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Dedifferentiation

In a previous study, we showed that folate receptor-a (FRa) translocates to the nucleus where it
acts as a transcription factor and upregulates Hes1, Oct4, Sox2, and KIf4 genes responsible for
pluripotency. Here, we show that acetylation and phosphorylation of FRa favor its nuclear trans-
location in the presence of folate and can cause a phenotypic switch from differentiated glial
cells to dedifferentiated cells. shRNA-FRax mediated knockdown of FRo was used to confirm the
role of FRa in dedifferentiation. Ocimum sanctum hydrophilic fraction-1 treatment not only
blocks the folate mediated dedifferentiation of glial cells but also promotes redifferentiation of
dedifferentiated glial cells, possibly by reducing the nuclear translocation of ~38 kDa FRa and
subsequent interaction with chromatin assembly factor-1. STEM CELLS 2019;37:1441-1454

SIGNIFICANCE STATEMENT

The clinical significance of this study is best understood in the context of a near-dramatic
increase in glial cells derived tumors of supratentorial pediatric brain following folic acid fortifi-
cation in the U.S. in the year 1996. This work offers a plausible mechanism of how high folate
via folate receptor-a may trigger dedifferentiation of glial cells and could possibly induce tumor-
igenesis in the cranial neural crest derived brain cells in the pediatric population. This study also
shows that the folate mediated dedifferentiation can be blocked by hydrophilic fraction-1 of
Ocimum sanctum hydrophilic fraction-1 and cells made to redifferentiate to glial cell phenotype.

INTRODUCTION

Folate receptor-a (FRx) is a cell surface
glycosylphosphatidylinositol-anchored  glycopro-
tein that is highly expressed on many types of
cancer cells including ovary, lung, breast, kidney,
brain, endometrium, and colon cancer, but
undetectable on normal cells [1], except in mid-
brain dopamine neural progenitors and nascent
dopamine neurons [2]. There are several reports
describing the use of antibodies for characteriza-
tion of FRa and folate receptor-f (FRP). Using
monoclonal antibodies specific to FRa (mAb343)
and FRP (m909). Shen et al. [3] showed that the
molecular weight of FRo is ~48 kDa and FRf
~40 kDa, whereas O’Shannessy et al. [4] reported
38 kDa for FRa and 34 kDa for FRP. Although
FRa is expressed in many types of cancers, its
role in cancer and tumorigenesis is not fully
understood. Our lab has shown that FRax is a
transcription factor [5]. FRa transcriptionally
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activates the pluripotent stem cell genes, Oct4,
Sox2, and KIf4 [4], Hes1, and Fgfr4 [6].
Post-translational modification of transcrip-
tion factors orchestrates multiple cellular pro-
cesses [7,8]. Many transcription factor functions
are controlled by acetylation [9, 10]. For example,
GATA-1 activity is regulated by p300-mediated
acetylation [11]. Other well-characterized targets
of nonhistone protein acetylation include p53,
nuclear factor-kB, p65, cycliccAMP response ele-
ment binding protein (CBP), p300, signal trans-
ducer and activator of transcription 3 (STAT3),
tubulin, positive cofactor 4 (PC4), nuclear recep-
tors, c-Myc, HIF1a, FoxO1, heat-shock protein, fms
like tyrosine kinase 3 (FLT3) kinase, and c-Raf
kinase [12, 13]. Acetylated Pax3 regulates Hes1 and
Neurog2, such that Hesl levels decrease and
Neurog?2 levels increase when neurogenesis begins
[14]. Similarly, phosphorylation of transcription fac-
tors has been linked to nuclear translocation and
signaling [15-17]. In this study, we hypothesized
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that post-translational modification of FRa, such as lysine acetyla-
tion and serine phosphorylation, regulate its nuclear translocation.

FRa ranges between 38 and 45 kDa and has a high affinity for
folate (K, < 107°~107°) [18,19]. Using subcellular fractionation,
we reported earlier that the nuclear localized FRa is ~38 kDa [5].
If FRo regulates transcription and increases the expression of
downstream target genes, it is hypothesized that the ~38 kDa
nuclear FRa would be increased in cancers that show increased
FRa expression. If that is the case, it is further hypothesized that a
differentiated cell, for example a glial cell, can be made to dedif-
ferentiate under high folate conditions to cancer-like cells. There-
fore, preventing the FRa from translocating to the nucleus is of
paramount importance in preventing pediatric brain cancer.

Several lines of evidence suggest that the extract of Ocimum
sanctum leaves can induce apoptosis, deplete intracellular glutathi-
one (GSH), and increase levels of lipid peroxidation products [20].
Several extraction procedures using O. sanctum have been
reported [20-23] highlighting the benefits such as antiproliferative
and antimigratory effects and drawbacks such as hepatotoxicity of
each extraction methods. We understood that there is a pressing
need to devise an extraction method which does not have any
untoward effects on normal cells and yet it has beneficial effects of
blocking cell proliferation and tumorigenesis. We have isolated a
hydrophilic fraction of methanolic extracts of O. sanctum hydro-
philic fraction-1 (OSHP-1), which has ascorbic acid (AA), rosmarinic
acid (RA), and caffeoylquinic acid (CA) active ingredients as
confirmed by high performance liquid chromatography (HPLC)-
mass spectrometric analysis. We hypothesized that OSHP-1 has
ingredient(s) that can block the nuclear translocation of ~38 kDa
FRa and can redifferentiate the dedifferentiated glial cells.

Here, we show that (a) nuclear FRa can cause a phenotypic
switch from differentiated glial cells to dedifferentiated cells;
(b) OSHP-1 treatment blocks the 5-methyl tetra hydro folate
(MTHF) mediated dedifferentiation of glial cells; (c) OSHP-1 treat-
ment reduces the nuclear ~38 kDa FRa levels; (d) acetylation and
phosphorylation of FRa favors its nuclear translocation; and
(e) nuclear FRa binds to chromatin assembly factor-1 (CAF-1) in
MTHF induced dedifferentiated cells and not in differentiated or
re-dedifferentiated glial cells.

MATERIALS AND METHODS

SJ-GBM2 cell line was obtained from Children’s Oncology Group,
Texas Tech University Health Sciences Center. Primers and probes
used in this study were designed using Primer Express software
(PerkinElmer Life Sciences, Naperville, IL, http://www.perkinelmer.
com/corporate/what-we-do/markets/life-sciences). Primers were
synthesized by Eurofins (Louisville, KY, http://www.
eurofinsgenomics.com/en/products/dnarna-synthesis/oligo-
options.aspx).

