals in OSCs
(n = 20).

(C) Electron microscope in situ hybridization using the probe shown in (A) detects a flam signal (white arrowhead) in the cytoplasm of OSC. The far-right image is
an enlarged image of the middle image (partial). A white dot line shows where the nucleus is. Scale bar, 2 pm.

(D) Immunoelectron microscopy using anti-Yb antibody shows a perinuclear Yb body in an OSC (white arrowhead). The right-hand image is an enlarged image of
the left-side image (partial). m, mitochondria. Scale bar, 2 um.

(E) Flam body (green) and Yb bodies (magenta) in follicular cells of Drosophila ovaries. The nuclei are stained with DAPI (blue). Scale bar, 2 um.

(F) The flam loci (green) in the nucleus and Yb body (magenta) in the cytoplasm. The nucleus is stained with DAP! (blue). Scale bar, 2 um.
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we refer to the flam-positive, perinuclear bodies as Flam
bodies.

Flam bodies appear to be similar to Yb bodies, both in size and
number. Therefore, we set out to understand the spatial relation-
ship between Flam bodies and Yb bodies in OSCs by combining
flam RNA-FISH and immunofluorescence using an anti-Yb anti-
body that we raised in this study (Figure $1D). Immunoelectron
microscopy using the antibody confirmed the perinuclear local-
ization of Yb bodies (Figure 1D). Flam bodies were frequently
located adjacent to Yb bodies and tended to be closer to the nu-
cleus than Yb bodies (Figures 18 and S1A). The average number
of Yb bodies was similar to that of Flam bodies (1.4 per cell)
(Figure 1B). Both signals were also detected in the somatic folli-
cle cells of Drosophila ovaries (Figures 1E and S1E). Thus, they
are not specific for cultured cells. In flam mutant follicle cells,
Flam bodies were not detected, confirming the specificity of
the RNA-FISH probe (Figure $1F). EM-ISH confirmed the cyto-
plasmic localization of Flam bodies in follicle cells (Figure S1G).
DNA-FISH (Figure S1H) was conducted concomitantly with
immunofluorescence using the anti-Yb antibody. No spatial
correlation was found between flam nuclear foci and Yb bodies
(Figures 1F and $11).

Flam Bodies Are Not the Sites of Mature piRNA
Accumulation

It is possible that mature flam-piRNAs, rather than their interme-
diates and/or full transcripts, might be the major components of
Flam bodies. To examine this, we visualized Flam bodies and Yb
bodies in Piwi-depleted OSCs. Loss of Piwi decreased the level
of mature piRNAs drastically (Saito et al., 2008, 2010). This was
because Piwi is the sole protein loaded with mature piRNAs in
0SCs and, thus, piRNAs are destabilized without Piwi. If mature
piRNAs were the major RNA components of Flam bodies, Piwi
depletion would cause disappearance of these bodies. How-
ever, they were unaffected by Piwi depletion (Figure 2A). These
results indicate that Piwi is dispensable for Flam body formation
and that Flam bodies are not the sites of mature piRNA storage.

piRNA intermediates Concentrate in Flam Bodies

Depletion of Zuc caused Yb body dispersion and stalling of Piwi
at Yb bodies (Saito et al,, 2010). This particular fraction of Piwi
was associated with few or no mature piRNAs, although the
Armi complex containing Yb and Piwi still bound piRNA interme-
diates (Saito et al., 2010). These phenomena correlate well with
our recent finding that Zuc is the endoribonuclease necessary for
converting piRNA intermediates to mature piRNAs (i.e., piRNA
maturation) (Nishimasu et al., 2012). We asked if Flam body for-

mation is affected by loss of Zuc. RNA-FISH in Zuc-depleted
OSCs showed that Flam bodies were dispersed similarly to
Yb bodies (Figure 2B). Interestingly, the two fluorescent signals
were superimposed {(Figure 2B). We speculated that the
increased level of piIRNA intermediates might have caused the
superimposition. To examine this, northern blotting was per-
formed to detect flam transcripts using probes designed to
recognize the 5’ end region of flam (the “probe” region in Fig-
ure 1A). In naive OSCs, a smeary signal for flam transcripts
was only slightly detected, although Flam bodies were clearly
visible by RNA-FISH (Figures 2B and 2C). However, partial
flam transcripts, being several hundred to 4,000 nt in length,
were aberrantly accumulated upon Zuc depletion (Figures 2C
and $2A) in agreement with our earlier observation (Nishimasu
et al., 2012). The corresponding signal decreased after treatment
of the cells with flam small interfering RNAs (siRNAs) targeting
the probed flam region (Figures 2C and S2A). These results
suggest that the smeared northern blot signal mostly reflects
flam-piRNA intermediates. After transfection of cells with flam
siRNAs, the fuzzy fluorescent signals of Yb bodies and Flam
bodies returned to normal, as in naive OSCs (Figure 2D). We
suggest that Flam bodies are where flam-piRNA intermediates
concentrate and that piRNA intermediates originating from loci
other than flam would be minor. Treatment of normal OSCs
with flam siRNAs did not disrupt Flam bodies (Figure $2B) and
barely affected the levels of flam transcripts (Figure $2C),
although flam siRNAs effectively downregulated flam transcripts
in Zuc-depleted cells (Figure 2C). flam siRNAs were designed to
target the region corresponding to the flam RNA-FISH probe
(Figure 1A). Thus, it is plausible that flam-piRNA intermediates
at Flam bodies would not be accessible to the RNAi machinery
under normal conditions likely due to the compactness of the
bodies.

Yb Is Necessary for Formation of Both Yb Bodies and
Flam Bodies

Depletion of Yb, but not other Yb body components, disrupts Yb
body formation (Handler et al., 2011: Saito et &l., 2010). We
examined if depletion of Yb would affect Flam body formation.
Interestingly, neither Flam bodies nor Yb bodies were detected
in the cells (Figures 3A and $3A). Expression of siRNA-resistant
Yb (Yb WT-r) restored the formation of both structures (Figures
3A and 83A). Thus, Flam bodies depend on Yb for their formation
as do Yb bodies. Yb mutant follicle cells contain neither Flam
bodies nor Yb bodies (Figure $3B). Depletion of Armi and Vret,
other components of Yb bodies (Qlivieri e al., 2010), affected
neither Flam nor Yb body formation (Figure S3C and data not

Figure 2. Depletion of Zuc, but Not of Piwi, Affects Yb Body and Flam Body Formation

(A) Western blotting shows the efficiency of Piwi depletion. Piwi siRNA (siPiwi) has little effect on Flam body (green) and Yb body (magenta) formation. Enhanced
GFP siRNA (siEGFP) was used as a negative control. Nuclei are stained with DAPI (blue). Scale bar, 2 um.

