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Fig. 2. The conditional deletion
of Rest in mouse embryonic
fibroblasts leads to
derepression of Rest target
genes. (A) FACS analysis revealed
a decreased signal for GFP
fluorescence in doxycycline-treated
mouse embryonic fibroblasts
(MEFs) 7 days after seeding of the

GFP GFP MEFs. The dashed line indicates
B the GFP signal at the peak of the
histogram of the control cells for
™ comparison, (B) The conditional
8 deletion of Rest in MEFs resulted
in an increased number of Tuj1-
positive cells in vitro. Tuj1
expression was also observed in
some postmitotic neuronal cells
N with long axons, which were likely
3 to be contaminating neuronal cells
=} present in the MEF culture. Scale
: bars: 100 um. (C) Transcript levels
. y . of Rest, GFP and Rest target
bright field DAPI Tujt genes. The expression levels of the
C Rest GFP Syt4 Rest target genes Sytd, Tubb3,
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In vitro ablation of Rest in neuronal progenitor cells
Rest is downregulated in the brain as gestation progresses (Ballas
et al., 2005). We first examined the expression of Rest in the
developing mouse brain. The conditional KO alleles contain IRES-
GFP sequences at the 3’ UTR of the Rest gene, which enable us to
detect the expression and distribution of Rest by the GFP signals.
By analyzing GFP expression, we confirmed that cells in the brain
at E13.5 actually express the Rest gene (Fig. 3A).

In order to investigate the effect of genetic ablation of Res? during
neurogenesis in vitro, we generated neurospheres from the brains of
E13.5 Rest conditional KO embryos carrying the doxycycline-
inducible Cre alleles. The primary neurospheres were passaged to
form secondary neurospheres. Doxycycline was administered for 3
days starting 1 day after the passage of the primary neurospheres
(passage 1). When we measured the number of secondary

neurospheres in order to compare the formation of neurospheres in
the presence and absence of doxycycline, the number of neurosphere
cells was not significantly different 1 week after passage, regardless
of doxycycline exposure (Fig. 3B). By contrast, the number of cells
constituting the neurospheres exposed to doxycycline was
significantly decreased after long-term culture of the neurospheres
(Fig. 3C), suggesting that the ablation of Rest inhibited the growth
of the neurospheres. Since a recent study demonstrated that Rest
ablation in cultured neurosphere cells actually results in decreased
proliferation (Gao et al., 2011), the decreased proliferative activity
might be responsible for the decreased number of cultured cells upon
doxycycline treatment in vitro.

We next cultured Res? conditional KO neurospheres (Res2iox2iox,
Rosa26::7tT4; Collal::tetO-Cre) under differentiation conditions. To
examine the effects of Rest ablation on neuronal differentiation, the
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Fig. 3. Rest ablation in in vitro cultured
neuronal cells. (A) FACS analysis for GFP
fluorescence. The RestZ* allele contains IRES-
GFP sequences at the 3'UTR of the Rest gene,
which allows visualization of Rest expression
via GFP signals. Cells in the E13.5 mouse brain
expressed GFP, suggesting that Rest is
expressed in the developing brain. Dashed line
represents the GFP signal at the peak of the
histogram of the controf cells for comparison.
(B) The number of neurosphere cells in the

Rest 2lox/+
E13.5 Brain

presence and absence of doxycycline. The data
are presented as the mean number of
neurosphere cells in eight independent
experiments (R1-R8). Error bars indicate s.d.
(C) The number of cells constituting
neurospheres in the presence and absence of
doxycycline. Doxycycline-treated neurospheres

grew more slowly than control neurospheres.

Error bars indicate s.d. (D) The percentage of
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doxycycline treatment was started 1 day after seeding the
neurospheres in adherent culture, and the cells were treated with
doxycycline for an additional 3 days. The adherent spheres were
stained with anti-Tuj1 and anti-Gfap antibodies 1, 2 and 3 weeks after
doxycycline exposure (Fig. 3D and supplementary material Fig. S5)
and we counted the number of Tujl-positive or Gfap-positive cells
and DAPI-positive (total) nuclei in three independent areas of 1.5
mm? to calculate the proportion of Tujl-positive or Gfap-positive
cells. The doxycycline-treated cells contained a significantly increased
percentage of Tujl-positive cells among total cells than the control
non-treated cells after 2 and 3 weeks of the treatment (Fig. 3D). In
addition, a real-time PCR analysis revealed that the expression levels
of Sy#4 and Calb] increased in the neurosphere adherent culture after
genetic ablation of Rest (Fig. 3E). By contrast, the percentage of
Gfap-positive glial cells among total cells was not altered (Fig. 3F),
suggesting that ablation of Rest does not have a significant effect on
glial differentiation in vitro in this experimental condition.

Because the Tuj1 and Gfap double-negative cells in the adherent
spheres decreased after doxycycline treatment, Rest ablation may
induce Tujl expression in such Tujl and Gfap double-negative
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neurosphere cells after genetic deletion of
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derived differentiated cells. Transcript levels
were normalized to B-actin levels. The data are
presented as average values with s.d. of six
independent samples. (F) The percentage of
Gfap-positive cells among total differentiated
neurosphere cells after genetic deletion of
Rest. The number of Gfap-positive cells among
total cells did not change following genetic
ablation of Rest. The data are presented as
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cells. Immunocytochemical analysis of doxycycline-treated
neurosphere cells revealed that a subset of non-neuron-like cells
expresses Tujl and/or calbindin, whereas non-neuron-like cells in
the control neurospheres did not express these markers
(supplementary material Fig. S6A,B). Consistent with a previous
study (Gao et al., 2011), we observed a small number of cells that
express both Tuj1 and Gfap, suggesting the misexpression of Rest
target genes (supplementary material Fig. S6C). Collectively, these
results suggest that derepression of Rest target genes occurred in
the adherent neurosphere cells upon Rest ablation, and that this
derepression might play a role in the promotion of neuronal
differentiation.

The in vivo effects of Rest ablation on gene
expressions in non-neuronal and neuronal cells of
the developing embryo

In the E13.5 mouse embryo the expression level of Rest in the limb
was higher than that in the brain (supplementary material Fig, S7).
By contrast, the expression level of Rest target genes was higher in
the brain than in the limb (supplementary material Fig. S7).
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Fig. 4. In vivo genetic ablation of Rest in developing embryos. (A)Neuronal gene expression levels in the brains of E13.5 embryos and adult
mice. The expression of Syt4 and Calb7 was significantly higher in the adult brain, suggesting that Rest neuronal target genes are still repressed in
the E13.5 brain. The transcript levels were normalized to B-actin. The data are presented as average values with s.d. of six independent samples.
(B) The experimental protocol for recombination of the Rest alleles in vivo. Pregnant mice with Rest conditional KO embryos were treated with
doxycydline for 5 days, and embryos were sacrificed at £13.5. GFP fluorescence was decreased in embryos with the tetO-Cre allele, as compared
with control embryos without the tetO-Cre allele. (C) The in vivo expression of Rest target genes in the brain. Although the expression levels of Rest
and GFP were significantly downregulated, the expression levels of most Rest target genes were not derepressed in the brains of Cre+ embryos.
Transcript levels were normalized to B-actin. The data are presented as average values with s.d. of four independent samples. (D) The expression of
Rest target genes in the peripheral tissues (limb) in vivo. The expression of Syt4, Tubb3, Calb1 and Stmn2 was derepressed after genetic deletion of
Rest. Transcript levels were normalized to B-actin. The data are presented as average values with s.d. of four independent samples. (E) A microarray
analysis of £13.5 brain and non-neuronal (limb) tissue after genetic ablation of Rest. Rest binding genes in neuronal stem cells (Johnson et al,, 2008)
are shown as green dots. Rest target genes were significantly upregulated in the Rest-deleted non-neuronal tissue (limb). By contrast, the
derepression of Rest target genes in the brain was not observed following genetic ablation"of Rest. *, P<0.01; **, P<0.005; ***, P<0.05.
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However, the expression levels of Syt4 and Calbl in the E13.5
brain were significantly lower than those in the adult brain (Fig.
4A). These observations are consistent with the hypothesis that the
expression of Rest target genes is still repressed in the E13.5 brain
in vivo. Since our in vitro experiments revealed that the genetic
ablation of Rest results in the increased expression of Rest target
genes in both non-neuronal and neuronal cells, we next tried to
dissect the effects of Rest ablation on the non-neuronal and
neuronal cells in vivo using embryos with floxed Rest genes and
doxycycline-inducible Cre alleles. The Rest conditional KO
embryos were treated with doxycycline in utero (E8.5-13.5) to
induce Cre-mediated recombination in both non-neuronal- and
neuronal cells, and the mice were sacrificed at E13.5 (Fig. 4B). In
accordance with the recombination, E13.5 embryos with a tetO-Cre
allele had decreased signals for GFP when compared with embryos
without a tetO-Cre allele (Fig. 4B). We also collected the brains
and limbs from Rest-deleted embryos and their control littermates
without the fetO-Cre allele. Consistent with the decreased GFP
signals, real-time RT-PCR analysis revealed that the expression of
Rest was significantly downregulated in both the brain and limbs
from embryos with a fetO-Cre allele compared with those from
control littermates (Fig. 4C,D).