Antibodies and other reagents used in this study, gateway
cloning method for generating lysine and serine mutants of
FRa-V5tag, HPLC-mass spectrometry analysis of OSHP-1, primer
sequence information and nuclear/cytoplasmic extraction
methods used for coimmunoprecipitation studies are described
in the Supporting Information section.

Cranial Neural Crest Cells

Cranial neural crest cell (CNCC) cell line 09-1 obtained from
Wntl-Cre: R26R-GFP from E8.5 mouse embryos were kindly
provided by Dr. Robert E. Maxson (Department of Biochemistry
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and Molecular Biology, USC/Norris Comprehensive Cancer Cen-
ter, Keck School of Medicine, University of Southern California,
Los Angeles, CA). Basal medium for NC culture was prepared
as described by Ishii et al. [24].

Glial Differentiation of 09-1 Cells

To induce glial differentiation, 09-1 cells were cultured for
10 days in: Dulbecco’s modified Eagle’s medium/F12 (1:1), B27
(Invitrogen, Carlsbad, CA), 2 mM L-glutamine, 50 ng/ml bone
morphogenetic protein 2 (BMP2), 50 ng/ml LIF (Millipore, Bur-
lington, MA), 1% heat-inactivated fetal bovine serum (FBS),
100 U/ml penicillin, and 100 mg/ml streptomycin.

Statistical Analysis

The graph shows an average of six biological replicates 4+ SEM.
Values given are means — SEM. Probabilities (p) were calculated
with Student’s unpaired t test using GraphPad Prism version 6¢
(San Diego, CA). p values of <.05 were considered to be statisti-
cally significant. For multiple comparisons between data, one-
way analysis of variance (ANOVA) with Bonferroni’s multiple
comparison tests were used. All data are expressed as
mean + SEM. Results were assessed by using two-tailed
unpaired Student’s t test or two-way ANOVA (GraphPad Prism
6). A p value less than .05 was considered significant.

RESULTS

Folate/FRa Causes a Phenotypic Switch from
Differentiated Glial Cells to Dedifferentiated Cells

To test the hypothesis that folate/FRax causes a phenotypic
switch from differentiated to dedifferentiated cells, we sub-
jected 09-1 cells (a murine E8.5 CNCC line), to glial differentia-
tion medium for 10 days [24]. Figure 1A shows the progression
of undifferentiated CNCCs (cell markers such as Sox9, A2B5), to
glial differentiation (cell markers such as glial fibrillary acidic
protein [GFAP], 04). We observe that in undifferentiated CNCCs,
Sox9, and A2B5 are highly expressed, whereas Oct4, Sox2, and
KIf4 are expressed at very low levels. When these cells are glial
differentiated, they express GFAP and O4. The undifferentiated
CNCCs when trypsinized and grown in NeuroBasal medium
(supplemented with epidermal growth factor [EGF] and basic
fibroblast growth factor [bFGF]) for 4 days in the absence or
presence of 100 ng/ml MTHF (Fig. 1B) on low attachment 6-well
plates, they form colonies or spheres both with and without the
presence of MTHF. It must be noted, however, that the differen-
tiated CNCCs when treated with MTHF show re-expression of
A2BS5, but not Sox9. Additionally, they express Oct4, Sox2, and
KIf4 but not GFAP. The MTHF nontreated glial cells however
express GFAP (Fig. 1A, 1C). A2BS5 is expressed in MTHF induced
dedifferentiated cells, but to a far lesser extent as compared with
the undifferentiated CNCCs. Oct4, Sox2, and KIf4 expressions are
more in the MTHF-induced dedifferentiated cells as compared
with the undifferentiated CNCCs. Additionally, Sox9 expression
which is the hallmark of undifferentiated CNCCs is diminished in
MTHF-induced dedifferentiated cells. These observations suggest
that MTHF drive the dedifferentiation past the CNCC stage.

It was noted that the differentiated cells only form spheres in
the presence of MTHF, but not in the absence of MTHF. These
spheres, also called “crestospheres” are in vitro maintained pri-
mary cultures of premigratory neural crest cells that maintain a
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Figure 1. (Continued on next page).

mixture of neural crest stem and progenitor cells for weeks
without spontaneous differentiation [24, 25]. These crestospheres
stain positive for alkaline phosphatase (AP), and 5-ethynyl-2'-
deoxyuridine (EdU) as well as Oct4 and Sox2, but not for GFAP.
The glial differentiated cells, however, showed GFAP positive Oct4
negative staining in the absence of MTHF (Fig. 1C), suggesting that
folate/FRa may be responsible for these phenotypic changes
observed above.

To determine whether these phenotypic changes are due
to FRa, the receptor was knocked down by shRNA-FRa as
described in our previous study [6]. The glial differentiated
cells were grown in low attachment plates in NeuroBasal
media supplemented with EGF and bFGF for 4 days in the

www.StemCells.com
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presence of MTHF. The results (Fig. 1D) show that the shRNA-
FRa knocked down cells did not form crestospheres, but the
scrambled control shRNA (scr-sh-RNA) treated cells formed AP
and EdU positive crestospheres. Overall, these data suggest
that MTHF mediated phenotypic switch from differentiated
glial cells to undifferentiated cells may be caused by FRa.

OSHP-1 Blocks the MTHF Mediated Dedifferentiation of
Glial Cells and Promotes Redifferentiation

It was hypothesized that if folate/nuclear FRa could cause a phe-
notypic switch from differentiated glial cells to dedifferentiated
Oct4 and Sox2 positive cells, blocking FRo translocation to the
nucleus as reported earlier [3, 4], could prevent folate mediated