(B) Transfection of OSCs with Zuc siRNA (siZuc) led to superimposition of Flam bodies (green) with Yb bodies (magenta). Nuclei are stained with DAPI (blue). Scale

bar, 2 um.

(C) Northern blotting shows that transfection of OSCs with Zuc siRNA (siZuc) induces aberrant accumulation of flam-piRNA intermediates in OSCs. Transfection
of Zuc-depleted OSCs with flam siRNAs (siflam) targeting the probed flam region downregulates the expression of flam-piRNA intermediates. Enhanced GFP
siBNA (siEGFP) was used as a negative control, RpL.5 mRNA was visualized as a loading control.

(D) Flam bodies (green) and Yb bodies (magenta) in Zuc-depleted OSCs. Either enhanced GFP siRNA (siEGFP) or flam siRNA (siflam) was transfected into OSCs.

Nuclei are stained with DAPI (blue). Scale bar, 2 pm.
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Figure 3. Yb Requirement for Flam Body and Yb Body Formation

(A} Depletion of Yb in OSCs abolishes formation of Flam bodies (green) and Yb bodies (magenta). Expression of siRNA-resistant Yb (Yb WT-r) restored the
formation of both structures. Nuclei are stained with DAPI (blue). Scale bar, 2 um.

(B) The RNA-binding activity of Ybis abolished by either the Q399A or the D537A mutation in the Yb NTD, Western blotting using the anti-Yb antibody shows that
an approximately equal amount of Yb was obtained through Yb-CLIP (top). However, the intensity of the Yb Q399A- and D537A-RNA complexes was much lower
than that of the Yb P455A- and Yb WT-r-RNA complexes (bottom).
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shown). These observations support the notion that Yb is the
central player in piRNA biogenesis in OSCs; namely, Yb triggers
the fabrication of two perinuclear structures, Yb bodies and Flam
bodies, the hubs for piRNA maturation and piRNA intermediate
concentration, respectively, in the piRNA pathway.

RNA Binding of ¥b through the N-Terminal RecA-like
Domain Is Required for Yb Body and Flam Body
Formation

Yb shows significant similarity to DEAD-box RNA helicases such
as Vasa in Drosophila and DDH5 and DDX18 in humans, espe-
cially in the N-terminal RecA-like domain (NTD) consisting of a
Q motif and motifs |, la, Ib, I, and lll (Figure S3D). To examine
the functional involvement of the NTD of Yb in the piRNA
pathway, we individually mutated highly conserved residues in
Yb, GIn399, Pro455, and Asp537, to Ala. GIn399, Pro455, and
Asp537 reside within the Q motif, motif la, and motif I, respec-
tively (Figure $3D). In Vasa, GIn272 in the Q motif and Asp399
in motif I, which correspond to Gin399 and AspS537 in Yb, are
involved in ATP binding, while Pro326 in motif la, which corre-
sponds to Yb-Pro455, contributes to RNA substrate binding
(Sengoku et al., 2006). ATP binding by Vasa is necessary for
RNA binding (Banroques et al., 2010). Thus, we expected that
the alteration of GIn399, Pro455, and Asp537 in Yb to Ala would
abolish the RNA-binding function of Yb. Indeed, crosslinking and
immunoprecipitation (CLIP) showed that mutation of GIn399
and Asp537 to Ala (Q399A and D537A, respectively) severely
decreased the RNA-binding activity of Yb (Figure 3B). Thus, Yb
is a bona fide RNA-binding protein and binds RNA substrates
through the conserved NTD.

To determine if the RNA-binding activity of Ybis required in the
piRNA pathway, three mutants of siRNA-resistant Yb (Q399A,
P455A, and D537A), as well as Yb WT, were expressed in Yb-
depleted OSCs (Figure S3E). Northern blotting showed that while
the WT control Yo WT-r rescued the defect in piRNA accumula-
tion caused by loss of Yb function, the Q399A and D537A
mutants (Q399A-r and D537A-r) failed to rescue the defective
phenotype (Figure 3C). The P455A mutant (P455A-r) behaved
similarly to the WT control (Figure 3C), suggesting that Pro455,
despite its high conservation (Figure 33D), is dispensable for
pPIRNA biogenesis. We also examined the expression level of
the mdg1 transposon in the transfected cells, and found that
Yb WT-r and P455A-r rerepressed mdg?, but Q399A-r and
D537A-r failed to do so (Figure 3D). Q399 and D537, but not
P455, in the Yb NTD are necessary for both piRNA production
and piRNA-mediated transposon silencing.

We then asked if Yb WT-r and the three Yb mutants in Yb-
depleted OSCs were able to restore formation of Flam bodies
and Yb bodies. Yb WT-r and P455A-r were able to form Yb
bodies, while Q399A-r and D&37A-r were dispersed in the
cytosol and did not accumulate at specific foci (Figures 3E
and 83F). Correlating with this, Flam bodies appeared when

Yb WT-r and P455A-r were expressed (Figures 3E and S3F).
However, the expression of Q399A-r and D537A-r did not resuit
in the formation of Flam bodies (Figures 3E and $3F). Quantita-
tive RT-PCR (gRT-PCR) detected flam-piRNA intermediates in
Q399A-r- and D537A-r-expressing OSCs, where endogenous
Yb had been depleted by RNAI (Figure S3G). Thus, the substitu-
tion of endogenous Yb with Q399-r or D537A-r mutant did not
interfere with flam expression.

Yh Directly Binds flam-piRNA Intermediates, but Not
Neighboring Protein-Coding DIP T Transcripts

Does endogenous Yb in OSCs indeed bind flam transcripts
that serve as piRNA intermediates in piRNA biogenesis? To
address this question, HITS-CLIP was performed in OSCs using
an anti-Yb antibody. lllumina HiSeg2000 sequencing resulted in
a total of 72,464,026 reads, consisting of 353,894 unique reads. '
We mapped these unique reads to the Drosophila genome, and
220,197 reads (62.2%) were mapped to a unique position. Anno-
tation of mapped Yb-CLIP tags was similar to that of Piwi-asso-
ciated piRNAs (Saito et al., 2009); over half of the reads (50.3%)
were mapped to transposon regions (Figure S4A).