Similar to the results obtained in vitro, we detected a significant
increase in the expression of Sy#4, Tubb3, Calbl and Stmn2 in the
limbs of embryos with the tetO-Cre allele (Fig. 4D). By contrast,
the expression level of Tubb3, Calbl and Stmn2 in the brains of
E13.5 embryos with a tetO-Cre allele remained repressed, whereas
the expression levels of Rest and GFP itself were downregulated
in the same samples (Fig. 4C). Although the expression of Syt4 was
slightly upregulated in the brain of embryos with a te1O-Cre allele
(Fig. 4C), the effect was only modest when compared with the
levels in the adult brain (Fig. 4A). Immunohistochemical analysis
confirmed that there was no alteration in the expression pattern of
Tujl in the E13.5 brain of embryos with a tetO-Cre allele
(supplementary material Fig. S8A). We also examined the

Fig. 5. The effect of Rest ablation on neurogenesis in vivo.
(A) Southern blot analysis revealed that Rest conditional KO
(2lox, Bkb) alleles in the adult brain with the Sox7-Cre allele
recombined to form KO (1lox, 5.3kb} alleles. The wild-type (WT)
allele appeared at 7.6 kb. (B) Comparison of brain weight and
the ratio of brain weight to body weight in 8-week-old Rest
conditional KO and control mice. Neither the brain weight nor
the ratio was significantly different in Sox7-Cre/+; Rest2low2iox
adult mice compared with control littermates. (C) The histology
of adult brains from Sox71-Cre/+; Rest?®92°x mice (8 weeks of
age). No histological differences were detectable in the dentate
gyrus (DG, middle) of the hippocampus (left) and subventricular
zone (SVZ, right) of the brains from Sox7-Cre/+; Rest2iox/2lox
versus control adult mice by HE staining. Scale bars: 50 um in
DG and SVZ; 500 um in hippocampus.

expression of Rest target genes in the brain or tail of E16.5
embryos with a tetO-Cre allele, and found no altered expression
levels of these genes in brains, whereas a significant increase in the
expression of Syt4, Calbl and Stmn2 was observed in the tail
(supplementary material Fig. S8B). These results indicate that the
Rest target genes are specifically derepressed in non-neuronal cells
outside of the brain by the genetic ablation of Rest in vivo.

We next performed a microarray analysis to determine the
changes in gene expression after genetic deletion of Rest in E13.5
brain and limb in vivo. Consistent with the results of the real-time
RT-PCR analysis, Rest target genes were significantly upregulated
in the Rest-deleted limb tissue (Fig. 4E; genes interacting with Rest
in ESCs and NPCs are represented by green dots) (Johnson et al.,
2008). However, the derepression in the limb tissues (upregulated
more than 2-fold after Rest ablation) was observed in only a subset
of the genes with a Rest binding site (27% of the genes; Fig. 4E,
limb), suggesting gene-specific derepression. By contrast, only 2%
of the genes with a Rest binding site were upregulated more than
2-fold in the brain, suggesting that the derepression only occurs at
a minority of Rest target genes after the genetic ablation of Rest
(Fig. 4E, brain).

In vivo ablation of Rest in progenitor cells of the
developing brain

Sox! was shown to be one of the earliest transcription factors
expressed in ectoderm cells committed to a neural fate (Pevny et
al., 1998; Takashima et al., 2007). The expression of Sox/ starts at
E7.5-8.5 in the neural tube (Takashima et al., 2007). We used a
SoxI-Cre allele (Takashima et al., 2007) (Rest?®V2°%; Sox]-Cre/+)
to excise the floxed Rest genes in early progenitor cells of the
developing mouse brain in vivo. The brains from Rest conditional
KO mice carrying the SoxI-Cre allele (Res??'©Y21%%; Sox I-Cre/+)
and control littermates (Rest2'®/?%) were collected at E13.5, E16.5
and postnatal day (P) 0 and the expression levels of Rest target
genes were compared by real-time RT-PCR. The brains from
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Fig. 6. Sequential immunohistochemical analysis for Prox1, Dcx, RC2, Tuj1, NeuN, nestin and Gfap. Brains at £16.5, P4, 8 weeks (8w) and
6 months (6m) of Rest-deficient and control mice were analyzed. DG, dentate gyrus; SVZ, subventricular zone. Scale bar: 50 pm.

embryos carrying SoxI-Cre had significantly lower levels of both
Rest and GFP expression at all time points, reflecting the genetic
ablation of Rest (supplementary material Fig. S9). However,
consistent with the results in the experiments using doxycycline-
inducible Cre mice, the expression levels of Rest target genes such
as Syt4, Tubb3, Calbl, Bdnf and Stmn2 (except for Stmn2 at E13.5)
were not significantly increased in the brains of developing
embryos with the Sox/-Cre allele (supplementary material Fig. S9).
These results confirm that the conditional deletion of Rest does not
substantially affect the expression of Rest neuronal target genes in
the developing brain.

Rest ablation during adult neurogenesis in vivo

To further examine the function of Rest in the maintenance of
neurogenesis in adult brain tissue, we analyzed the brains of adult
Rest conditional KO mice carrying the Sox/-Cre allele. Contrary
to our expectation, the Rest conditional KO mice carrying the Sox!-
Cre allele were apparently normal and grew into adults. These mice
were viable for more than 1.5 years and were fertile. A Southern
blot analysis confirmed that the brains of mice with the Sox/-Cre
allele had lost the floxed Rest genes (Fig. 5A). Despite the lack of
Rest throughout the entire brain tissue (Fig. 5A), brain weight at 8
weeks of age was not significantly different between the mice with
and without the Sox/-Cre allele (Fig. 5B).

Next, we examined the histology of the brains of mice with
and without the Sox7-Cre allele at different developmental stages
and ages (E16.5, PO, P4, P7, P10, 4 weeks, 8 weeks, 10 weeks,
6 months and 9 months of age). However, we did not find any
histological differences in the brains, including in the
subgranular zone (SGZ) of the hippocampal dentate gyrus and
the subventricular zone (SVZ), where NSCs and NPCs reside
and generate new neurons and glia (Fig. 5C) (Gage, 2002). We
further performed immunohistochemical staining to examine the

expression of various markers, including Prox1, Dex, RC2, Tyjl1,
NeuN (Rbfox3 — Mouse Genome Informatics), nestin and Gfap
at various time points (E16.5, P4, 8 weeks and 6 months) in the
Rest-deficient and control brains. Prox1, Dcx and RC2 were used
as markers for intermediate progenitor cells, immature neuronal
cells and radial glial cells, respectively (Gao et al., 2011; Misson
et al., 1988). Importantly, we did not observe any difference in
the staining patterns of these markers between Rest-deficient and
control brains (Fig. 6). We also confirmed that nestin-positive
cells and Gfap-positive cells did not express Tujl in Rest-
deficient brain, suggesting that misexpression of Tujl does not
occur in the Rest-deficient cells in vivo (supplementary material
Figs S10, S11). Although a recent study showed that acute Rest
ablation in mice leads to a decreased number of Prox1-positive
cells at SGZ regions, we did not observe any significant
differences in the number of Prox1-positive cells, even in 9-
month-old mice (supplementary material Fig. S12).

In order to examine ‘the effect of Rest ablation on the
maintenance of adult NSCs, we compared the numbers of BrdU-
labeled cells in the SVZ of the adult brain of the Rest conditional
KO mice carrying the Sox/-Cre allele with those of control
littermates (Doetsch et al., 2002; Lendahl et al., 1990). BrdU was
administered as a daily intraperitoneal injection of 50 mg/kg body
weight for 12 days starting at the age of 8 weeks, and the brains
were fixed 1 day after the last injection as described previously
(Shi et al., 2004). We did not find any significant difference in the
number of BrdU-positive cells in the SVZ of these mice (Fig. 7A).
We also confirmed co-localization of BrdU-positive cells and those
positive for Dcx, a marker for premature neuronal cells, in the SVZ
of Rest-deficient mice (Fig. 7B), suggesting that adult neurogenesis
occurs in these mice. In addition, the localization and the number
of differentiated NeuN-positive cells in the adult mouse brain did
not differ in the presence or absence of the intact Rest gene (Fig.
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7C). A real-time RT-PCR analysis revealed that the expression of
Syt4 and Calbl was not altered in the adult brains lacking the
CoRest binding site of Rest (Fig. 7D).

These results indicate that Rest is not required for brain
development and suggest that genetic ablation of Rest during the
initial stage of neural development does not cause any detectable
abnormality in adult neurogenesis in vivo.

DISCUSSION

Differentiation of neuronal progenitors to mature neurons proceeds
with loss of the Rest repressor complex from the RE] site of
neuronal genes, which is accompanied by increased expression of
the target genes (Ballas et al., 2005). In the present study, using
Rest conditional KO mice we confirmed that Rest plays a role in
the repression of Rest neuronal target genes in in vitro cultured
neuronal progenitor cells to inhibit terminal differentiation. By
contrast, genetic ablation of Rest in the whole brain in vivo does
not result in altered expression of target genes. Furthermore, mice
lacking Rest in the brain are apparently normal and grow into
adults. These findings suggest that, in contrast to the repressive role
of Rest in in vitro cultured neuronal cells, Rest is dispensable for
embryonic neurogenesis in vivo.