©2019 The Authors. STEM CELLS published by
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Figure 1. Role of high folate levels and folate receptor-a (FRa) in dedifferentiating the differentiated glial cells. (A): Undifferentiated
09-1 cells immunostained for Sox9, A2B5, Oct4, Sox2, and KIf4 and counterstained with 4’,6-diamidino-2-phenylindole (DAPI). 09-1 cells
were subjected to differentiation into glial cell lineage. 09-1 cells were grown in glial differentiation medium (Dulbecco’s modified Eagle’s
medium/F12, 1-B27 [Invitrogen], 2 mM L-glutamine, 50 ng/ml BMP2, 50 ng/ml LIF [Millipore], 1% heat-inactivated FBS, 100 U/ml penicil-
lin, and 100 mg/ml streptomycin) for 10 days and then fixed in 4% paraformaldehyde and immunostained for glial fibrillary acidic protein
(GFAP), 04, and A2BS5 antibodies. After 10 days in glial differentiation medium, the cells were trypsinized and grown in NeuroBasal
medium (supplemented with basic fibroblast growth factor (bFGF) [20 ng/ml; R&D Systems] and epidermal growth factor (EGF) [20 ng/ml;
Sigma] in ultra-low attachment plates for 4 days in the absence or presence of 100 ng/ml methyl tetra hydro folate (MTHF). The cells
were then triturated and grown on low growth factor matrigel for 24 hours and then immunostained for Sox9, A2B5, Oct4, Sox2, and KIf4
and counterstained for DAPI. (B): 09-1 undifferentiated cells and 09-1 cells subjected to glial differentiation medium. After 10 days in glial
differentiation medium, the cells were trypsinized and grown in NeuroBasal medium (supplemented with bFGF [20 ng/ml; R&D Systems]
and EGF [20 ng/ml; Sigma] in ultra-low attachment plates for 4 days in the absence or presence of 100 ng/ml MTHF. The crestospheres
>50 pM in size were counted and stained for alkaline phosphatase, 5-ethynyl-2’-deoxyuridine (EdU), Sox2, and Oct4. (C): Crestospheres
were triturated and grown on laminin coated slides overnight, fixed in 4% PFA and stained with Oct4 (for stem cell phenotype) and GFAP
(for glial differentiated cell phenotype) and counterstained for nuclei with DAPI. Percentage DAPI positive Oct4 and GFAP cells were coun-
ted in each slide using eight visual fields and the average + SEM was used to calculate the significance using Student’s t test. *, p < .05;
** p <.001. (D): The role of FRa in redifferentiation of glial differentiated cells by folate was confirmed by scrambled shRNA and shRNA-
FRa knockdown of FRa. FRa knockdown cells did not form crestospheres in the presence of MTHF but scrambled shRNA controls formed.

dedifferentiation. There is no known FRa nuclear translocation property of blocking MTHF mediated dedifferentiation, the dif-

blocker reported yet. Since O. sanctum extracts have been shown
to possess anticancer properties [23,26-28], we used OSHP-1
(hydrophilic fraction-1 of aqueous extracts of O. sanctum leaves
subjected to 80% methanolic fractionation) to test the hypothesis
whether it can (a) block the folate mediated dedifferentiation,
(b) reverse the dedifferentiation to redifferentiation, and (c) block
FRo nuclear translocation.

Extraction strategy of OSHP-1 is shown in Supporting Infor-
mation Figure S1. To test which fraction of the extract has the

©2019 The Authors. STEM CELLS published by
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ferentiated glial cells were tested with different fractions of
0. sanctum leaf extracts for their ability to block the MTHF
mediated dedifferentiation of glial cells. Of all the fractions
OSHP-1 alone abolished the MTHF mediated dedifferentiation
even in the presence of MTHF (Fig. 2A). The 09-1 cells form
crestospheres in the absence of MTHF because of the Neuro-
Basal media which contains bFGF and EGF help in sphere
maintenance and formation. The presence of MTHF caused a
further increase (30%—40% more) in crestospheres formation.

STEM CELLS



Monick, Mohanty, Khan et al. 1445

B
( 008 091 Cells
N 2 0.07
100 — g
" . () MTHF £t I I .
§ oos =0
f_;\ u(+) MTHF g E 00 1] 1 e
80 g%
= 2E om ash
5 n ®° ar2h
2w S o
E o
I s % 0 50 00 200 300
= = OSHP-1 (ng/ml)
£ _
E 30 (") 007 Human Fibroblasts (CRL-2522)
20 o 096 L " i
8 oo " i
" z8 u0h
3 € oo
| 0 ES w2th
& o IN A a Sy °» o
B 5 A 2 o @
' B4 & & & g E om an2h
) g om
] . J
[ o s w0 20 3w
OSHP-1 (ng/ml)
GFAP Merge D DMSO RosmarinicAcid

100pm . -
() MTHF
(+) OSHP-1
100pm 90
3 80
(+) MTHF - g 0¥ T 70
+) OSHP-1 : 60
) voah <
4 % T 4
O 30
20
OSHP-1 10
(200 ng/ml) 0
— DMSO AA RA CA
100pm E
_ V. AA RA CA Mix
Totalcell
Lysate 1
L 37kDa —
octs BB R
100um 100kDa —
Octd
Sox2 R T e

14
12

1
08
06
04
0.2

Klf4
m)pm

GFAP
‘EJum

Figure 2. Ocimum sanctum hydrophilic fraction-1 (OSHP-1) blocks the methyl tetra hydro folate (MTHF)-mediated dedifferentiation of glial
cells and promotes redifferentiation. (A): 09-1 cells were first differentiated to glial cells for 10 days. Then they were subjected to (+) or (—)
MTHF mediated dedifferentiation in the presence of 200 ng/ml 0S-AQ, OSHP-1, OSHB-1, and OSHB-2. The crestospheres >50 pM size were
counted (n = 6). *, p <.001; **, p <.0001, Student’s t test. (B): Cell viability/cell proliferation assays were performed using MTS Assay Kit
(ab197010). Two cell lines were taken: (i) 09-1 cells and (ii) human fibroblast CRL-2522 (ATCC). Cells were treated with vehicle or OSHP-1
(50-300 ng/ml) for 24, 48, and 72 hours. After that the cells were washed with PBS three times and assayed for cell viability/proliferation as
per the manufacturer’s instructions (n = 4, each experiment done in triplicate). (C): The MTHF mediated dedifferentiated glial cells treated
with OSHP-1 in the presence or absence of MTHF or after washing away MTHF were triturated and plated on laminin coated glass slides
and immunostained for GFAP and counterstained with DAPI. OSHP-1 caused redifferentiation of spheres obtained from MTHF mediated
dedifferentiated glial cells. The MTHF mediated spheres were cultured in the absence of glial differentiation media but in the presence of
OSHP-1 (200 ng/ml) for 4 days and then the cells were immunostained for GFAP, Oct4, Sox2, KIf4, and counterstained with DAPI. (D): Effect
of active components of OSPH-1, AA (AA, 250 pM), rosmarinic acid (RA, 12.5 pg/ml), and caffeoylquinic acid (CA, 125 uM) on MTHF-
mediated dedifferentiated cells to form crestospheres. (E): MTHF-mediated dedifferentiated 09-1 cells were treated with AA (250 pM), RA
(12.5 pg/ml), CA 125 uM, and mixture of AA + RA + CA for 72 hours Western blots of the total cell lysate (RIPA lysates) and nuclear frac-
tions. Fifteen micrograms protein per well was immunoblotted using GFAP, B-actin (positive control), pRb (as nuclear marker control), Sox2,
Oct4, and folate receptor-a. Semiquantitative blot quantization was done by the software provided in Bio-Rad ChemiDoc™" system.
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Figure 3. Ocimum sanctum hydrophilic fraction-1 (OSHP-1) treatment
reduces the nuclear folate receptor-a (FRat) ~38 kDa levels. (A): Cytoplas-
mic (C) and nuclear (N) extracts were prepared by using NE-PER nuclear
and cytoplasmic extraction reagents (Thermo Fisher Scientific) from
spheres obtained from MTHF treated glial cells and immunoblotted using
FRa antibody. The immunoblot data suggest that after 72 hours of vehi-
cle or OSHP-1 (200 ng/ml) treatment, the ~38 kDa FRa level is reduced.
(B): SJ-GBM2 cells were treated with vehicle or OSHP-1 (200 ng/ml) for