Further analysis of the Yb-CLIP tags showed that Yb most
preferably binds transcripts from the flam locus among all
piRNA clusters (Figure S4B). We then precisely analyzed the
Yb-CLIP tags mapped to the flam locus. The distribution of
the Yb-CLIP tags on the flam locus revealed that Yb in OSCs
indeed associates with flam transcripts (Figure 4A). The Yb-
CLIP tags significantly overlapped with flam-piRNAs associated
with Piwi in OSCs (Figure 4A). By contrast, none of the Yb-CLIP
tags were mapped to a neighboring coding gene, DIP1 (Figures
4A and 4B), which is highly expressed in OSCs (Sienski et al..
2012; Cherbas et al,, 2011). Yb-CLIP tag mapping to protein-
coding genes that produce genic piRNAs (Saito et al., 2009)
revealed that Yb almost exclusively binds the 3’ UTR, but not
the protein coding sequence (CDS) or 5" UTR of the transcripts
(Figure $4C). The 3' UTR, but not the CDS or the 5’ UTR, of
genic piRNA-producing mRNAs serves as the piRNA sources
(Rebine et al., 2008; Baite et al., 2009). These resuits suggest
that Yb directly, and somewhat selectively, binds piRNA inter-
mediates in OSCs.

DISCUSSION

In this study, we visualized flam-piRNA intermediates in OSCs
and follicle cells using RNA-FISH and EM-ISH and revealed
that they concentrate at perinuclear Flam bodies. Flam bodies
locate in very close proximity to Yb bodies, the sites of piRNA
maturation and piRISC formation. We postulated that flam sig-
nals might also be detectable within Yb bodies. However, this
was not the case (Figures 1B and $1A). The simplest explanation
for this observation is that piRNA processing at Yb bodies occurs
so quickly, and the processed piRNAs localize to the nucleus as

(C) Expression of Yb WT-r and P455A-r, but not Q399A-r and D537A-r, rescued the defect in piRNA accumulation in Yb-depleted OSCs. A piRNA arising from a
traffic jam (fj) gene (Saito e al., 2008) was visualized by northern blotting using a specific DNA probe. miR310, loading control.

(D) Expression of Yb WT-r and P455A-r rerepressed the mdg? transposon in Yb-depleted OSCs, but expression of Q399A-r or D537A-r could not.

(E) Mutation of Q399A and D537A in Yb abolished Flam body (green) and Yb body (magenta) formation in OSCs. Endogenous Yb was depleted by RNAi. Nuclei

are stained with DAPI (blue). Scale bar, 2 ym.
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Figure 4. Yb Binds flam Transcripts, but Not DIPY
mBRNAs, in Vivo

(A) Mapped Piwi~piRNA reads and Yb-CLIP tags on the DIP1
coding and flam cluster region. Forward reads are shown in
blue, and reverse reads are shown in red. The number on the
side of tracks denotes the number of reads in each position.
Genomic coordinates are marked above the tracks. The bottom
panel shows a further zoom-in view of sequences around the
region where the RNA-FISH probe was designed to bind.

(B) A further zoom-in view of sequences of the DIPT gene in (A)
(boxed by a dotted blue line).

(C) A new model for primary piRNA biogenesis in OSCs. The
transcription and nuclear export of the transcripts are consid-
ered to be the “nuclear phase” of piRNA biogenesis. The flam
transcripts become flam-piRNA intermediates by “shortening”
in either the nucleus or the cytoplasm. The mechanism under-
lying the shortening process remains unknown. Yb binds piRNA
intermediates in the cytoplasm and locates to Flam bodies.
piRNA intermediates are further processed to mature piRNAs
at Yb bodies with the help of Zuc on mitochondria (MITO) and
loaded onto Piwi, giving rise to the piRISC. The piRISC is
imported to the nucleus, where the RNP complex exerts its
function: transcriptional silencing of transposons. Yb-piRNA
intermediate association, piRNA maturation, and piRISC as-
sembly are considered to be the “cytoplasmic phase” of piRNA
biogenesis. Components of Yb bodies include Yb, Armi, Vret,
SoYb, and Shu, all of which are required for piRNA biogenesis
and piRISC formation in OSCs.



piRISCs so immediately, that the flam signal at Yb bodies was
below the level of detection at Yb bodies.

In Zuc-depleted cells, flam transcripts were detected predom-
inantly as flam-piRNA intermediates, being several hundred to
4,000 nt in length (Figures 2C and $2A), while the full transcrip-
tional unit of flam is estimated to be over 180 kb (Brennecke
el al,, 2007; Malone et al,, 2008). Both Yb body and Flam body
formation require Yb, or more precisely, its RNA-binding activity
through its NTD (Figures 3B, 3E, and S3F). Yb binds flam-piRNA
intermediates directly (Figure 4A). Based on these findings, we
propose a new model for primary piRNA biogenesis in ovarian
soma (Figure 4C), in which the association of Yb with piRNA in-
termediates, which most likely occurs in the cytoplasm because
Yb is a cytoplasmic protein (Olivieri et al., 2010; Saito et al.,
2010), is the initiation point of the cytoplasmic phase of piRNA
biogenesis. This follows the nuclear phase of piRNA biogenesis:
flam transcription and nuclear export of flam transcripts through
the nuclear pores. flam transcription is initiated by RNA poly-
merase Il and requires the transcriptional factor Cubitus interrup-
tus (Goriaux et al,, 2014). However, it is not known by which
export factors and in what lengths the flam transcripts are
exported from the nucleus. Further investigation will be required
for a detailed understanding of the nuclear phase of piRNA
biogenesis.

The locations of the genomic flam loci in the nucleus and
Flam bodies do not seem to be arranged to be close to each
other, meaning that the flam transcripts move a long distance
to arrive at Flam bodies (Figure 4C). Do the flam transcripts
move within the nucleus to get closer to Flam bodies before
export to the cytoplasm? Alternatively, does nuclear export
occur first and then flam transcripts are localized to Flam
bodies? Yb localization in the cytoplasm seems to be so dy-
namic that a point mutation in Yb that disrupts the RNA-binding
capacity of Yb drastically changes the subcellular localization
of Yb, causing it to be scattered evenly in the cytosol (Figures
3E and $3F). Thus, the latter scenario appears more likely, in
which Yb plays a crucial role; upon nuclear export, Yb captures
flam transcripts through direct binding and localizes them, as
flam-piRNA intermediates, to Flam bodies. Flam body forma-
tion depends on the RNA-binding activity of Yb, a cytoplasmic
protein (Olivieri &t al., 2010; Salte et al., 2010); this notion
further supports the idea that Flam bodies are cytoplasmic
structures.