*gontrol

“REST CKO

Fig. 7. Adult neurogenesis in
Rest-deficient brains in vivo.
(A) Immunohistochemical analysis
of BrdU-positive proliferating cells
in the adult brain (10 weeks of
age). There were no differences in
the distribution of BrdU-positive
cells in DG and SVZ regardless of
genotype. The number of BrdU-
positive cells/length of cerebral
ventricle in the brains of Sox71-
Cre/+; Rest?™2%x mice was not
altered compared with that of
their control littermates.
(B) Immunohistochemical staining
for BrdU (green) and Dcx (red)
double-positive cells in the SVZ of
brain from Sox1-Cre/+; Rest2ox/2lox
mice and control littermates at
10 weeks of age.
(©) Immunohistochemical staining
for NeuN in the DG of the
hippocampus and SVZ of brains
from Sox7-Cre/+; Rest2ox/2lox mice
and their control littermates at 8
weeks of age. (D) The expression
g of Rest target genes in the aduilt
SvZ mouse brain at 8 weeks of age.
The expression of Syt4 and Calb1
was unchanged in the cerebrum
and cerebellum of Sox7-Cre/+;
Rest?o¥21ox mice. Transcript levels
- were normalized to B-actin levels.
The data are presented as average
values with s.d. of six
independent samples. Scale bars:
50 um in DG and SVZ; 500 um in
hippocampus; 20 pm in B.

cerebelium

The unsolved question is why derepression of Rest target
genes after Rest ablation can be detected in in vitro cultured
neuronal cells but not in developing brain tissue in vivo. It has
been demonstrated that neuronal progenitor cells are competent
for extrinsic signals involved in the specification of cell fate
during neurogenesis (Edlund and Jessell, 1999). Our findings
suggest that the local environment in the brain, which consists
of multiple cell types, is likely to provide complementary
regulatory mechanisms for the proper intrinsic regulation of
neuronal genes in vivo. It is noteworthy that, in the non-neuronal
cells outside of the brain, the derepression of Rest target genes
was observed not only in vitro but also in vivo. These findings
suggest that the brain-specific environment is important for the
complementary repression of Rest target genes in the absence of
Rest.

Epigenetic mechanisms serve as important interfaces between
gene expression and the environment (Jaenisch and Bird, 2003).
Given that Rest exerts its repressive effects in conjunction with
epigenetic modifiers (Ballas et al., 2005; Naruse et al., 1999; You
et al., 2001), it is possible that extrinsic niche signals in the brain
compensate for the lack of Rest through epigenetic regulatory
mechanisms. Consistent with this hypothesis, we could not detect
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any differences in the staining pattern of histone H3K27me3, a
mark of epigenetic silencing, between Rest wild-type and Rest-
deficient brains in vivo (data not shown).

Another study indicated that MeCP2 and other co-repressors
remained on the Rest target promoters even after loss of Rest from
the RE1 site, suggesting that Rest co-repressors might be involved
in the additional regulatory mechanisms that are responsible for
repressing the expression of neuronal genes in neuronal cells in the
absence of Rest (Ballas et al., 2005). It is possible that such factors
specifically compensate for the effect of Rest ablation in the
repression of Rest neuronal target genes during embryonic
neurogenesis in vivo. It is also possible that transcriptional
activators might be required for the derepression of Rest target
genes in the developing brain. In this context, the decreased levels
of transcriptional activation might maintain the proper expression
levels of Rest target genes in Rest-deficient brains in vivo.

Acrecent study by Gao et al. demonstrated that the acute deletion
of Rest in the adult dentate gyrus (DG) leads to a decreased number
of Prox1-positive DG cells (Gao et al.,, 2011). However, in the
present study, we did not observe any significant differences in the
number of Prox1-positive DG cells upon Rest ablation, even in 9-
month-old mice. A possible explanation for the discrepancy is that
the acute deletion of Rest in the adult DG cannot activate the
compensatory mechanisms, resulting in premature differentiation
of adult NSCs, whereas its deletion at the early embryonic stage,
as performed in this experiment, activates the complementary
machinery that masks Rest function at adult stages. Therefore,
further experiments are still required to determine the role of Rest
in the maintenance of adult NSCs in vivo.

The expression of Rest target genes in MEFs/TTFs is
upregulated upon the loss of Rest, suggesting that Rest is involved
in the active repression of neuronal genes in non-neuronal cells
outside of the brain. However, we found that Bdnf, which contains
RET sites and is repressed by Rest in ESCs (Yamada et al., 2010),
was not derepressed after the deletion of Rest in MEFs/TTFs. As
reported in a previous study (Chen et al., 1998), these findings
suggest that there is cell type specificity of Rest-mediated gene
silencing. In addition, a microarray analysis revealed that only a
subset of genes with a Rest binding site (27%) is derepressed by
more than 2-fold following genetic ablation of Rest in non-neuronal
tissues. In addition to the cell type-specific repression, these
findings suggest that there is gene-specific repression by Rest
(Chen et al., 1998). Since epigenetic silencing occurs through
multiple modifications, including DNA methylation and histone
modifications (Jaenisch and Bird, 2003; Lunyak et al., 2002;
Martinowich et al., 2003), Rest deletion alone might not be
sufficient to reactivate the silenced locus once silencing, involving
multiple epigenetic modifications, has been completed. It is also
possible that the cell type- and gene-specific activity of
transcriptional activators is responsible for such different responses
to Rest deletion.

The impaired interaction of Rest with its target genes has been
reported in various neurological and neurodegenerative diseases.
Although we found that mice lacking the CoRest binding site of
Rest in the brain had no gross anatomical abnormalities even upon
reaching adulthood, it is possible that more detailed analyses might
highlight behavioral abnormalities in the Rest KO mice. In this
context, these mice might be useful in investigation of the role of
altered Rest interactions in neurological and neurodegenerative
diseases. It would also be interesting to examine the functional
alterations of Rest-deficient neuronal cells in vivo, which
eventually might uncover the pathogenesis of such diseases.

In summary, we have generated Rest conditional KO mice and
examined the effects of Rest ablation in neuronal and non-neuronal
cells in vitro and in vivo. We showed that, in contrast to the role of
Rest in the repression of Rest target genes in in vitro cultured
neuronal cells, as well as in non-neuronal cells outside of the brain,
the CoRest binding site of Rest is dispensable for embryonic
neurogenesis in vivo.
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Colon carcinogenesis is a multistage process involving genetic
alterations of various tumor suppressor genes and oncogenes.
Repressor element 1 silencing factor (REST), which was originally
discovered as a transcriptional repressor of neuronal genes, plays
an important role in neuronal differentiation. In a previous genetic
screening for tumor suppressor genes in human cancers, REST was
identified as a candidate tumor suppressor gene in colorectal carci-
nogenesis. However, the role of Rest in colon carcinogenesis
in vivo remains unclear because of the embryonic lethal phenotype
of the conventional Rest knockout mouse. In the present study,
we conditionally deleted the Rest gene in the intestinal epithelium
and investigated the effect of Rest ablation in mouse colon tumori-
genesis. A conditional ablation of Rest in the colonic crypts led to
a rapid upregulation of Rest-targeted genes, such as Syt4, Bdnf,
and Tubb3, suggesting that Rest actually suppresses the expres-
sion of its target genes in the colon. However, Rest ablation did
not lead to any significant effect on the development of colon
tumors in two independent mouse models of colon carcinogenesis.
In addition, despite the upregulation of neuronal genes in the
colonic crypts, no neuronal differentiation was observed in the
colonic crypts and tumors after the Rest ablation. These results
indicate that the loss of Rest expression by itself does not promote
the. development of colon tumors in mice, and suggest that REST
may exert a tumor suppressing activity in conjunction with the
additional genetic/epigenetic abnormalities that occur during
colon carcinogenesis. (Cancer Sci 2011; 102: 1659-1664)

R epressor element 1 silencing factor (REST; also called neu-
ron-restrictive silencing factor [NRSF]) was originally dis-
covered as a transcriptional repressor of a number of neuronal
genes."? REST binds to a conserved 21-23 bp motif known as
repressor element 1 within the control regions of target genes,
and recruits multiple co-factors through repressor domains to
alter epigenetic modifications, leading to the generation of a
silencing complex. REST is ubiquitously expressed in non-neu-
ronal cells,”® and it prevents neuronal gene expression in non-
neuronal cells.’

A link between REST dysfunction and carcinogenesis has
been recognized®” in a number of cancers such as prostate
cancer,® breast cancer,(g“ small cell lung cancer,('*>716
medulloblastoma,’”'® and neuroblastoma.®®~>> In an RNAi-
based screening for tumor suppressor genes, REST was identi-
fied as a candidate novel tumor suppressor gene.®* Consistent
with this notion, a REST mutation was identified in a colon can-
cer cell line, DLD-1, and the REST locus is deleted in approxi-
mately one-third of human colon cancers (14 of 42 primary
tumors and 13 of 38 cell lines).?* In addition, exogenous REST
has been shown to suppress the growth of the colon cancer cells
that lack REST expression, suggesting that REST actually plays

doi: 10.1111/].1349-7006.2011.02006.x
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a role in the tumor suppression in vitro. Although REST-medi-
ated cellular transformation is proposed to be associated with
the PI3K pathway, the precise mechanism(s) underlying the
involvement of REST in colon carcinogenesis remain unclear.
In particular, there is no in vivo evidence that establishes the
function of Rest in tumor suppression.

In the present study, we examined the effect of genetic abla-
tion of Rest during colon carcinogenesis in vivo. We herein
show that genetic deletion of Rest results in derepression of the
Rest-targeted neuronal genes in the colonic crypts, however,
Rest ablation does not promote mouse colon carcinogenesis.

Materials and Methods

Animals. All animal experiments were approved by the Ani-
mal Research Committee of the Graduate School of Medicine,
Gifu University (Gifu, Japan). In a previous study, homozygous
Rest knockout (KO) mice showed embryonic lethality around
E10.5, with a growth retardation phenotype.®> In the present
study, in order to investigate the effect of Rest deletion on colon
carcinogenesis in vivo, we used mice expressing conditional
knockout alleles of Rest.®® In the Rest conditional mice, the
endogenous Rest loci were replaced by the conditional KO
alleles carrying the floxed last exon, which encodes the CoRest
binding site that is essential for the generation of the silencing
complex.®” An ires-Gfp sequence was inserted into the 3’-UTR
of the Rest gene to monitor the transcription of the modified
allele (Rest*®* allele). The Rest”°* allele was recombined into
the Rest''®* allele in the presence of Cre recombinase, Despite
the presence of the remaining exons 1-3 of the Ress'™®* allele,
altered Rest transcripts were not detected in Resr' /7% mouse
embryonic stem cells,®® thus suggesting the 1lox allele to be
equivalent to the conventional KO allele.