(Figure legend continues on next page.)
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Therefore, we hypothesized that this additional increase in
crestospheres formation maybe due to FRa translocating to
the nucleus [5,6]. It should be noted that the lack of
crestospheres formation by OSHP-1 does not reflect death of
the cells. MTS assays demonstrate their viability (Fig. 2B). To
rule out toxicity and undue side effects of OSHP-1 we

©2019 The Authors. STEM CELLS published by
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performed MTS assays on 09-1 cells and human fibroblast cells
(CRL-2522 from ATCC) by treating the cells with different con-
centrations (50-300 ng/ml) of OSHP-1 for different time
periods. The data presented in Figure 2B showed that there
were no toxicity or undue side effects on these cells at the con-
centrations studied. Experiment in Figure 2C shows the effect of
OSHP-1 in the absence or presence or MTHF, and OSHP-1 alone
on MTHF-induced dedifferentiated glial cells. The results show
that when the MTHF induced dedifferentiated glial cells were
treated with OSHP-1 they showed increased GFAP immuno-
staining, suggesting that OSHP-1 not only blocked the dedifferen-
tiation of glial cells in culture but also caused the MTHF-induced
dedifferentiated cells to redifferentiate (Fig. 2C). To further con-
firm whether the MTHF induced crestospheres can be made to
redifferentiate in the presence of OSHP-1, we cultured them in
the absence of glial differentiation media but in the presence of
OSHP-1 to test the hypothesis that OSHP-1 can redifferentiate
the already dedifferentiated cells, as evidenced by GFAP positive
and Oct4, Sox2, and KIf4 negative immunostaining (Fig. 2C, lower
panel).

The active fractions of the OSHP-1 were characterized by
HPLC fractionation and mass spectrometric analysis and are pres-
ented in the supplemental information section (Supporting Infor-
mation Figs. S2-57). The HPLC fractionation (Supporting
Information Fig. S2) and mass spectrometric analysis (Supporting
Information Figs. S3-S7) revealed that the mixture contains three
important constituents: AA, RA, and CA. ICs, for AA, RA, and CA
on 09-1 cells was 250 pM, 12.5 pg/ml, and 125 pM, respectively.
Glial differentiated 09-1 cells were dedifferentiated using MTHF
and then treated with AA (250 pM), RA (12.5 pg/ml), and CA
(125 pM) constituent of OSHP-1. The AA component of OSHP-1
did not decrease the crestospheres formation, whereas RA
decreased it and CA not only decreased the crestospheres forma-
tion but also promoted differentiation of the dedifferentiated
glial cells (Fig. 2D). Additionally, CA caused a decrease in the
~38 kDa FRa, Oct4, and Sox2 in the nucleus, and an increase in
the expression of GFAP (Fig. 2E).

To further confirm that OSHP-1 blocks the nuclear transloca-
tion of FRa, we used the crestospheres obtained from MTHF
treated glial cells and subjected them to subcellular fractionation
using the cytoplasmic and nuclear extraction kit from Fisher Sci-
entific. The cytoplasmic and nuclear fractions were immuno-
blotted using FRa antibody. The purity of nuclear fraction was
ascertained by Groucho, a nuclear protein. The immunoblot data
(Fig. 3A) suggest that after 72 hours of OSHP-1 (200 ng/ml) treat-
ment, the nuclear ~38 kDa FRa level is reduced, thereby
strengthening the argument that it may play a major part in
dedifferentiation. To confirm the hypothesis that OSHP-1 could
block the ~38 kDa FRa from translocating to the nucleus, we
used SJ-GBM2, recurrent glioblastoma multiforme grade 2 brain
tumors. This tumor, which originates from primitive precursors of
glial cells or glioblasts [29] was treated with OSHP-1 (200 ng/ml)
for 72 hours and then subjected to fractionation into cytoplasmic
and nuclear fractions. The purity of cytoplasmic fraction was
ascertained by heat shock protein 70 (HSP70). FRa immunoblot
using cytoplasmic and nuclear fractions of SI-GBM2 cells show
that the nuclear ~38 kDa FRa levels after 72 hours of treatment
of OSHP-1 are reduced (Fig. 3B). These observations suggest that
the nuclear translocation of the ~38 kDa FRa is blocked by OSHP-
1 treatment, further strengthening the premise that nuclear FRa
in the glial cells may be responsible for dedifferentiation.
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Figure 4. Acetylation of folate receptor-a (FRx) facilitates its nuclear translocation. (A): Murine neural crest cells were treated with TSA,
a deacetylase inhibitor (10 pM for 4 hours followed by 10 ng/ml methyl tetra hydro folate [MTHF] for 30 minutes), and curcumin, an
acetyltransferase inhibitor (10 pM for 4 hours followed by 10 ng/ml MTHF for 30 minutes). Fifteen micrograms of protein from cytosolic
and nuclear fractions per lane was immunoblotted using anti-rabbit FRa antibody as well as with acetyl lysine antibody. Groucho and
hsp70 antibodies were used to assess the purity of nuclear fractions. (B): Suberoylanilide hydroxamic acid (SAHA), a known histone
deacetylase (HDAC) inhibitor was used at 10 uM (final concentration), and C646, a known acetyl transferase p300 inhibitor was use at
20 pM (final concentration) for 24 hours followed by 10 ng/ml MTHF for 30 minutes. Fifteen micrograms of protein from cytosolic and
nuclear fractions per lane was immunoblotted using anti-rabbit FRa antibody as well as acetyl lysine antibody. Semiquantitative blot

quantization was done by the software provided in Bio-Rad ChemiDoc™”

Acetylation and Phosphorylation of FRa Favors its
Nuclear Translocation

The above results suggest that folate/nuclear FRa may be
responsible for dedifferentiation of differentiated glial cells.
Many transcription factor functions and nuclear translocation
are controlled by acetylation [9,10]. For example, GATA-1
activity is regulated by p300-mediated acetylation [11]. Other
well-characterized targets of nonhistone protein acetylation
include p53, nuclear factor-xB, p65, CBP, p300, STAT3, tubulin,
PC4, nuclear receptors, c-Myc, HIF1la, FoxO1, heat-shock pro-
tein, FLT3 kinase, and c-Raf kinase [12,13]. Acetylated Pax3
regulates Hesl and Neurog2, such that Hesl levels decrease
and Neurog?2 levels increase when neurogenesis begins [14].
Therefore, we wanted to know whether the nuclear transloca-
tion of ~38 kDa FRa is affected by acetylation.