Unlike flam transcripts, DIPT mRNAs were virtually undetect-
able in Yb-CLIP tags (Figures 4A and 4B), although the DIP1
protein-coding gene and the flam piRNA cluster are neighbors
on chromosome X (Figure 1A) and DIP7 is expressed in OSCs.
We looked carefully at the sequences of Yb-CLIP tags but found
no obvious consensus sequences. Yb may recognize binding
substrates owing to higher-order structures.

Immunoelectron microscopy using an anti-Yb antibody
showed that Yb bodies are often attached to mitochondria, to
which Zuc endoribonuclease, the piRNA intermediate proces-
sor, anchors on the surface to face into cytoplasmic Yb bodies
(Figure 1D). This peculiar spatial arrangement of Zuc and
Yb bodies, along with Flam bodies, integrates all the ingredients
necessary for primary piRNA production [ocally, enhancing
the rates of piRISC assembly. Another virtue of this perinuclear

arrangement is that it enables assembled piRISCs to be
immediately imported into the nucleus, where the RNP com-
plex (i.e., the PIWI-piRNA complex) exerts its nuclear-specific
function of silencing transposon transcription (Sienski et al.,
2012). How does Yb decide where within the perinuclear
region to integrate all the materials necessary for primary
piRNA biogenesis? Reconstitution of the whole machinery in,
for instance, nongonadal somatic Schneider2 cells, in which
no primary piRNAs are otherwise expressed, might address
this fundamental question.

EXPERIMENTAL PROCEDURES
Detailed procedures are provided in Supplemental Experimeantal Procedures.

Drosophifa Strains
Yellow white {y w) and the flam [KG00476] and the fs(1)Yb[72] alleles were
used. Fly stocks were maintained at 25°C.

Cell Culture and RNAI

OSCs were grown in OSC medium prepared from Shields and Sang M3 Insect
Medium (Sigma) supplemented with 0.6 mg/ml glutathione, 10% fetal bovine
serum, 10 mU/ml insulin, and 10% fly extract. RNAi was performed using
RNA oligos shown in Talile S1.

Production of Anti-Yb Antibodies

Monoclonal antibodies against Yb were raised primarily as described previ-
ously (Ohtant et al,, 2013), A recombinant protein consisting of glutathione
S-transferase and the N-terminal region of Yb (200 amino acids) was purified
from E. coli and injected into mice. .

ANA-FISH

The fluorescein isothiocyanate (FITC)- and digoxigenin-labeled RNA probes
were prepared using RNA labeling mixture (Roche) and SPERNA polymerase
(Roche) according to the manufacturer’s instructions. To prepare a probe spe-
cific for the flam locus, OSC genomic DNA was used as a template for PCR,
The primers used for PCR are indicated in Table 81, In situ hybridization
was carried out essentially as described previously (Sone et al., 2047).

DNA-FISH

Digoxigenin- or biotin-labeled DNA probes were prepared using Nick Transla-
tion Mix (Roche) according to the manufacturer's instructions. To prepare the
probes, bacterial artificial chromosome clones DME1-021J16 (upstream of the
flam locus) and DME1-014M21 (downstream of the flam locus), were used as
templates. OSCs were treated with ice-cold 0.75 M KCl for 5 min and then,
after resuspending in acetic acid-methanol (1:3), spread onto slides. The slides
were treated essentially according to the procedures of Masumoto et al.
(Masumolo et &, 1889),

tmmunoflusrescence
Immunofluorescence was performed primarily as described previously (Ohian
at al, 2013; Salto ef &, 2008).

Body Counting

Confocal images of immunofluorescence were transferred to the Columbus
System (PerkinElmer Japan) and analyzed by Building Block (PerkinElmer
Japan). Nuclei were masked and then perinuclear signals for Yb bodies and
Flam bodies were detected.

Efectron Microscopy in Situ Hybridization

0OSCs were fixed with 4% paraformaldehyde (PFA) in 0.1 M PBS (pH 7.4) over~
night and then washed with RNase-free PBS. The samples were hybridized
with FITC-conjugated specific RNA probe, except that 0.5% Triton X-100
was used for 5 min. Samples were incubated with a primary rabbit anti-FITC
(1:500) antibody and then washed in 0.1 M phosphate buffer (PB) containing

Cell Reports 8, 103-113, July 10, 2014 ©2014 The Authors 111



0.005% saponin. Samples were incubated for 24 hr at 4°C with nanogold-con-
jugated anti-rabbit secondary antibody (1:100, Invitrogen).

immunaelectron Microscopy

OSCs were fixed with 0.1% glutaraldehyde and 4% PFA in 0.1 M PBS, fol-
lowed by incubation with 5% Block Ace containing 0.1% saponin in 0.1 M
PB. The cells were stained with anti-Yb antibody (1:250) and nanogold-conju-
gated anti-mouse secondary antibody (1:100, Invitrogen).

Western Blot Analysis
Western blotting was performed primarily as described previously (Miyoshi
et al., 2008),

Northern Blot Analysis

For flam transcript detection, total RNAs were isolated from OSC using
ISOGEN (Nippon Gene). Hybridization was performed with random-labeled
antisense oligodeoxynucleotide probe. Small RNAs were detected essentially
as previously described (Saito st al., 2009).

Plasmid Construction

An expression vector for myc-Yb WT was generated by inserting the WT Yb
coding region into the pAcM vector (Saito et al., 2008). myc-Yb-r was con-
structed as essentially described previously (§>al§(> &t al, 2010). Primers are
listed in Table 51.

gRT-PCR Analysis

Reverse transcription was performed using a PrimerScript RT Master Mix
(TaKaRa). The resulting cDNAs were ampilified using a LightCycler 480 Real-
Time PCR Instrument Il (Roche) with SYBR Premix Ex Taq (TaKaRa). The
primers used are listed in Table 1.

CLIP

CLIP was performed primarily as described previously (faskiswicz et al.,
2(112). Anti-Yb was used to immunopurify Yb from OSCs after irradiation by
UV (254 nm) for crosslinking.