Apc™™* mice, doxycycline-inducible Cre mice, and intesti-
nal epithelium-specific Cre-expressing (Fabp-Cre) mice were
described previously.®%?%2% Doxycycline-inducible Cre mice
harbor two transgenes, Rosa26-M2riTA and CollAl-tetO-
Cre.®® The experimental mice were obtained by breeding.

Experimental procedures. We tested the effect of Rest abla-
tion in mouse colon carcinogenesis in two independent experi-
ments (Fig. 1). The first experiment (protocol 1) was a
chemically-induced colon carcinogenesis model using doxycy-
cline-inducible Cre-ex&r,essing mice. The other experiment (pro-
tocol 2) used the Apc™™* mouse colon carcinogenesis model
combined with the Fabp-Cre mouse. In protocol 1, Cre recom-
binase was induced by doxycycline treatment after carcinogen
exposure, mimicking when the Rest gene is lost after the
initiation phase of carcinogenesis. In contrast, in protocol 2,
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Fig. 1. Schematic drawing of the experimental protocols. The two
experiments are different in terms of the timing of the Rest
recombination. (a) Protocol 1 (Rest ablation at the post-initiation
phase). (b) Protocol 2 (Rest ablation at the pre-initiation phase). Black
arrowheads, mice killed; black bars, doxycycline (Dox); white
arrowheads, azoxymethane (AOM); white bars, dextran sodium
sulfate (DSS). KO, knockout.

Cre-mediated genetic recombination in the intestinal epithelia
started before the completion of intestinal morphogenesis,
thereby mimicking when the Rest recombination occurs before
the initiation of carcinogenesis.

In protocol 1, doxycycline-inducible Cre; Rest™®*#°* mice
were separated into a Rest KO group (n =27) and a control
group (n = 11). Five-week-old mice were given a single i.p.
injection of azoxymethane (15 mg/kg body weight; Wako,
Osaka, Japan), a colon-specific carcinogen. One week later, the
mice were fed dextran sodium sulfate (20 mg/mL; Wako), a
potent tumor promoter for colon tumorigenesis, in their drinking
water for 1 week. The mice in the Rest KO group were fed
2 mg/mL doxycycline (Sigma, St. Louis, MO, USA) in their
drinking water, supplemented with 10 mg/mL sucrose three
times per week (at weeks 8, 14, and 20), whereas mice in the
control group were fed tap water throughout the experiment. All
mice were killed at 22 weeks of age.

In protocol 25 intestine-specific Rest KO mice (Apc
Fabp-Cre*; Rest” /2 mice, n = 23), heterozygous Rest KO
mice (Apc™™*; Fabp-Cre*; Rest”™* mice, n=32), and
control mice (Apc™™*, Fabp-Cre™; Rest™?°* mice and
ApcM™*: Fabp-Cre™; Rest™™* mice, n = 26) were examined
for the development of colon tumors. All mice were housed in
rooms without any chemical treatment during the experiment
and were killed at 20 weeks of age.

In both protocols, the colons were cut open longitudinally,
then washed with PBS. Visible tumors (larger than 0.5 mm in
their maximum diameters) on the colon mucosa were counted,
and their maximum diameters were measured. Tumor samples
were fixed in 10% buffered formalin for 24 h and embedded in
paraffin. Sections were stained with H&E, then serial sections
were used for the immunohistochemical analysis. Immunostain-
ing was carried out using an avidin-biotin immunoperoxidase
assay. The primary antibodies used in the immunostaining were
anti-B-catenin (1:1000 dilution; BD Biosciences, San Diego,
CA, USA), anti-chromogranin A (1:1000 dilution; Dako,
Carpinteria, CA, USA), and anti-Ki-67 (1:100 dilution; Dako).

Crypt isolation. In order to examine the effect of Rest abla-
tion in the colonic epithelium, we carried out crypt isolation to
exclude the contaminatiné stromal cells in the colonic mucosa,
as described previously.””® The removed colon was cut into
three equal segments. The distal segment was used for crypt
isolation.

Confirmation of Rest recombination. To examine the recom-
bination status of the conditional Rest allele in the colon, we
carried out a Southern blot analysis of the Rest loci. Total DNA

Min/+,
5

1660

was extracted from isolated intestinal crypts of doxycycline-
inducible Rest knockout mice at the indicated time intervals
(Fig. 2a). DNA samples (10 pg each) were digested with Mfel
(Bio-Rad, Hercules, CA, USA). The digested DNA samples
were electrophoresed, transferred onto nylon membranes, and
hybridized with a DIG probe against the Rest loci in PerfectHyb
(Toyobo, Osaka, Japan).®® Signals were detected by chemilu-
minescence with LAS-4000 (Fujifilm, Tokyo, Japan). We also
carried out a PCR-based analysis to examine the recombination
of the Rest gene in colon tumors. DNA was isolated from forma-
lin-fixed paraffin-embedding blocks using the Pinpoint Slide
DNA Isolation System (Zymo Research, Orange, CA, USA).
The PCR was carried out using primers specific for mouse flo-
xed Rest. The primers for the Rest™™ allele were forward (F)
(5'-CCCTTATGGGTGCAAGTGTT-3") and reverse (R) gS'—
GGGGGACAAAGCCACTCTA-3"). The primers for Rest''*
allele were F (5-GGGTGCAAGTGTTCTCTTGTCT-3") and R
(5"-CAAGTAACTAAAAATTAGGAACTACCG-3").

Real-time PCR analysis. Total RNA was extracted from the
isolated intestinal crypts as described previously (Fig. 2a), and
from the colon tumors of Apc™™* mice using the RNeasy Mini
kit (Qiagen, Valencia, CA, USA). Total RNA (0.5 pg each) was
reverse transcribed using Superscript III Reverse Transcriptase
(Invitrogen, Carlsbad, CA, USA).

Quantitative real-time PCR was carried out with the Thermal
Cycler Dice Real Time System Single (Takara, Kyoto, Japan)
using the SYBR Green (Takara) method. The primer sequences
used in the quantitative real-time PCR analyses for Bdnf, Tubb3,
and Rest were obtained from PrimerBank (bttp://pga.mgh.
harvard.edu/primerbank/). The primers for B-actin were F
(5"-CATCCGTAAAGACCTCTATGCCAAC-3") and R (5'-AT-
GGAGCCACCGATCCACA-3"). The primers for Gfp were F
(5-ACCAGCAGAACACCCCCATC-3") and R (5"-AGCTCG-
TCCATGCCGAGAGT-3). The primers for Sy#4 were F (5'-TG-
CTTTTGGCCTCGTCTTCA-3") and R (5'-GCGGTTTTACCC-
TTCACTTCAC-3).

Statistical analysis. Statistical significance was evaluated
using either Student’s z-test or Welch’s t-test for paired sam-
ples. The results of experiments are presented as the mean =
SEM. P <0.05 was considered to indicate a significant
difference.

(a) i Week 1 Week (b) 315 38 311 33 316 a7
Rest KO nevseSRIRREN e Hox
Dox A

Dox-inthagibe Gz ResyHov2sa
43 wrenk ofd mice

Killed ¥

(e) bp3 ppb pplappls
2o

Killed 10

Control

Dox-induribie Ce; Rest Dozt
48 week oid mive

Fig. 2. Genetic recombination of the Rest alleles. (a) Doxycycline
(Dox)-mediated recombination of Rest in protocol 1. A schematic
drawing of the experiment. Rest conditional knockout (KO) mice with
Dox-inducible Cre alleles at 4-8 weeks old were treated with 0.2%
Dox in their drinking water for 1 week (black bar). Black arrowheads,
mice killed. (b) In the Southern blot analysis, in contrast to the control
crypts (non-Dox-treated crypts; 315, 318), most of the 2lox alleles in
the Dox-treated colonic crypts (311, 313, 316, 317) recombined into
1lox KO alleles. In some cases, the control crypts also contained 1lox
alleles (315), probably due to the leaky expression of the Cre
recombinase. (¢) Rest recombination in colon tumors in protocol 2.
We carried out a PCR-based analysis for Rest recombination using
colon tumor sections in protocol 2. We could confirm the 1lox KO
alleles in five out of six turhors in the Rest conditional KO mice with
the Fabp-Cre allele (pp14 and pp15). However, no recombined Rest
alleles were observed in any of the nine tumors. examined from
control mice without the Fabp-Cre allele {pp5 and ppé6).
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Results

Cre expression induces genetic ablation of Rest in colonic
mucosa. In order to examine the efficiency of Rest recombina-
tion in protocol 1, we carried out a Southern blot analysis using
genomic DNA from isolated colonic crypts of doxycycline-
inducible Cre; Rest™/?°* mice (Fig. 2a). The Southern blot
analysis revealed that the majority of the Rest>'°* alleles in the
colonic crypts were recombined into Rest''®* alleles in doxycy-
cline-treated mice (the Ress'™®® allele was confirmed in seven
out of eight colonic crypts). However, partial recombination of
the Rest allele was also observed in some cases in the non-trea-
ted group (5 out of 13 colonic crypts), probably due to the leaky
expression of the Cre transgene (Fig. 2b).

In protocol 2, Rest recombination was examined using a PCR
assay with genomic DNA from formalin-fixed paraffin-embed-
ding specimens of Fabp-Cre*; Rest®*?°* mice. The recom-
bined Rest gene (Rest lox allele) was only detected in mice
containing the Fabp-Cre allele, and the Rest>°* allele was also
detected in these mice, indicating partial recombination, which
is consistent with a previous experiment showing a recombina-
tion efficiency of approximatel?l 50% in the colonic crypts by
the Fabp-Cre allele (Fig. 2¢).%® These results indicate that
genetic ablation of Rest was induced successfully in the colons
of two independent Cre-expressing mouse models. In both pro-
tocol 1 and 2, despite the presence of the Rest°* allele, the mice
were healthy, and no detectable difference was observed in the
histological analyses in comparison to the control mice.