To test this hypothesis, 09-1 cells were treated with
trichostatin-A (TSA 10 pM), a deacetylase inhibitor [30], or cur-
cumin (10 uM), an acetyltransferase inhibitor [31] for 4 hours, with
each treatment followed or not followed with 10 ng/ml 5'-methyl-
tetra-hydro-folate (MTHF) added to the media for 30 minutes. Fif-
teen micrograms of protein from cytosolic or nuclear fractions per
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system.

lane were immunoblotted using anti-rabbit FRa antibody. Hsp70
and Groucho served as the loading controls as well as markers for
the purity of cytoplasmic and nuclear fractions, respectively. In the
presence of Trichostatin A followed by MTHF treatment, the locali-
zation of the ~38 kDa FRa in the nucleus was higher than in the
absence of MTHF (Fig. 4A). Trichostatin A is a general inhibitor of
deacetylase hence it is expected that FRa among other proteins
remains acetylated. In the absence of MTHF, the nuclear transloca-
tion of acetylated FRa as confirmed by immunoprecipitation by
FRa antibody and crossblotting with acetyl-lysine antibody, is less
compared with the MTHF treated samples, suggesting that MTHF
favors the translocation of acetylated form of FRa. Exact opposite
results were observed with curcumin, a p300 acetyltransferase
inhibitor, treatment. In the presence of MTHF, there was less
nuclear localization of ~38 kDa FRa than in its absence. Overall, the
results suggest that acetylation of ~38 kDa FRa favors its nuclear
translocation. We however observed the FRa-38 kDa in the nucleus
after TSA treatment (in the absence of MTHF) to be lower as com-
pared with vehicle. The reason why this may be so, is because with
TSA treatment FRa may be acetylated, but its nuclear translocation
is favored by MTHF. We do not know the reason why the nuclear

©2019 The Authors. STEM CELLS published by
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Figure 5. Lysine and serine mutants of folate receptor-a (FRa) show that acetylation and phosphorylation of FRa favor its nuclear trans-
location. (A): Lysine residues K59 and K95 play an important role in FRa nuclear localization. Using gateway cloning BP reaction protocol,
deletion mutants of FRa with deleted K59 and K95 and K59 + K95 double mutants were created with V5 tag introduced after the alanine
(A231) amino acid. Forty-eight hours post-transfection of these FRa lysine deletion mutants in 09-1 cells, these cells were treated with
methyl tetra hydro folate (MTHF; 10 ng/ml) for 30 minutes. The cells were fixed and immune-stained with V5 antibody and counter-
stained with DAPI nuclear stain. n = 6 and each data point consisted of 10 visual fields and the average used for calculating significance
between MTHF treated and nontreated cells. *, p <.05; **, p <.001; *** p <.0001. (B): Serine residues S69, S121, and S204 play an
important role in FRa nuclear localization. Serine substitution mutants of FRa: S121H, S204H, and S69H, with V5 tag introduced after the
alanine (A231) amino acid. Forty-eight hours post-transfection of these FRa lysine deletion mutants in 09-1 cells, these cells were treated
with MTHF (10 ng/ml) for 30 minutes. The cells were fixed and immune-stained with V5 antibody and counterstained with DAPI nuclear
stain. n = 6 and each data point consisted of 10 visual fields and the average used for calculating significance between MTHF treated and
nontreated cells. **, p <.001; ***, p <.0001. (C, D): V5 immunoblots of the FRa lysine deleted and serine substituted constructs. Ten
micrograms of nuclear proteins per lane were used. Semiquantitative blot quantization was done by the software provided in Bio-Rad
ChemiDoc™? system.
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localization of FRa is higher in the vehicle. At best, we could ascribe
it to baseline acetylation of FRa. That is why we reconfirmed the
above data with other well-known inhibitor of histone deacetylase
(HDAC) and acetyl transferases, such as suberoylanilide hydroxamic
acid [32] and €646 [33], respectively, and observed almost similar
results (Fig. 4B).

To reconfirm the observation that acetylation of FRa favors
its nuclear translocation, an online program which predicts the
acetylation of internal lysine residues on FRa (http://bdmpail.
biocuckoo.org/prediction.php) was used to determine which
lysine residues have the highest predication score for becoming
acetylated. Lysine 59 and lysine 95 residues were identified with
this program (Supporting Information Fig. S2). We asked, what
happens to the nuclear translocation of FRx in the absence of
lysine residues. Using the gateway (Invitrogen) cloning BP reac-
tion protocol, we generated lysine deletion mutants of FRa:
AK59, AK95, and AKS59 + 95 and introduced the V5 tag after
the alanine 231 (A231) to detect FRo. 09-1 cells were trans-
fected with tagged FRa lysine deletion mutants and treated
with MTHF (10 ng/ml) for 30 minutes 48 hours post-transfec-
tion. The cells were fixed and immune-stained with V5 antibody
and counterstained with DAPI nuclear stain. Figure 5A shows
that deleting lysine residues 59 and 95 decreased FRa nuclear
translocation. These observations strongly suggest that nuclear
translocation is favored by acetylated FRa, with acetylation of
K59 and K95 potentially playing a significant role in this process.

Phosphorylation of several transcription factors are responsi-
ble for their nuclear import; therefore, we hypothesized that ser-
ine phosphorylation may be involved in FRa nuclear translocation.
We asked, what happens to the nuclear translocation of FRa if ser-
ine residues $121, 5204, and S69 are substituted by a structurally
similar amino acid histidine. To address this question, we gener-
ated serine substitution mutants in FRa: S121H, S204H, and S69H,
and introduced the V5 tag after A231 to test this hypothesis. We
chose these serine residues because they have the maximum con-
text scores of 0.976, 0.985, and 0.984, respectively, for likely sites
for potential phosphorylation (NetPhos 3.1 for prediction of serine
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phosphorylation sites, http://www.cbs.dtu.dk/services/NetPhos/).
Figure 5B shows that substituting serine residues S204 and S69
with histidine significantly decreased FRa nuclear translocation.
These observations suggest that the nuclear translocation of FRa is
favored by phosphorylation at S204 and S69 residues. Taken
together, the above data suggest that acetylation of FRa at K95
and K59 residues and phosphorylation at S204 and S69 favors its
nuclear translocation.