Bioinformatic Analysis

The Yb-CLIP library was sequenced using the Hllumina HiSeq2000 platform
according to the manufacturer’s instructions. The average base-wise qual-
ity was checked, and those that passed quality control were subjected to
analyses.

ACCESSION NUMBERS

Yb-CLIP tag sequencing data have been deposited in the Gene Expression
Omnibus under the accession number GSE54875.
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SUMMARY

Pelizaeus-Merzbacher disease (PMD) is a form of X-linked leukodystrophy caused by mutations in the proteolipid protein 1 (PLP1) gene.
Although PLP1 proteins with missense mutations have been shown to accumulate in the rough endoplasmic reticulum (ER) in disease
model animals and cell lines transfected with mutant PLPI genes, the exact pathogenetic mechanism of PMD has not previously been
clarified. In this study, we established induced pluripotent stem cells (iPSCs) from two PMD patients carrying missense mutation and
differentiated them into oligodendrocytes in vitro. In the PMD iPSC-derived oligodendrocytes, mislocalization of mutant PLP1 proteins
to the ER and an association between increased susceptibility to ER stress and increased numbers of apoptotic oligodendrocytes were
observed. Moreover, electron microscopic analysis demonstrated drastically reduced myelin formation accompanied by abnormal ER
morphology. Thus, this study demonstrates the involvement of ER stress in pathogenic dysmyelination in the oligodendrocytes of

PMD patients with the PLP1 missense mutation.

INTRODUCTION

Analysis of differentiated cells from disease-specific, hu-
man induced pluripotent stem cells (iPSCs) enables the
construction of pathological modelis using the patients’
own cells. Such analyses are particularly useful for the
study of neurodegenerative disorders because it is difficult
to collect brain-tissue samples from these patients.
Pelizaeus-Merzbacher disease (PMD) is a dysmyelinating
disorder of the CNS that is usually observed during child-
hood. PMD is classified into two subtypes: the classical and
connatal forms. In the classical form, patients usually
show a delay in psychomotor development within the first
year of life but exhibit relatively slow disease progression
over the first decade. In contrast, in the connatal form,
patients generally show arrested congenital psychomotor
development and exhibit a progressive disease course
with severe neurological impairment. The degree of dys-
myelination has been shown to correlate well with the
clinical severity of PMD (Seitelberger, 1995). The proteolipid
protein 1 (PLPI) gene has been identified as a causative
gene for PMD. PLP1 is a transmembrane protein that is

648 Stem Cell Reports | Vol. 2 | 648661 | May 6, 2014 | ©2014 The Authors

abundantly expressed in compact myelin in oligodendro-
cytes (OLs) and plays a structural role in the formation and
maintenance of myelin sheaths (Gow et al., 1997; Mikosh-
iba et al., 1991). Three distinct types of PLPI mutation
have been reported to date: point mutations, duplications,
and deletions. Missense mutations in the PLPI gene
account for 30% of the genetic abnormalities found in
PMD patients and are responsible for most of connatal
cases. Based on analyses using cell lines transfected with
mutant PLP1 genes (Gow and Lazzarini, 1996) or a mouse
model of PMD (the msd mouse; Gow et al, 1998), the
underlying pathogenesis in most patients with missense
mutations is thought to involve the accumulation of mis-
folded mutant PLP1 proteins in the rough endoplasmic
reticulum (ER) (Southwood et al,, 2002) and the induction
of ER stress, resulting in activation of the unfolded protein
response (UPR). Although UPR attenuates general transla-
tion to reduce the protein load into ER and increase
expression of chaperone proteins to facilitate protein
folding, excessive levels of unfolded proteins have been
shown to activate apoptotic pathway of UPR to eliminate
damaged OLs.
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However, despite the precise analyses conducted using
conventional cellular and animal PMD models, it has
not been possible to examine the actual correlation
between the known molecular pathogenesis and cell bio-
logical phenotypes, including abnormalities in OL differ-
entiation, myelination, and cell death. In addition, those
previous results were obtained through analyses using
nonhuman models, non-patient-derived cells, or nonoli-
godendrocyte models, and it is unknown whether the re-
sults obtained in those models are applicable to human
patients. Although the establishment of iPSCs from a
PMD patient with partial duplication of PLPI gene has
been reported, those iPSCs were not differentiated into
oligodendrocytes for disease modeling (Shimojima et al.,
2012). Thus, in the present study, we focused on the path-
ologic effects of PLP1 missense mutations and established
patient-specific iPSCs from two PMD patients with
different mutation sites and different levels of clinical
severity.

We differentiated the iPSCs into OL lineage cells and
examined the pathogenic changes in the PMD iPSC-derived
OLs. We confirmed the accumulation and mislocalization
of mutant PLP1 proteins to the ER, a high level of stress sus-
ceptibility, and increased apoptosis in PMD iPSC-derived
OLs. In addition, through transmission electron micro-
scopic analysis, we verified decreases in the frequency of
myelin formation and the thickness of the myelin sheath
compared with control cells. More importantly, we also
demonstrated that these pathogenic changes observed in
iPSC-derived OLs were consistent with the different levels
of clinical severity between the two PMD patients. Thus,
this report describes the modeling of human PMD with
PLPI missense mutations using patient-specific, iPSC-
derived OLs. These results have demonstrated the useful-
ness of iPSC-derived OLs for the analysis of the pathogenic
processes in human dysmyelinating neurological disorders.

RESULTS

Clinical Features of PMD Patients

We established iPSCs from two patients with point muta-
tions in the transmembrane domain (patient 1: PMD1)
and extracellular domain (patient 2: PMD2) of the PLPI
gene (Figure 1C). PMD1 was a 1-year-old male with the con-
natal form of PMD. He was diagnosed with PMD at the age
of 4 months, when he was found to exhibit poor head con-
trol and nystagmus and was unable to follow objects. He
showed poor feeding and was fed through a gastrostomy
tube from the age of 21 months. Psychomotor develop-
ment was not observed, even at the age of 5 years. MRI of
the patient’s brain revealed mild and diffuse atrophy,
dilatation of the ventricles, and diffuse high-intensity sig-

nals in the white matter of the cerebrum and brainstem
in a T2-weighted image (T2WI) (Figure 1A). A direct
sequencing analysis of genomic DNA from the patient’s
leukocytes showed a novel missense mutation, ¢.757 T >
A (p.Ser253Thr), in exon 6 of the PLP1 gene (Figure 1B).
This amino acid change has not been previously reported,
but different type of mutation at this same site, Ser253Phe,
has been reported in other patients with the connatal form
of PMD (Haodes et al,, 1998). This change was not identified
in more than 200 normal individuals; thus, it was consid-
ered to be a causative mutation for PMD.