Transcript levels of Rest and Rest-targeted genes in colonic
mucosa. We next examined the expression levels of Rest in colo-
nic tumors of Apc™™* mice. The quantitative real-time PCR
analysis revealed that Rest expression is not different between
the colon tumors and non-neoplastic normal mucosa, suggesting
that loss of Rest is not involved in the colon tumorigenesis of
Ap™* mice (Fig. 3a). In order to elucidate the effect of
genetic ablation of Rest in the colonic mucosa, we measured the
mRNA expression levels of the Rest gene and Rest-targeted
genes in the isolated colonic crypts of doxycycline-inducible
Cre; Rest™™?°* mice by quantitative real-time PCR analysis
(Fig. 2a). Consistent with the genetic recombination observed in
the Southern blot analysis, the expression of Rest in the colonic
crypts was significantly decreased in the doxycycline-treated
mice in comparison with the non-treated mice (Fig. 3b). In line
with the decreased expression of the Rest gene, the expression of

Gfp was also downregulated in the doxycycline-treated crypts’

(Fig. 3c). In contrast, the expression of Syi4, Bdnf, and Tubb3,
which are known to be Rest-targeted genes, were significantly
upregulated in the doxycycline-treated crypts (Fig. 3d). These
results indicate that the genetic recombination of Rest results
in the rapid derepression of the Rest-targeted genes, suggesting
that Rest plays a role in the repression of neuronal genes in the
colonic crypts.

Macroscopic analysis of colon tumor development. Macro-
scopically, polypoid tumors were observed in colonic mucosa of
mice during both experiments. In protocol 1, genetic recombina-
tion into the Resz'®* allele was only confirmed in Cre-induced
tumors (n =4). In protocol 2, the recombined Rest allele
(Rest"* allele) was detectable in the majority of Rest KO
tumors (5 out of 6 tumors), whereas all control tumors (n = 9)
retained non-recombined Rest alleles (Rest?°*/2°%) (Fig. 2c).
In protocol 1, the multiplicity of colon tumors was
0.37 = 0.14/mouse in the Rest KO mice and 0.18 + 0.18/mouse
in control mice (Fig. 4a). In protocol 2, the multiplicity and the
maximum diameter of colon tumors were 4.96 = 0.57/mouse
and 3.31 = 0.12 mm in the Rest KO mice, 4.81 + 0.51/mouse
and 3.37 £0.12 mm in the Rest heterozygous mice, and
4.35 + 0.71/mouse and 3.68 = 0.15 mm in the control mice,
respectively (Fig. 4b,c). No macroscopic tumors were observed
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Fig. 3. Transcriptional levels of Rest and Rest-targeted neuronal
genes in the colon mucosa. (a) Apc™™’* colonic tumors with wild-type
Rest alleles had nearly the same Rest expression level as non-
neoplastic crypts. (b—d) Expression levels of Rest (b) and Gfp (c) were
downregulated after the Rest ablation in colonic crypts, whereas the
expression levels of the Rest-targeted genes (d), Syt4, Bdnf, and
Tubb3 were significantly upregulated. The mRNA expression levels
were analyzed by gquantitative real-time PCR and were normalized to
the p-actin levels. Data are presented as the mean * SEM of 13
independent samples. *P < 0.05.
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Fig. 4. Macroscopic analysis of colon tumor development. (a) The
number of macroscopic tumors in protocol 1. (b,c) The number of
macroscopic tumors (b) and the size of tumors (¢) in protocol 2. Data
are presented as the mean = SEM.

in the intestine-specific Rest KO mice without the Apc™™ allele
(Apc*’™; Fabp-Cre™; Rest™/?°% mice, n = 4). Furthermore, a
lack of colon tumor development in Fabp-Cre*; Rest?°% 2o
mice was also confirmed in the mice older than 12 months (data
not shown), thus suggesting that Rest ablation alone is not suffi-
cient to initiate colon tumorigenesis.

Collectively, the multiplicity of colon tumors in the Rest KO
mice was slightly higher than that in the control mice, but
the difference between the Rest KO and control mice was not
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significantly different (protocol 1: Rest KO vs. control,
P = 0.46; protocol 2: Rest KO vs. control, P = 0.51). In addi-
tion, no statistically significant difference was observed in the
size of the colon tumors, although there was a tendency for the
tumor size to correlate with the expression of Rest (protocol 2:
Rest KO vs. control, P = 0.054).

Histological and immunohistochemical analyses of colon
tumors. Colon tumors were processed for histological examina-
tions. As Rest recombination occurs partially by the Fabp-Cre
transgene in protocol 2, the genetic status of Rest was deter-
mined in each tumor by PCR using primers specific for the
Res?™™ and Rest’'* alleles. Regardless of the Rest recombina-
tion, the histological analysis revealed that all colon tumors
consisted of tubular dysplastic glands. There were no detectable
histological differences between the colon tumors of Rest KO
and control mice in either protocol (Fig. 5a).

We further analyzed these tumors by immunostaining for
B-catenin, Ki-67, and chromogranin A. The accumulation of
B-catenin protein is a critical event that occurs during colon
carcinogenesis. Indeed, in the present study, the accamulation of
B-catenin was observed in the dysplastic glands in the colonic
tumors. However, the B-catenin immunostaining showed no
detectable difference between colon tumors in the Rest KO and
control mice in either protocol (Fig. 5a).

We also carried out Ki-67 immunostaining to compare the
proliferative activities of tumor cells with different genetic sta-
tus of Rest. We counted Ki-67 immunopositive tamor cells out
of 1000 randomly selected colonic tumor cells from Rest KO
.and control mice, and calculated the ratio of Ki-67 positive
tumor cells. The Ki-67 positive cell ratios in the colon tumors of
Rest KO and control mice were 27.6 +3.39% (n=15) and
314 +484% (n=>5) in protocol 1 (P =0.53), and 44.2 =
3.00% (n =10) and 41.2 + 2.53% (n = 11) in protocol 2 (P =
0.45), respectively (Table 1).

Rest has been shown to be a master negative regulator of neu-
ronal differentiation. Indeed, we confirmed that genetic ablation
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of Rest leads to the derepression of neuronal gene expression.
Therefore, we next examined the enteroendocrine cell differenti-
ation of the intestinal cells after loss of Rest expression. Chro-
mogranin A immunostaining was used to assess the endocrine
differentiation of both non-neoplastic and tumor cells in the
colon. Chromogranin A immunostaining, showed no detectable
differences related to the Rest recombination in both non-
neoplastic and tumor cells (Fig. 5b). The positive cell ratios for
chromogranin A in Rest KO and control tumors was
0.28 + 0.08% (n=5) and 0.10 = 0.07% (n = 5) in protocol 1
(P=0.12), and 0.07£0.02% (n=10) and 0.12 +0.02%
(n = 11) in protocol 2 (P = 0.17), respectively (Table 1).

Discussion

Colon carcinogenesis is a multistage process involving genetic
and epigenetic alterations of various tumor suppressor genes and
oncogenes. Our previous studies identified two distinct stages of
colon tumorigenesis in Apc™™™ mice (microadenomas and
macroscopic tumors).®” The formation of microadenomas is
accompanied by the activation of the canonical Wnt pathway
through the genetic loss of the Apc gene, leading to the accumu-
lation of P-catenin. Recent evidence suggests that DNA
methylation is closely associated with the ;:)rogression of
microadenomas into macroscopic tumors.®®*13%) Although the
identity of the target genes of DNA methylation involved in
colon tumorigenesis remain unclear, these findings suggest that
the progression of colonic tumors in Ape™™* mice requires syn-
chronous alternations in the expression of multiple genes due to
global changes of epigenetic modifications.

REST, a novel candidate tumor suppressor gene in colon car-
cinogenesis, maintains transcriptional silencing of various genes
by recruiting multiple co-factors, including Co-Rest,*” HDAC
and Sin3 complex,®>® histone H3 K9 methyltransferase
G9a,%” histone H3 K4 demethylase LSD1,%® and methyl DNA
binding protein MeCP2.%% Previous experiments indicated

Prenoeol 2

Rest KO (Fabp-Crev)

Colonic tumors
Control (Fabpi~Cre~} Rest K (Fabp~Cre4)

Fig. 5. Histological and immunohistochemical analyses of colonic tumors. (a) There was no detectable difference in the H&E staining (upper
panels) and B-catenin immunostaining (lower panels) between the Rest knockout (KO) and control tumors in either protocol. (b) Chromogranin
A immunostaining of colonic non-neoplastic and tumor cells. Black arrowheads, chromogranin A immunopositive cells, Rest KO: Apc™in/+;
Fabp-Cre*; Rest*'®*/2'°* mice, control: ApcM™*; Rest?*/2°% mice, Dox, doxycycline. Scale bars = 20 pm.
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Table 1. Ki-67 and chromogranin A positive tumor cell ratio in colon
tumors of Rest knockout (KO) and control mice

Chromogranin

el 0,
Ki-67 (%) A (%)
Protocol 1 Rest KO 27.6 = 3.39 0.28 + 0.08
Control 3144384 0.10 £ 0.07
Protocol 2 Rest KO 44.2 + 3.00 0.07 + 0.02
Control 41.2 £ 2.53 0.12 + 0.02

Protocol 1, chemically-induced colon carcinogenesis model using
doxycycline-inducible Cre-expressing mice. Protocol 2, Apc™™* mouse
colon carcinogenesis model combined with Fabp-Cre mouse.

thousands of REST-targeted genes in embryonic stem cells and
neuronal progenitor cells.“” REST is thus suggested to alter the
chromatin structure in conjunction with its co-factors, while also
regulating the transcription of the REST-targeted genes through
histone modification, chromatin remodeling, and genomic meth-
ylation. Given the fact that DNA methylation, one of the most
important epigenetic modifications, plays a critical role in the
transition from microadenomas to macroscopic tumors in the
colon of Apc™™* mice, we hypothesized that the global
changes in epigenetic modifications caused by Rest ablation
might affect murine colon tumorigenesis.