A representative sample of confocal images of wild-type
FRa-V5, FRa-V5-deleted K59, or FRa-V5-S69H transfected cells
without or with MTHF treatment 09-1 cells are presented in
Supporting Information Figure S9.

To confirm the above V5 immunostaining results, we per-
formed the V5 immunoblots of the lysine deletion mutants
and serine substitution mutants and observed that the results
although not quantifiable, were almost similar to the immuno-
staining data (Fig. 5C, 5D).

Nuclear FRa Binds to CAF-1 (p60) in MTHF Induced
Dedifferentiated Cells and Not in Differentiated or
Redifferentiated Glial Cells

To understand the mechanism of MTHF induced dedifferentia-
tion and OSHP-1 mediated redifferentiation of dedifferentiated
cells, initially we used coimmunoprecipitation assays, but owing
to the masking effects of heavy chain, we were unable to clearly
identify the p60, (60 kDa band of CAF-1), or 50 kDa band of
HDAC2, so we used Amino-Link beads (Thermo-Fisher, Catalog
number: 44890) on which the CAF-1 (p60) polyclonal antibody
was covalently attached (immobilized) to make chromatogra-
phy columns for use in affinity purification of CAF-1 (p60) asso-
ciated proteins (HDAC2, FRa, and proliferating cell nuclear
antigen [PCNA]) as per the manufacturer’s instructions. We
used three rounds of purification from nuclear extracts and
eluted the CAF-1 interacting protein complex by 150 mM Gly-
cine HCl (Ph.2.5) and neutralized by 1 M phosphate buffer
pH 9.0. The eluted proteins were concentrated by Centricon-10
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Figure 6. Nuclear folate receptor-a (FRa) binds to chromatin assembly factor-1 (CAF-1) in methyl tetra hydro folate (MTHF) induced
dedifferentiated cells and not in differentiated glial cells. (A): Represents the experiment using glial differentiated cells obtained by
treating 09-1 cells to glial differentiating conditions. (B): Represents the experiment using dedifferentiated cells obtained by treating the
glial cells obtained from condition A with MTHF. (C): Represents the experiment using redifferentiated cells obtained by treating the cells
from condition B with Ocimum sanctum hydrophilic fraction-1 (OSHP-1). A mixture of soluble nuclear proteins and soluble chromatin pro-
teins from (A) glial differentiated cells 09-1 cells; (B) MTHF-mediated dedifferentiated spheres; (C) OSHP-1 mediated redifferentiated glial
cells were subjected to copurification of the CAF-1 associated protein complex using CAF-1 mouse polyclonal antibody and the CAG-1
copurified were crossblotted with CAF-1, FRa, proliferating cell nuclear antigen (PCNA), and HDAC2 antibodies. The data suggest that in
glial differentiated 09-1 cells the CAF-1 interacts with HDAC2. In the MTHF-mediated dedifferentiated spheres CAFl-interacts with
HDAC2, FRa, and PCNA. In OSHP-1 treated spheres which showed redifferentiation, the CAF-1 associates strongly with HDAC2 and not as
strongly with FRa or PCNA. Semiquantitative blot quantization was done by the software provided in Bio-Rad ChemiDoc™” system.

filters and immunoblotted using CAF-1 (p60), HDAC2, FRa, and and is enough to restore embryonic stem cells (ESCs) to a totipotent-
PCNA antibodies. like state [34, 35]. Since CAF-1 interacts with PCNA and nucleosome

CAF-1 suppression has been reported to enhance the repro- remodeling deacetylase (NURD) complex, we hypothesized that CAF-
gramming of somatic cells to induced pluripotent stem cells (iPSCs) 1 activity may be suppressed by nuclear FRa binding to the CAF-1/
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the formation of folate receptor-a (FRa) complex could be as follows: (A): the caffeoylquinic acid component of OSHP-1 presumably
decrease acetylation of FRa by decreasing the acetyl transferase or increasing the deacetylases activity, and subsequent nuclear transloca-
tion; (B): since nuclear FRa binds to chromatin assembly factor-1 (CAF-1) in folate induced dedifferentiated cells and not in differentiated
glial cells, the reduction of FRx in the nucleus by OSHP-1 may reactivate CAF-1 and favor differentiation.

NuRD/PCNA complex thereby causing the differentiated glial cells to
undergo MTHF mediated dedifferentiation; and OSHP-1 treatment
restores the CAF-1 function by disrupting the dedifferentiation pro-
moting complex in the nucleus and causing redifferentiation. To test
this hypothesis, we copurified using anti-CAF-1 (p60) polyclonal anti-
body linked to Amino-Link beads and the mixture of soluble nuclear
protein and chromatin fractions obtained from the following experi-
mental conditions: condition A, represents the experiment using glial
differentiated cells obtained by treating 09-1 cells to glial differentia-
tion; condition B, represents the experiment using dedifferentiated
cells obtained by treating the glial cells obtained from condition A
with MTHF; condition C, represents the experiment using red-
ifferentiated cells obtained by treating the cells from condition B with
OSHP-1.

The CAF-1 and its interacting proteins were resolved on
4%—20% SDS-PAGE and crossblotted using HDAC2, PCNA, and
FRa antibodies. Figure 6A shows that CAF-1 (p60) interacts
with HDAC2 component of NuRD complex and not PCNA or
FRa in glial differentiated cells. Upon MTHF-mediated dediffer-
entiation of these glial cells, the CAF-1 (p60) is seen associated
with HDAC2 component of NURD-PCNA-FRa complex (Fig. 6B).
When these dedifferentiated cells were treated with OSHP-1,
they redifferentiate and only CAF-1 is seen associated with
HDAC2 (Fig. 6C). Taken together, the above results may sug-
gest the role of FRax in MTHF-mediated dedifferentiation of
glial cells by blocking the ability of CAF-1 to safeguard the dif-
ferentiated glial cell identity [34,35]. OSHP-1 treatment possi-
bly frees FRa and PCNA from the dedifferentiation complex,
thereby restoring the function of CAF-1.

FRo and FRP are present on many cancers with little expression
in normal tissues [36]. Because FRa expression is elevated in
cancers, the use of tumor-targeted fluorescent folate dyes to
illuminate undetected malignant tissue and thereby facilitate its
surgical resection has shown promise for reducing morbidity
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and mortality associated with unresected malignant disease
[37]. Recent studies have shown FRa as potential molecular tar-
get in cancer therapies [38, 39].