Patient 2 (PMD2) was a 20-year-old male with the clas-
sical form of PMD. He was diagnosed with PMD at the
age of 3 months, when he was found to display poor
head control and nystagmus. Spastic quadriparesis was
evident at 4 years of age, with choreoathetotic movements
beginning at the age of 8-10 years. He appeared alert and
attentive and was nonverbal but exhibited guttural vocali-
zations. A missense mutation, ¢.643 C > T (p.Pro215Ser),
was identified in exon 5 of the PLPI gene, which has
been reported previously (Gencic et al,, 1989).

Tstablishment and Characterization of iPSCs Derived
from PMD Patients

Human iPSCs were established via the retroviral transduc-
tion of four transcription factors (SOX2, OCT4, KLF4, and
¢-MYC) into dermal fibroblasts (Takahashi et al., 2007). A
total of 52 and 34 iPSC clones were established from
PMD1 and PMD2 samples, respectively. The established
iPSC clones were evaluated based on the typical
morphology of colonies similar to human embryonic
stem cells (ESCs), as well as the expression of pluripotent
markers via immunocytochemistry (NANOG and OCT4;
Figure 1D), silencing of retroviral transgenes through quan-
titative RT-PCR (Figure 1E), and efficient differentiation
into neural cells via embryoid body (EB) formation. We
finally selected three clones each for PMD1 (1-7, 1-15,
and 1-27) and PMD2 (2-6, 2-10, and 2-22) for further
analyses. The differentiation potentials of these selected
iPSC clones were confirmed through teratoma formation
assays (ectoderm: neural rosettes and pigmented epithe-
lium, endoderm: goblet cells, and mesoderm: bones and
cartilage; Figure 1F). Moreover, the mutations in the PLPI
gene (PMD1 [c.757 T > A] and PMD2 [c.643 C > T]) were
confirmed in human dermal fibroblasts (HDFs) and all
of the selected iPSC clones via pyrosequencing analysis
(Figure 1G).

Regarding the control iPSCs, we used age-matched con-
trol iPSCs established from 8-month-old (TIG121) and
16-year-old (WD39) healthy individuals, corresponding
to the PMD-iPSCs established from 1l-year-old and 20-
year-old patients, respectively, as well as 201B7, which is
a widely used control iPSC clone.
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Both Control and PMD iPSCs Induce Oligodendrocyte
Lineage Cells In Vitro

Based on the previously reported methods for inducing
OLs from human ESCs and iPSCs (Iu et al., 2009; {zrael
et al., 2007; Kang et al,, 2007), we established our own cul-
ture protocol to induce OLs by modifying previously estab-
lished protocols for efficiently differentiating human ESCs
and iPSCs into neural stem/progenitor cells (NS/PCs) as
neurospheres through EB formation (Nor ct al., 2011;
OKada et al., 2008). First, dorsomorphin (a bone morphoge-
netic protein signal inhibitor), SB431542 (a transforming
growth factor B [TGF-B] receptor inhibitor), and BIO (a
GSK3 inhibitor) were added during the early phase of EB
formation to facilitate differentiation into NS/PCs more
efficiently. Quantitative RT-PCR analysis of the expression
of the NS/PC marker SOX1 in EBs revealed a significantly
higher induction efficiency of NS/PCs in our protocol
with DSB (DSB: dorsomorphin, SB431542, and BIO)
compared with those in our previously established
methods (control, DSB—) or those in the previously re-
ported dual Smad inhibition with DS (Figure 2B). We also
added retinoic acid for caudalization and purmorphamine
(Sonic hedgehog agonist) for ventralization during EB
formation until EB dissociation. Then, the dissociated
EBs were cultured in suspension to form neurospheres in
proliferation medium supplemented with factors that
promote the commitment and proliferation of OL lineage
cells (Shimada et al.,, 2012). For adherent differentiation,
neurospheres were cultured in differentiation medium
supplemented with factors that promote the commitment
of OL lineage cells as indicated in the Experimental Proce-
dures (Figure 2A). From the quantitative RT-PCR analysis
in this protocol, the pluripotent marker (NANOG) was
notably downregulated in the EB stage, and other lineage
markers (mesodermal and endodermal markers, such as
BRACHYURY and SOX17) were not detected in any stage.

The NS/PC marker (SOX1) was upregulated in the EB and
neurosphere stages and gradually downregulated after
adherent differentiation (differentiation stage; Figure 2C).
The expression profiles were similar between the control,
PMD1, and PMD2 iPSCs (Figure S1A available online).
To reveal the differentiation potentials of neurospheres,
we performed immunocytochemistry of differentiated
neurospheres for markers of neurons (BHI tubulin), astro-
cytes (GFAP), and oligodendrocytes (04; Figures 2E and
2F) and a time course analysis of the expression levels
of neuronal and glial markers through quantitative RT-
PCR (Figure 2D). The expression profiles were similar
between the control and PMD1 and PMD2 cells (Fig-
ure S1B). Based on these analyses, we confirmed the
differentiation potentials of the iPSCs into three neural
lineage cells and the reproducibility of our differentiation
protocol. Regarding the differentiation potentials of
OL lineage cells, all PMD-iPSCs and control iPSCs were
able to induce platelet-derived growth factor receptor a
(PDGFRe)*-OL progenitor cells (OPCs), O4"-immature
OLs (immature OLs), and myelin basic protein (MBP)*-
mature OLs (mature OLs) with typical morphologies (Fig-
ure 3B). OPCs were also positive for NG2 (Figure 3A). In
contrast, myelin protein zero (MPZ)-positive cells, a major
structural protein of peripheral myelin, could not be de-
tected, indicating that these cells were oligodendrocytes,
but not schwann cells.