In this study, we confirmed that the genetic ablation of Rest
leads to the decreased expression of Rest and increased expres-
sion of Rest-targeted genes, suggesting that Rest represses the
Rest-targeted genes in the colonic crypts. However, Rest
ablation at both the pre-initiation and post-initiation phases of
colon tumorigenesis showed no significant effect on tumor
development in the colon. These findings indicate that loss of
Rest expression by itself does not promote the development of
colon tumors in mice. It is possible that Rest deletion alone
might not be sufficient for the active changes of epigenetic mod-
ifications to induce the progression of colon tumorigenesis.

Rest has been regarded as a master negative regulator of neu-
ronal differentiation in non-neuronal cells. Indeed, a targeted
mutation of Rest in mice caused derepression of neuron-specific
genes in a subset of non-neuronal tissues. Human colonic carci-
noma expressing neuroendocrine genes (also called neuroendo-
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crine carcinoma, NEC) is a highly aggressive carcinoma that
comprises approximately 0.6% of colonic carcinomas.*?
Importantly, most neuroendocrine genes expressed in NEC are
targets of the REST-repressing complex. Considering that the
genetic deletion of Rest leads to the upregulation of neuronal
genes in non-neuronal cells, we hypothesized that Rest deletion
would induce neuronal differentiation in colonic tumors, thus
leading to a NEC-like phenotype. In fact, previous studies have
revealed that carcinomas with REST dysfunction frequently
showed neuroendocrine characteristics.®™>'® However, in the
present study, colon tumors lacking the Rest gene did not show
the NEC-like histology. In addition, an increase in chromogra-
nin A-positive cells, which is usually observed in NEC, was not
detectable in the Resr-deleted tumors. Our results suggest that,
although Res? ablation leads to the increased mRNA expression
of neuronal genes, Rest ablation alone is not sufficient to induce
neuronal differentiation in the colon. As the incidence of NEC is
extremely rare compared to the relatively high incidence of
REST deletion in colorectal cancer,®**" it is still possible that
REST inactivation, in conjunction with additional genetic and/or
epigenetic alterations, may be involved in the development of
NEC. In this context, it would be interesting to examine the
genetic status of REST in NEC in future studies.

In summary, we have shown that the genetic ablation of Rest
does not affect the development of colon tumors in mice. These
findings suggest that other genetic and/or epigenetic alterations
might therefore be required to exert the tumor-promoting effect
of Rest ablation during multistage tumorigenesis of the colon.
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Considering the essential role of chromatin remodelmg in

gene regulation, their dlrected,‘ ‘ odul tion is of i increasing im-

portance To achneve gene act ation by, epxgenetlc modrf‘ ica-

of con;ugates, termed SAVHA-—H'Ps were screened for thelr
effect on the expression of mduced p!unpotent stem cell

Introduction

N-Methylpyrrole (P) and N-methylimidazole () hairpin polyam-
ides are programmable synthetic molecules that can precisely
recognize each of the four Watson-Crick base pairs. A pairing
of | opposite P (I-P) recognizes a G:C base pair, whereas a P-P
pair recognizes A:T or T:A™" PI polyamides have been widely
used to target sequences of biological interest for regulating
gene expression due to their high sequence specificity and
ability to cross the plasma membrane and nuclear envelope
and bind the target chromosomal DNA with an affinity similar
to that of a transcription factor>® Recently, we reported the
synthesis of Pl polyamide conjugates (PIPs) possessing a suber-
oylanilide hydroxamic acid {SAHA) moiety, which acts as an ef-
fective histone deacetylase (HDAC) inhibitor with a broad spec-
trum of epigenetic activities. These novel SAHA-PIPs, which
were designed to target the promoter region of p76 tumor
suppressor gene in Hela cells, induced histone H3 Lys9 acety-
lation.”! Encouraged with the selective inducing ability of
these small molecules, we have synthesized a new library of
sequence specific SAHA-PIPs that could cause distinctive up-
regulation of endogenous gene expression.

Generation of induced pluripotent stem cells (iPSCs) from
somatic fibroblasts by using defined factors could lead to
groundbreaking clinical applications; however, the risk of carci-
nogenesis hampers the clinical translation of this rapidly ad-
vancing technology.®® Notwithstanding the recent promising
breakthroughs,™ several hurdles, including the retention of
epigenetic memory,"™” need to be overcome before the possi-
ble therapeutic use of iPSCs. Since dynamic chromatin struc-
ture is connected intimately with the fundamental nature of a
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(iPSC) factors. We found certain SAHA—PIPs that could differen-
tlally up- regutate the endogenous expressuon of Oct-3/4,
Nanog, Sox2 Kif4 and c-Myc SAHA and other SAHA—PIPs did
,not show such mdu i n th|s |m he's'a rol for PIPs and their

features assocrated wnth transcrtptr ) ‘ally actlve chromatm

cell, chromatin modifiers could establish and maintain pluripo-
tent status in somatic cells.'? As chromatin modifiers lack se-
lectivity, supplementing them with distinctive recognition
through PIPs could pave the way for precise up-regulation of
particular gene. In view of this, we have chosen to test our li-
brary of SAHA-PIPs by screening for their effect on the endog-
enous expression of the standard iPSC reprogramming factors
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Artificial Transcriptional Activators for Pluripotency Genes:

(Oct-3/4, Nanog, Sox2, Kif4 and c-Myc) in mouse embryonic fi-
broblasts (MEF). Herein, we report for the first time, the ability
of our programmable DNA-binding small molecules to differ-
entially up-regulate iPSC factor(s) in MEF by inducing histone
modifications that are associated with pluripotency.

Results
Synthesis of SAHA-PIPs

To achieve distinct gene activation, we designed 16 types of
SAHA-PIPs (A to P) to specifically target a 6 base pair (bp) se-
quence based on the binding rule of Pl polyamides mentioned
before (Figure 1). These hairpin Pl polyamides are expected to
have high binding affinities (nm order) to specific DNA sequen-
ces.” A SAHA moiety was conjugated to the Ntail with a
double B-alanine linker in the hairpin PI polyamides. All SAHA-
PIPs had one cationic tertiary amino group at the Ctail. Pl
polyamides possessing a (8-methoxy-8-oxo-octanamido)benzo-
ic acid moiety as a SAHA precursor were synthesized by Fmoc
solid-phase synthesis by using an oxime resin, and subsequent
3-(dimethylamino)-1-propylamine treatment. After the prepara-
tive reversed-phase column chromatography, each precursor
was efficiently converted to a SAHA-PIP (A to P) by using
NH,OH (50%, v/v). After HPLC purification, the structures of A
to P were confirmed by using ESI-ToF MS.

SAHA-PIPs differentially up-regulate endogenous expres-
sion of iPSC factors

We screened our library of designed SAHA-PIPs (Figure 1, A-P)
for their effect on the endogenous expression of reprogram-
ming factors (Oct-3/4, Nanog, Sox2, Kif4 and c-Myc). Endoge-
nous Oct-3/4 was notably induced by about 3.2-fold with E
and 2.8-fold with O; for Nanog, E and O showed approximately
2.7- and 2.2-fold induction, respectively (Figure 2 A and B, bars
E and O). Compounds J, O and D showed about 2.6~ 2.3- and
2.1-fold increase in the expression of Sox2 (Figure 2C, bar J),
Kif4 (Figure 2D, bar 0) and c-Myc (Figure 2E, bar D), respective-
ly. It is important to note here that only SAHA showed almost
no effect on the expression level of all the five iPSC reprogram-
ming factors; this implicates the PIPs as the cause behind the

- distinctive-gene expression (Figure 2 A-E, bar SAHA).

Compounds D, E, J and O were chosen as “hit” SAHA-PIPs
as they notably induced all five iPSC reprogramming factors.
When the cytotoxicity of SAHA-PIPs in MEF cells was evaluat-
ed, with E as the representative compound, nearly no cytotoxic
effect was observed even at 10 pm, whereas SAHA at this con-
centration reduced cell viability by about 85% (Figure S1A and
B in the Supporting Information). Thus, the differential gene
expression by SAHA-PIPs is not attributable to cytotoxic ef-
fects. Moreover, at a working concentration of 100 nm for
either SAHA or SAHA-PIP and DMSO (0.1%), cell viability was
not affected. Interestingly, our hit SAHA-PIPs could notably
induce the iPSC factors in just 24 h. Recently various small mol-
ecules including BIX-01294, Bayk8644, Repsox, HDAC inhibitors
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H H H H
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Figure 1. Chemical structures and target sequences (W=A or T) of the synthetic SAHA-pyrrole-imidazole polyamide conjugates A-P.
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Figure 2. SAHA-PIPs cause differential up-regulation of endogenous genes
that contribute to pluripotency. Quantitative RT-PCR analysis of the expres-
sion level of the iPSC factors: A) Oct-3/4, B) Nanog, C) Sox2, D) KIf4, and E) c-
Myc. Light gray bars represent the control samples: DMSO and SAHA as the
negative controls, and ES cells as the positive control. Dark green bars rep-
resent the expression profiles of the endogenous genes with 16 individual
SAHA-PIPs (A to P). Each bar represents mean =+ SD from 72-well plates.