The clinical significance of our study would be best under-
stood in the context of a near dramatic increase in glial cells
derived supratentorial pediatric brain tumors (https://seer.cancer.
gov/), following folic acid fortification in the U.S. started in the
year 1996. Although, the birth prevalence of neural tube defects
(NTDs; proportion of babies in the population born with an NTD)
decreased by 35% and more over the years in the U.S. since folic
acid fortification was made mandatory in 1998, the rise of sup-
ratentorial pediatric brain tumors rose exponentially since then
(Supporting Information Figs. S10, S11). The supratentorial region
gives rise to ependymal type ependymomas which are of glial
origin. This work offers a plausible mechanism to show how high
folate via FRa may trigger tumorigenesis in the supratentorial
region of the brain in the pediatric population.

Supplementation of folate combined with mandatory forti-
fication of foods has led to high levels of folic acid and related
metabolites in women of childbearing age [40]. Recent studies
have reported that over-supplementation, defined as exceed-
ing either the recommended dietary allowance or the upper
limit of the daily reference intake of folic acid, may have nega-
tive effects on human health [40]. This work delineates how
high folate levels could cause dedifferentiation of already dif-
ferentiated glial cells. Using a cellular model of CNCCs 09-1
that can be differentiated into glial cells expressing GFAP, we
tested the hypothesis that high folate can dedifferentiate
these glial cells back to cells displaying proliferative stem cell
characteristics expressing Sox2 and Oct4. Our data also show
that the folate mediated dedifferentiation can not only be
blocked by OSHP-1 but the dedifferentiated cells can be made
to redifferentiate to glial cell phenotype as well. OSHP-1 treat-
ment reduced the levels of nuclear ~38 kDa FRa in
crestospheres from MTHF treated glial cells. In summary, our
data show that FRa occupies the center stage of high folate
mediated dedifferentiation, and OSHP-1 blocks the nuclear trans-
location of ~38 kDa FRa. Therefore, the possible hypothetical
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mechanism(s) by which OSHP-1 prevents the formation of FRa
complex could be as follows: (a) The CA component of OSHP-
1 presumably decrease acetylation of FRa by decreasing the
acetyl transferase or increasing the deacetylases activity, and
subsequent nuclear translocation; (b) since nuclear FRa binds
to CAF-1 in folate induced dedifferentiated cells and not in
differentiated glial cells, the reduction of FRa in the nucleus
by OSHP-1 may reactivate CAF-1 and favor differentia-
tion (Fig. 7).

The role that lysine acetylation in the cytoplasm plays in
driving and coordinating key events such as cytoskeleton
dynamics, intracellular trafficking, vesicle fusion, metabolism,
and stress response is beginning to be understood and appreci-
ated [41]. Acetylation directs survivin nuclear localization to
repress STAT3 oncogenic activity [42]. Similarly, acetylation of
retinoblastoma protein by P300/CBP-associated factor (PCAF) is
required for nuclear localization and keratinocyte differentia-
tion [43]. Earlier, we have shown the Pax3 acetylation results in
decreased Hesl and increased Neurog2 activity, thereby pro-
moting sensory neuron differentiation [14]. Our data suggested
that decrease in acetylated FRa causes a decrease in MTHF
mediated nuclear translocation. It is somewhat surprising that
the absence of MTHF showed increased nuclear localization in
lysine mutants (Fig. 5A). These observations could indicate that
folate may also cause a decrease in proliferation in certain can-
cers where lysine mutations could be found on the FRa, and
nuclear localization of FRa could be reduced by folate supple-
mentation. Whole exome-sequencing could shed light on such a
possibility in certain human cancers. Folic acid inhibits COLO-
205 colon cancer cell proliferation through activating the FRa/c-
SRC/ERK1/2/NFkB/TP53 pathway [44]. Additionally, our data
show that the nuclear translocation of FRa is favored by serine
phosphorylation at S204 and S69 residues, implying that FRa-
kinase specific inhibitors which may prevent phosphorylation of
FRa which could block its nuclear translocation and hence can
be used in the treatment of certain types of cancer. FRa-specific
kinases are not yet reported, and it would be a fascinating new
avenue of research. There are a couple of anomalous observa-
tions. First, in the absence of MTHF, there is a low level of
nuclear localization of FRa. Why we observe this is not very
clear, but this can be attributed to low-level turnover of FRa
nuclear trafficking in the absence of MTHF. Second, it appears
that the overall expression of mutant FRa is affected by the
lysine and serine mutations. The only logical explanations can
be the rapid lysosomal degradation of aberrant mutant-FRa pro-
teins artificially created.

Of the different phytoconstituents in O. sanctum, only a few
have antitumor properties: Flavonoids-Apigenin, Luteolin; Phenyl-
propanoids-RA and Eugenol; Sesquiterpenes-Taxol, Ursolic acid and
Oleanolic acid; Sterols-Sitosterol. Many extraction procedures to iso-
late the active anticancer fraction from O. sanctum [23, 45, 46] are
reported in literature, but they all contain mixtures of other active
ingredients. For example, the active ingredient eugenol has antican-
cer [47] and inflammatory function [27] but it is also hepatotoxic
[48,49]. Other extraction methods [28] reported the presence of
methyl chavicol (estragole) which is a mild hepatocarcinogen
[49, 50] that has shown genotoxicity [51]. Our method of extraction
(Supporting Information Fig. S1) is unique because it contains AA,
RA, and CA which are neither hepatotoxic nor genotoxic.

AA has been shown recently to enhance the efficacy of
bromodomain and extra terminal inhibitors (BETi) by decreasing
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acetylation of histone H4 but not H3 [52]. Similarly, RA decreased
cell proliferation in a cell viability assay, and inhibited colony for-
mation and tumor spheroid formation, along with a decrease in
HDAC2 expression [53]. 5-CA inhibits invasion of nonsmall cell
lung cancer cells through the inactivation of p70°® and Akt activ-
ity [54]. Here, we show that CA can be instrumental in causing
redifferentiation of rapidly dividing cells by upregulating GFAP, a
marker of glial cell differentiation, and downregulating Sox2 and
Oct4 expression.

Several questions remained unresolved: How CA compo-
nent of OSHP-1 reduces the nuclear localization of FRa? From
the data, it appears that CA component of OSHP-1 may either
be decreasing the acetyl transferase activities or increasing the
deacetylases activity in the cytoplasm; or may be decreasing
the FRoa-specific kinase activity which phosphorylates the ser-
ine residues S204 and S69. How CA component OSHP-1 pro-
motes redifferentiation of the dedifferentiated cancer cells is
also not known. Future studies will highlight some of these
questions.