After 55-70 days in vitro (DIV), OPCs were observed
in 86.3% of the colonies of control cells and 95.1% and
90.5% of the colonies of PMD1 and PMD2 cells, respec-
tively. At 70-85 DIV, immature OLs were observed in
77.8% of control colonies and 93.8% and 93.8% of the col-
onies of PMD1 and PMD2 cells, respectively. At 80-95 DIV,
mature OLs were observed in 74.9% of the colonies of con-
trol cells and 93.8% and 89.2% of the colonies of PMD1
and PMD2 cells, respectively (Figure 3C). No significant

Figure 1, Features of the PMD Patients and Characterization of iPSCs

(A) MRI images of the brains of patient PMD1 (right) and an age-matched control (left). Mild and diffuse atrophy of the brain, dilatation of
the ventricles (open arrow), and diffuse high-intensity signals in the white matter (open arrowhead) are shown. T1IWI, T1-weighted
images; T2WI, T2-weighted images.

(B) Direct sequencing analysis of genomic DNA from PMD1's leukocytes showed a missense mutation c.757 T> A (p.Ser253Thr) in exon 6 of
the PLP1 gene.

(C) Schematic representation of the mutation sites in PMD1 and PMD2.

(D) Representative morphology of iPSC colonies (above) and immunochemical analysis of pluripatent markers, NANOG and GCT4 (below).
The scale bars represent 200 pm.

(E) Quantitative RT-PCR analysis of the expression of retroviral transgenes in established PMD iPSC clones. Data are presented as the mRNA
copy numbers for each transgene divided by those for g-actin.

(F) Representative H&E staining of teratomas derived from established PMD iPSC clones. Teratomas were formed via the injection of
undifferentiated iPSCs into the testes of NOD/SCID mice. Open arrow, neural rosettes. Arrowhead, pigmented epitheliums. Asterisks,
goblet cells. Arrow, bones. Open arrowhead, cartilage. The scale bars represent 200 um.

(G) Representative pyrosequencing analysis of the mutations in the PLPI gene in fibroblasts and iPSCs. Identical mutations to those
observed in the patients’ fibroblasts (PMD1, 757 T > A; PMD2, 643 C > T) were confirmed in all the iPSC clones.
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Figure 2. Differentiation Potential of Human iPSCs

(A) Schematic presentation of the protocols for OL differentiation from hiPSCs. DSB, dorsomorphine (D), SB431542 (S) and BIO (B); RA,
retinaic acid; NS, neurospheres.

(B) Quantitative RT-PCR analysis of SOX1 expression in EBs, suggesting a significantly higher induction efficiency of NS/PCs in EBs in our
protocol with DSB (DSB: dorsomorphin, SB431542, and BI0) compared with those in our previously established methods (control, DSB-)
or those in the previously reported method with dual Smad inhibition (DS) (n = 3, mean + SEM; independent experiments; *p <0.05; **p <
0.01; t test).

(C) Quantitative RT-PCR analysis of the expression of cell-type-specific markers at each differentiation stage. NANOG (a pluripotent marker)
was readily downregulated in the EB stage. Other lineage markers (mesodermal and endodermal markers, such as BRACHYURY and SOX17)
were not detected in any stage. S0X1 was upregulated in EB and neurosphere stage in control iPSC clones (201B7, WD39, and TIG121; n=3;
mean + SEM; independent experiments).

(D) Quantitative RT-PCR analysis of differentiated neurospheres for the markers of neurons (BIII tubulin), astrocytes (GFAP), and
oligodendrocytes (CNP) in control iPSC clones (201B7, WD39, and TIG121; n = 3; mean = SEM; independent experiments).

(legend continued on next page)
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differences were detected in either control or PMD with re-
gard to OL lineage differentiation efficiency.

To examine the proportion of immature and mature OL
lineage cells, we performed immunocytochemistry for
OLIG2, PDGFRa, and MBP after 2 or 4 weeks differentiation
of control-iPSC-derived second neurospheres containing
more than 40 OLIG2-positive cells and counted the num-
ber of marker-positive cells (Figures 3D and 3E). After 2
and 4 weeks of differentiation, OLIGZ" and PDGFRo"
OPCs were abundantly observed. After 4 weeks of differen-
tiation, small numbers of MBP* mature OLs appeared.

Involvement of ER Stress in PMD

Previous in vitro transfection studies in nonglial cells have
indicated that various PLP1 mutants accumulate in the
ER immediately after translation, in contrast to the distri-
bution of wild-type PLP1 at the plasma membrane (Gow
et al., 1994, Gow and Lazzarini, 1996; Thomson et al,
1997). Therefore, we next examined the expression of
PLP1 proteins via immunocytochemistry. When stained
with anti-PLP1 and MBP antibodies, the membrane protein
PLP1 was observed to be dispersed into the processes of OLs
and to colocalize with MBP in control iPSC-derived mature
OLs. However, in PMD1 and PMD2 iPSC-derived mature
OLs, PLP1 protein staining was not observed in the OL
processes; instead, PLP1 protein staining localized to the
perinuclear cytoplasm (Figure 4A). Thus, we also performed
staining for the ER marker KDEL and found that the mislo-
calized PLP1 proteins colocalized with KDEL (Figures 4A
and 4B). All of the control iPSC-derived OLs showed stain-
ing for PLP1 proteins in the processes of mature OLs,
whereas all of the PMD iPSC-derived mature OLs only ex-
hibited PLP1 protein localization in the ER. These results
suggest that mutant PLP1 proteins accumulated in the
ER and triggered ER stress in mature OLs derived from
PMD-iPSCs.

We next examined the expression of ER stress markers
in OLs. 04" cells were isolated from both the PMD and
control iPSC-derived differentiated cells 4 weeks after the
attachment of the second neurospheres via magnetic-acti-
vated cell sorting (MACS) using an anti-O4 antibody. The
purified O4" cells underwent quantitative RT-PCR to deter-
mine the expression of ER stress markers (BIP, CHOP, and
spliced XBP1I). No significant differences were detected be-
tween the control and PMD iPSC-derived OLs regarding the
expression of ER stress markers under default conditions
(Figure 4C). Therefore, we next examined the susceptibility

of the iPSC-derived OLs to the extrinsic ER stress induced
by treatment with a low concentration of tunicamycin
50 nM for 6 hr (known as an ER-stress inducer). The results
showed that the expression of all ER-stress markers was
significantly increased in tunicamycin-treated O4* cells
relative to untreated 04" cells in PMD1 (Figure 4D). This
result suggested that a higher susceptibility to ER stress
was observed in PMD1 iPSC-derived OLs than in those
derived from control and PMD2 iPSCs.