(valproic acid and sodium butyrate), pifithrin-a (@ p53 inhibi-
tor), 6-bromoindirubin-3’-oxime (BIO) and vitamin C have been
shown to improve reprogramming efficiency by inducing the
iPSC factors.!"®® For a comparative study of the effect of
these small molecules on the endogenous expression of iPSC
factors, they were used individually and in combination with
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our hit SAHA-PIPs. The combination of selected SAHA-PIPs
displayed about a two- to threefold increase in the endoge-
nous expression of all iPSC factors (Figure S2 in the Supporting
Information, bar SP), but only a mild effect on induction values
was observed when they were combined with small molecules
(Figure S2, bar SPSM).

Chromatin immunoprecipitation assay in the promoter
region of Oct-3/4 and Nanog

Since the Oct-3/4 and Nanog transcriptional network regulates
pluripotency,?” the promoter region for these two genes were
analyzed to evaluate the effect of SAHA-PIPs on the acetyla-
tion of histones H3 and H4. Hit SAHA-PIPs, E and O, were
chosen for this study as both notably induced the endogenous
expression of Oct-3/4 and Nanog. SAHA-PIP B and SAHA alone
were used as controls to corroborate the sequence specificity.
MEF cells treated with effectors were immunoprecipitated
against antibodies for either acetylated histone H4 or H3 at
Lys9 or Lys14 (H4Kac, H3K9ac and H3K14ac), as described in
the Supporting Information. In the case of Oct-3/4, E and O
showed about five- to sixfold increase in the acetylation of
H4K and H3K9 (Figure 3A, H4Kac and H3K9ac); acetylation of

A)

107 SDMSO *SAHA ®0 <®E ©B

Fold enrichment

Fold enrichment

&53’
& o
& & tht-

Figure 3. SAHA-PIP inducible histone modifications in the promoter region
of Oct-3/4 and Nanog. MEF cells were treated for 24 h with SAHA-PIP O, E, B
and SAHA only (100 nm). DMSO (0.1%) treated cells were used as the con-
trol. After immunoprecipitation with H4Kac, H3K9ac, H3K14ac, H3K4me3
H3K27me3 and H3K9me3 antibodies, the amount of promoter sequence of:
A) Oct-3/4 and B) Nanog, in the co-precipitated DNA samples was deter-
mined by quantitative PCR. Enrichment fold in acetylation was calculated by
normalizing the data against input DNA, and by normalizing the enrichment
with IgG antibody. Each bar represents mean =+ 5D from 24 wells.
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H3K14 was enriched by about six- to sevenfold (Figure 3A,
H3K14ac).

As our selected SAHA-PIPs notably alter the endogenous
expression of pluripotency genes, MEF cells treated with the
above-mentioned effectors were also immunoprecipitated with
antibodies against histone H3 Lys4 trimethylation (H3K4me3),
an epigenetic marker associated with active chromatin. As a
control, MEF cells were also immunoprecipitated with anti-
bodies against histone H3, Lys9 and Lys27 trimethylation
(H3K9me3 and H3K27me3), which are epigenetic modifications
associated with repressed chromatin. Intriguingly, E and O also
showed about a four- to fivefold enrichment with H3K4me3
and mild reduction with H3K27me3 and H3K9me3, when com-
pared with DMSO treated cells (Figure 3 A, H3K4me3, H3K9me3
and H3K27me3).

A similar pattern was observed in the\Nanog promoter
region; E and O showed enrichment in the markers for activa-
tion and a mild reduction in those for repression (Figure 3B,
bars E and 0). Only SAHA and B showed a relatively mild
effect in both (Figure 3A and B, bars SAHA and B), which signi-
fies the role of PIPs in the acetylation-mediated active chroma-
tin modifications and induction of endogenous Oct-3/4 and
Nanog.

Region specific chromatin modification in Nanog

To evaluate whether the effect of our hit SAHA-PIP(s) is specif-
ic to a certain site, the epigenetic markers around the Nanog
region were analyzed as this also contains the oct-sox binding
sites. The activation markers (H4Kac, H3K9ac, H3K14ac and
H3K4me3) were analyzed along with H3K9me3 and
H3K27me3, by following the same method as mentioned
above with the primers designed around the transcription start
site (TSS) and for the regions that are 2 kbp downstream and
1 kbp upstream or downstream the transcription start site can-
didate (Figure 4A). Compounds O and E showed notable ace-
tylation of about four- to fivefold enrichment in H3K9, and
about a six- to sevenfold enrichment in H3K14 and H4K with
the primer pairs designed around the transcription start site
(Figure 4B-D, bars O and E in TSS 1 and TSS 2). It is important
to note that no notable increase in acetylation of H4K, H3K9
and H3K14 was observed with the primers selected for the re-
gions 2 kbp downstream and 1 kbp upstream or downstream
the transcription start site candidate (Figure 4B-D, bars TSS
—2,TSS —~1 and TSS +1).

Likewise, O and E showed considerable enrichment in the
trimethylation level of H3K4 along with reduction in H3K27
and H3K9, predominantly in TSS 2, while no such effect was
observed in TSS —2, TSS —1 and TSS 41 (Figure 4E and Fig-

ure S3 in the Supporting Information). Lack of such enrichment-

with B and SAHA clearly indicates that the hit SAHA-PIPs
could distinctly enrich the activation markers in the promoter
and transcription regions of Nanog.

ChemBioChem 2011, 12, 2822 ~2§28

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL P/

PERS

188 -2 TSS-1  TSS1 TSS2  TSS+1
B)
8 EDMSO “SAHA B0 E =B
8
-
g
£ 4
8
H
o
3z 2
£
)
C)

Fold enrichment
w

Fold enrichment
&

T8S-1 TSS 1

TSS +1

E)
- 51
o
@
£ 4
=
L2
£ 31
@
k-]
3 5
g

11 4

il | 1 1

TSS -2 TSS-1 TSS 2 TSS +1
Figure 4. Effect of SAHA-PIPs on the epigenetic modification in the Nanog
promoter region. A) Location of the transcription start site in the 4 kbp pro-
moter region of Nanog. A colored bar indicates the site around the tran-
scription region. Green arrow mark indicates the TSS (transcription start
site). TSS 1 and TSS 2 represent the transcription start site candidates 1 and
2, respectively. TSS —1 and TSS —2 represent the regions located 1 and

2 kbp upstream of TSS 1. TSS +1 represents the region located 1 kbp down-
stream of TSS 1. MEF cells were treated for 24 h with SAHA-PIP O, E, B and
SAHA only (100 nm). DMSO (0.1%) treated cells were used as control. After
immunoprecipitation with H4Kac, H3K9ac, H3K14ac and H3K4me3 antibod-
ies, the co-precipitated DNA samples were analyzed by quantitative PCR by
using the primer pairs designed as described in the Supporting Information.
Expression profiles of: B) H4Kac, C) H3K9ac, D) H3K14ac, and E) H3K4me3 are
shown. Enrichment fold in acetylation and methylation was calculated by
normalizing the data against input DNA and by normalizing the enrichment
with IgG antibody as 1. Each bar represents mean £ SD from 24 wells.
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Discussion

We have explored the prospect of developing PIPs as artificial
genetic switches to recognize DNA sequences or local struc-
tures of interest, and thus created a bottom-up approach to
control the expression of a specific gene of interest. The
demand for the means to induce pluripotency in somatic cells
has increased, and several groups have already identified
chemicals that can replace one, two or even three reprogram-
ming factors during iPSCs generation."*"® It is generally ac-
cepted that aberrant reprogramming with a smaller number of
factors can render iPSCs refractory to differentiation.”? Thus,
establishing ways to precisely generate each iPSC clone is im-
portant for viable therapeutic applications. This could also be
achieved by sequence specific up-regulation of the gene(s)
and factors contributing to the generation of iPSCs. Recent
progress in iPSC technology suggests that Oct-3/4 and Nanog
are indispensable in regulating pluripotency and self-renewal
of stem cells, and thus, chemicals that activate the endoge-
nous Oct-3/4 and Nanog genes could have potential applica-
tions in establishing and maintaining pluripotency in somatic
cells. As shown in Figure 2 and Figure S2 in the Supporting
Information, our selected SAHA-PIPs, E and O, can notably
induce the expression levels of both Oct-3/4 and Nanog in just
24 h when compared to other small molecules, with the added
advantage of possible sequence-specific chromatin remodel-
ing.

Pluripotent cells have dynamic and open chromatin struc-
tures when compared with that of somatic cells. Chromatin
immunoprecipitation analysis suggests that only selected
SAHA-PIPs (O and E) induced enrichment of activation markers
(H4Kac, H3K9ac, H3K14ac and H3K4me3) with a moderate re-
duction in markers for repression (H3K9me3 and H3K27me3),
whereas B, SAHA or DMSO did not show such an effect
(Figure 3). Furthermore, this enrichment for activation markers
and slight reduction in markers for repression, was observed
only in the TSS region of Nanog (Figure 4 and Figure S3 in the
Supporting Information). Analysis of the number of matching
sites in the Nanog gene revealed that E had a significant
number of binding sites, about six-times higher than B around
the promoter and transcription region, but not in the other re-
gions; this corroborates the sequence specificity. Although our
SAHA-PIPs were expected to cause acetylation, enrichment of
trimethylation in H3K4 is possible, as HDAC inhibitors are also
known to stimulate H3K4me3 through transcriptional repres-
sion of histone H3 Lys4 demethylases. It is generally accept-
ed that the state of DNA methylation is closely associated with
transcriptional regulation in iPSCs, and interestingly, we have
shown that Pl polyamides can bind methylated *-CpG-*> se-
quences with threefold higher binding affinities than the un-
methylated *-CpG-* sequence.?”

Post-translational modifications to histones affect chromatin
structure and function and result in altered gene expression
and changes in stem cell behavior, while aberrant gene expres-
sion and altered epigenomic patterns are major features of
cancer. Hence, our approach opens new vistas of opportunities
to modulate the epigenetic environment of certain genes, and
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thus could be developed for applications in both cancer and
stem cell biology.