We next treated the iPSC-derived OLs with a higher con-
centration of tunicamycin 100 nM for 6 hr and examined
the expression levels of ER stress markers. PMD2 iPSC-
derived OLs showed significantly higher expression levels
of spliced XBP1, the most sensitive ER stress marker, than
control iPSC-derived OLs (Figure 4E). No significant differ-
ences were detected in the expression levels of BIP and
CHOP between control and PMD2. Taken together, these
results suggest that ER stress is involved in the pathogenesis
of the PMD patients with PLP1 missense mutations, and a
higher susceptibility to ER stress was observed in PMD]1
iPSC-derived OLs than in those derived from PMD2, which
is consistent with the more severe phenotypes of the PMD1
patient compared with the PMD2 patient.

Increased Apoptosis Is Observed in PMD iP5C-Derived
Oligodendrocytes

In addition to their susceptibility to ER stress, the PMD iPSC-
derived OLs showed significant morphological differences,
as revealed by O4 staining, such as scattered O4 staining
in their processes compared with control iPSC-derived
OLs, which exhibited uniform O4 staining in their processes
(Figure 5A). Thus, to investigate the apoptotic processes of
PMD iPSC-derived OL lineage cells, we examined the
expression of cleaved caspase-3 (apoptotic marker) in O47-
immature OLs and MBP"-mature OLs via immunostaining.
Some of the PMD iPSC-derived OLs that showed scattered
04 staining in their processes were positive for cleaved cas-
pase-3 (Figure 5B). The numbers of cleaved caspase-3* cells
in both PMD1 and PMD2 iPSC-derived immature OLs and
mature OLs were significantly increased compared with
those derived from control iPSCs (Figura 5C). We next per-
formed immunocytochemistry for KI67 and OLIG2. We
found that the proportion of OLIG2" cells and KI67 cells
among OLIG2* cells were unchanged between PMD and
control samples, suggesting that the compensatory prolifer-
ation of OPCs for increased apoptosis in PMD iPSC-derived
OLs is unlikely (Figures S2A and $2B). Therefore, although

(E) Representative low-magnification images of the immunocytochemistry of three neural lineage cells (neurons: BIII tubulin; astrocytes:

GFAP; oligodendrocytes: 04). The scale bar represents 100 um.

(F) Quantitative analysis of the percentages of three neural lineage cells in control-iPSCs (201B7, WD39, and TIG121)-derived neuro-

spheres (n = 9; mean x SEM; independent experiments).
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Figure 3. Differentiation Potential of Human iPSCs into
Oligodendrocytes

(A) Representative image of immunocytochemistry for OPC
markers (PDGFRo. and NG2). OPCs were positive for both
PDGFRa and NG2. The scale bar represents 50 um.

(B) Representative image of immunocytochemistry of
differentiated neurospheres using markers for OL lineage
cells. Both control and PMD iPSCs differentiated into
PDGFRa*-0OL progenitor cells (OPCs), O4*-immature OLs
(immature OLs), and MBP*-mature OLs (mature OLs). The
scale bar represents 20 pm.

(C) Quantitative analysis of the differentiation efficiency
into OL lineage cells. The numbers of neurosphere colonies
containing more than 40 marker-positive cells (=40 cells;
oligodendrocyte [++]), those containing less than 40
marker-positive cells (1-39 cells oligodendrocyte [+]), and
those without marker-positive cells (oligodendrocyte [-])
were counted and are presented as the percentage of total
neurosphere colonies. Oligodendrocyte (++) neurosphere
colonies and oligodendrocyte (+) neurosphere colonies are
indicated by black and white bars, respectively (PDGFRa, n =
6; 04, n = 6; MBP, n = 4; mean + SEM; independent experi-
ments). No significant difference was detected among con-
trol (201B7, WD39, and TIG121) and PMD iPSCs (PMD1-7,
PMD1-15, and PMD1-27 and PMD2-6, PMD2-10, and PMD2-
22)-derived OL lineage cells (p > 0.05; Mann-Whitney's
U test). )

(D) Representative image of immunocytochemistry for
OLIG2, PDGFRa, and MBP after 2 or 4 weeks differentiation of
control-iPSC-derived second neurospheres containing more
than 40 OLIG2-positive cells. The scale bar represents 50 um.
(E) Quantitative data of the percentages of PDGFRa" cells/
OLIG2" cells and MBP* cells/OLIG2" cells (after 2 or 4 weeks
of differentiation) in control-iPSC (201B7, WD39, and
TIG121)-derived neurospheres containing more than 40
0LIG2-positive cells. (n = 3; mean + SEM; independent ex-
periments). After 2 and 4 weeks of differentiation, 0LIG2"
and PDGFRa" OPCs were abundantly observed. After 4 weeks
of differentiation, small numbers of MBP" mature OLs
appeared.
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Control PMD1 PMD2 B PLPUMDELHoechst  Figure 4. Involvement of ER Stress in
: i PMD-Derived Oligodendrocytes

(A) Representative immunocytochemistry
image for PLP1, the OL marker MBP, and the
ER marker KDEL. In the control iPSC-derived
mature OLs, the PLP1 protein localized to
both the ER (KDEL) and membrane, whereas
in the PMD iPSC-derived OLs, the mutant
PLP1 protein only localized to the ER. The
scale bar represents 20 um.

(B) Three-dimensional image of mature OLs
derived from PMD1 iPSCs showing colocali-
zation of the mutant PLP1 protein and KDEL
via confocal laser scanning microscopy. The
scale bars represent 20 pm.

(C) Quantitative RT-PCR analyses of the
expression of ER stress markers in 04" cells.
The data are presented as the expression
relative to that in iPSCs. No significant dif-
ferences were observed between the control
iPSC (201B7, WD39, and TIG121) and PMD
iPSC (PMD1-7, PMD1-15, and PMD1-27 and
PMD2-6, PMD2-10, and PMD2-22)-derived
cells (n = 5; mean + SEM; independent ex-
periments; t test).

(D) Quantitative RT-PCR analyses of the
expression of ER stress markers in tunica-
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the differentiation efficiency into oligodendrocyte lineage increased levels of apoptosis resulted in decreased numbers
cells was unchanged between PMD and control (Figure 3C),  of live OLs in PMD iPSC-derived cultures.

considering that anti-O4 and anti-MBP antibodies stain Because previous reports have indicated the neurotro-
both apoptotic and live OLs (Figures 3A and 5C), the phic actions of PLP1 (Griffiths et al, 1998; Yin et al,
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