In summary, while screening for the effects of our library of
SAHA-PIPs, we found that some of them could distinctly up-
regulate iPSC factor(s) in MEF by histone modifications that are
associated with pluripotency. Although the induction effect of
iPSC reprogramming factors by our selected SAHA-PIPs is no-
table even with 24 h incubation, it is still low when compared
with that of embryonic stem (ES) cells (Figure 2). Nevertheless,
PI polyamides are versatile artificial molecules owing to their
ease and flexibility of design, automation-driven solid-phase
synthesis, cell permeability and the presence of flexible sites
for covalent attachment to other molecules.”*! We have also
shown 10 bp recognition by alkylating DNA with Pl 1-(chloro-
methyl)-5-hydroxy-1,2-dihydro-3H-benz[elindole (seco-CBI) con-
jugates.”™ Accordingly, it is possible to expand our library of Pl
polyamides and increase the sequence specificity to improve
the expression level of pluripotent factor(s) that could eventu-
ally lead to sequence-specific induction of pluripotent stem
cells. However, several hurdles need to be overcome to ach-
ieve this goal and to develop our molecules to generate iPSCs.

Experimental Section

General preparation of Pl polyamide by Fmoc solid-phase syn-
thesis: Synthesis and characterization of 4-(8-methoxy-8-oxo-octa-
namido)benzoic acid was carried out as mentioned before. All
machine-assisted Pl polyamide syntheses were performed on a
PSSM-8 peptide synthesizer (Shimadzu, Kyoto, Japan) with a com-
puter-assisted operation system at oxime resin (80 mg,
0.5 mmolg™, 200-400 mesh) by using Fmoc chemistry. Reaction
steps in the synthesis cycle were as follows: deblocking steps for
2x4 min, piperidine (20%) in DMF; coupling step for 60 min, corre-

_sponding carboxylic acids, HCTU (88 mg), DIEA (36 pL), DMF; wash-

ing steps for 5x 1 min, with DMF. Coupling reagents in each step
were prepared in DMF: Fmoc-P-COOH (77 mg), Fmoc-I-COOH
(77 mg), Fmoc-PI-COOH (103 mg), Fmoc-B-COOH (66 mg), Fmoc-y-
COOH (69 mg), 4-(8-methoxy-8-oxo-octanamido)benzoic  acid
(65 mg). All other couplings were carried out with single couple
cycles and were stirred by bubbling N, gas. Typically, Fmoc-P-
oxime resin (80 mg, 0.04 mmol) was swollen in DMF (1 mL) in a
plastic reaction vessel (2.5 mL) for 30 min. Plastic centrifuge tubes
(2 mL) with loading Fmoc-monomers with HCTU in DMF (1 mL)
were placed in order of position. The synthesis was then started,
controlled by computer by using the established program. All lines
were washed with DMF after solution transfers. After the comple-
tion of the synthesis on the peptide synthesizer, the resin was
washed with a mixture of methanol and CH,Cl, (2 mL) and dried in
a desiccator at room temperature, in vacuo.

Synthesis of SAHA-PIP O: A dried sample resin was cleaved with
N,N-dimethylaminopropylamine (0.6 mL) for 5 h at 45°C. The reac-
tion mixture was filtered, recrystallized from Et,0, and was purified
by HPLC in ammonium formate (AF, 50 mm) containing 0-100%
CH,CN over a linear gradient for 20 min at a flow of 1 mLmin™' at
40°C and the absorbance was detected at 256 nm; 4-(8-methoxy-
8-oxo-octanamido}benzoyl PIP O was obtained as a yellow powder.
This precursor of SAHA-PIP O (about 10 mg) was dissolved in DMF
(0.5mL) and was added to an aqueous solution of 50% (v/v)
NH,OH (0.5 mL). The reaction mixture was stirred for 8 h at room
temperature. Subsequently, the hydroxylamine was quenched with
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acetic acid (0.5 mL) at 0°C. The mixture was purified by HPLC in AF
(50 mm) containing CH,CN (0-100%) over a linear gradient for
20 min at a flow of 1 mLmin™' at 40°C, and the absorbance was
detected at 254 nm; SAHA-PIP O was obtained as a white powder
(1.9 mg, 4%). '"H NMR (600 MHz, [DgDMSO): 6=10.40 (s, 1H; NH),
10.36 (s, TH; NH), 10.32 (s, 1H; NH), 10.09 (s, 2H; NH), 9.93 (s, 2H;
NH), 9.82 (s, 1H; NH), 9.37 (s, 1H; NH), 8.34 (s, TH; NH), 8.23 (s, 1H;
NH), 8.16 (s, TH; NH), 8.01 (s; TH; NH), 7.98 (s, 1H; NH), 7.75 (d, J=
8.9 Hz, 2H; CH), 7.63 (d, J=8.9 Hz, 2H; CH), 7.51 (s, 1H; CH), 7.49
(s, 1H; CH), 740 (s, 1H; CH), 7.22 (s, 2H; CH), 7.17 (s, H; CH), 7.15
(s, H; CH), 7.08 (s, 2H; CH), 6.95 (s, H; CH), 6.88 (s, H; CH), 3.96 (s,
6H; NCHj), 3.91 (s, 3H; NCH,), 3.85 (s, 3H; NCH,), 3.85 (s, 3H;
NCH,), 3.83 (s, 3H; NCH,), 3.81 (s, 3H; NCH,), 3.25-3.37 (m, 8H;
CH,), 3.32 (m, 2H; CH,), 3.28 (m, 2H; CH,), 3.25 (m, 2H; CH,), 3.07
(brs, 2H; CH,), 2.79 (s, 6H; NCH,), 2.61 (s, 2H; CH,), 2.61 (s, 2H;
CH,), 2,59 (m, 2H; CH,), 2.39 (m, 2H; CH,), 2.34 (m, 2H; CH,), 2.30
(m, 2H; CHy), 2.27 (m, 2H; CH,), 1.93 (m, 2H; CH,), 1.84 (m, 2H;
CH,), 1.80 (m, 2H; CH,),1.56 (m, 2H; CH,),1.48 (m, 2H; CH,), 1.27
(brs, 2H; CH,); ESI-ToF MS m/z caled for C,HgsN,s045: 774.87
[M+4-2HI**, found 774.87.

The stock solution of purified Pl polyamide was prepared by dis-
solving the compound in DMSO. A procedure similar to that used
for the preparation of compound O was adopted to prepare all
the other SAHA-PIPs as shown below.

SAHA-PIP D (SAHA-BPIPPYPPPPDp): White powder (2.5 mg, 5%),
ESI-ToF MS m/z calcd for CyHegN,0q5 [IM4-2HI*T 799.38, found
799.42.

SAHA-PIP E (SAHA-BSIPPPyPPPPDp): White powder (1.4 mg, 3%),
ESI-ToF MS m/z caled for CrHegN,,Os [M4+2HIPH 799.38, found
799.41.

SAHA-PIP J (SAHA-BBIBIPYyPPPPDp): White powder (2.5 mg, 6%),
ESI-ToF MS m/z calcd for CyHesNpOis [M4-2HPPH 774.38, found
774.43.

SAHA-PIPs (A, B, G E G, H, I, K, L, M, N, P): SAHA-PIP A (SAHA-
BBPPPPYPPPPDP), SAHA-PIP B (SAHA-BBPPPIYPPPPDp), SAHA-PIP
C (SAHA-BRPPIPYPPPPDp), SAHA-PIP F (SAHA-BBPPIlyPPPPDp),
SAHA-PIP G (SAHA-BBPIBIYPPPPDp), SAHA-PIP H (SAHA-BIP-
BIYPPPPDp), SAHA-PIP | (SAHA-PBPIIPYPPPPDp), SAHA-PIP J
(SAHA-BBIBIPYPPPPDp), SAHA-PIP K  (SAHA-BBIPPYPPPPDP),
SAHA-PIP L (SAHA-BBPIIlyPPPPDp), SAHA-PIP M (SAHA-
BBIIPYPPPPDP), SAHA-PIP N (SAHA-BRIIBIYPPPPDP) and SAHA-PIP
P (SAHA-BBIIlIYPPPPDP).

The structures of the Pl polyamide conjugates A-P are shown in
the Figure 1. The stock solution of purified PI polyamide was pre-
pared by dissolving the compound in DMSO.

Treatment of MEF cells with SAHA-PIPs and optimization: MEF
cells in the sixth passage were trypsinized for 5 min at 37°C, and
were resuspended in fresh DMEM medium to give a concentration
of 2x10° cells per mL in a 35 mm plate. After overnight incubation
for attachment, the medium was replaced with fresh DMEM (2 mL)
containing each individual SAHA-PIP solution. All plates were incu-
bated in 2 5% CO, humidified atmosphere at 37°C for 24 h. Incu-
bation time and concentration of the SAHA-PIPs were standar-
dized based on initial optimization experiments with varied incuba-
tion time (24, 48 and 72 h) and SAHA-PIP concentrations (50, 100,
200, 500 nM, and 1 and 10 pm). No significant effect on the expres-
sion profile of the iPSC reprogramming factors was observed by
varying the incubation time. When the effect of concentration of
SAHA-PIPs was studied with E, O and B as representatives, E and
O (100 nm) showed the maximum of threefold induction; increase
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in the concentration of the SAHA-PIP conjugate did not have a
significant effect on the expression profile of iPSC reprogramming
factors. Based on these optimization studies, SAHA-PIPs were
treated at a final concentration (100 nMm in 0.1% DMSO). Mouse ES
cells, DMSO (0.1%) and SAHA (100 nm) treated cells were used as
controls.

Details regarding cell culture, analysis of gene expression, chroma-
tin immunoprecipitation and other protocols are given in the Sup-
porting Information.
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