In summary, our work shows that (a) nuclear FRa can cause a
phenotypic switch from differentiated glial cells to dedifferentiated
cells. (b) O. sanctum hydrophilic fraction 1 (OSHP-1) treatment both
blocks the folate mediated dedifferentiation of glial cells and pro-
motes redifferentiation of folate-mediated dedifferentiated glial
cells. (c) OSHP-1 treatment reduces the nuclear FRa ~38 kDa levels;
(d) acetylation at K95 and K59 residues and phosphorylation at
S204 and S69 residues of FRa favors its nuclear translocation, and
(e) nuclear FRa binds to CAF-1 in folate induced dedifferentiated
cells and not in differentiated glial cells.

CONCLUSION

The work identifies a plausible mechanism for the role
folate/FRa in dedifferentiation of glial cells by interacting with
CAF-1 in folate induced dedifferentiated cells and not in differ-
entiated cells. Hydrophilic fraction —1 of O. sanctum (OSHP-1)
treatment reduces the FRa levels in the nucleus and also
reduces the interaction with CAF-1.

ACKNOWLEDGMENTS

Thanks are due to Peggy A. Murphy and Barbara Mania-Farnell
for critically reading the manuscript, and Dr. C. David James
and Dr. John A. Kessler for very fruitful discussion. This work
was supported in part by the State of Illinois Excellence in Aca-
demic Medicine award (C.S5.M.); a grant from the Spastic Paral-
ysis Research Foundation of lllinois-Eastern lowa District of
Kiwanis (C.S.M.); the Spina Bifida Association and Stanley
Manne Children’s Research Institute Pilot Grant award (C.S.
M.); Eleanor Clarke Chair in Developmental Neurobiology (C.S.
M.); and Neurofibromatosis fund from the Division of Pediatric
Neurosurgery, Ann & Robert H. Lurie Children’s Hospital of Chi-
cago. We thank Bio-Rad for their generous gift of Trans-Blot
Turbo and the ChemiDoc™” system.

AUTHOR CONTRIBUTIONS

S.M., V.M.: conception and design, collection and/or assem-
bly of data, final approval of manuscript; M.K.: collection/

STEM CELLS



Monick, Mohanty, Khan et al.

1453

assembly of data, final approval of manuscript; G.Y., R.K,, J.C,,

B.R.S.: collection and/or assembly of data, final approval of

manuscript; S.I., T.T.: conception and design, final approval of
and design,
revision/editing, final approval of manuscript; C.S.M.: concep-
tion and design, collection and/or assembly of data, data
analysis and interpretation, manuscript writing, final approval

manuscript; G.X.: conception

of manuscript.

manuscript

DISCLOSURE OF POTENTIAL CONFLICTS OF INTEREST

The authors indicated no potential conflicts of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available

from the corresponding author upon reasonable request.

REFERENCES

1 Low PS, Antony AC. Folate receptor-
targeted drugs for cancer and inflammatory dis-
eases. Adv Drug Deliv Rev 2004;56:1055-1058.

2 Gennet N, Tamburini C, Nan X et al. FolR1:
A novel cell surface marker for isolating mid-
brain dopamine neural progenitors and nascent
dopamine neurons. Sci Rep 2016;6:32488.

3 Shen J, Hu Y, Putt KS et al. Assessment of
folate receptor alpha and beta expression in
selection of lung and pancreatic cancer patients
for receptor targeted therapies. Oncotarget
2017;9:4485-4495.

4 O’Shannessy DJ, Somers EB, Albone E
et al. Characterization of the human folate
receptor alpha via novel antibody-based pro-
bes. Oncotarget 2011;2:1227-1243.

5 Boshnjaku V, Shim KW, Tsurubuchi T
et al. Nuclear localization of folate receptor
alpha: A new role as a transcription factor. Sci
Rep 2012;2:980.

6 Mohanty V, Shah A, Allender E et al.
Folate receptor alpha upregulates Oct4, Sox2
and KIf4 and downregulates miR-138 and miR-
let-7 in cranial neural crest cells. Stem Ceus
2016;34:2721-2732.

7 Planey SL, Kumar R, Arnott JA. Post-
translational modification of transcription fac-
tors: Mechanisms and potential therapeutic
interventions. Curr Mol Pharmacol 2013;6:
173-182.

8 Filtz TM, Vogel WK, Leid M. Regulation of
transcription factor activity by interconnected
post-translational modifications. Trends in
Pharmacol Sci 2014;35:76-85.

9 Bannister AJ, Miska EA. Regulation of
gene expression by transcription factor acety-
lation. Cell Mol Life Sci 2000;57:1184-1192.
10 Das C, Kundu TK. Transcriptional regula-
tion by the acetylation of nonhistone proteins
in humans—A new target for therapeutics.
IUBMB Life 2005;57:137-149.

11 Boyes J, Byfield P, Nakatani Y et al. Regula-
tion of activity of the transcription factor GATA-
1 by acetylation. Nature 1998;396:594-598.

12 Glozak MA, Sengupta N, Zhang X et al.
Acetylation and deacetylation of non-histone
proteins. Gene 2005;363:15-23.

13 Yang XJ, Seto E. Lysine acetylation: Codi-
fied crosstalk with other posttranslational
modifications. Mol Cell 2008;31:449-461.

14 Ichi S, Boshnjaku V, Shen YW et al. Role
of Pax3 acetylation in the regulation of Hesl
and Neurog2. Mol Biol Cell 2011;22:503-512.
15 Steen HC, Gamero AM. STAT2 phosphory-
lation and signaling. JAK-STAT 2013;2:e25790.

16 Kramer OH, Heinzel T. Phosphorylation-
acetylation switch in the regulation of STAT1
signaling. Mol Cell Endocrinol 2010;315:40-48.

www.StemCells.com

17 Huang WC, Chen YJ, Li LY et al. Nuclear
translocation of epidermal growth factor recep-
tor by Akt-dependent phosphorylation enhances
breast cancer-resistant protein expression in
gefitinib-resistant cells. J Biol Chem 2011;286:
20558-20568.

18 Salazar MD, Ratnam M. The folate recep-
tor: What does it promise in tissue-targeted
therapeutics? Cancer Metastasis Rev 2007;26:
141-152.

19 Elnakat H, Ratnam M. Distribution, func-
tionality and gene regulation of folate recep-
tor isoforms: Implications in targeted therapy.
Adv Drug Deliv Rev 2004;56:1067-1084.

20 Karthikeyan K, Ravichandran P, Govindasamy
S. Chemopreventive effect of Ocimum sanc-
tum on DMBA-induced hamster buccal pouch
carcinogenesis. Oral Oncol 1999;35:112-119.
21 Kim SC, Magesh V, Jeong SJ et al. Etha-
nol extract of Ocimum sanctum exerts anti-
metastatic activity through inactivation of
matrix metalloproteinase-9 and enhancement
of anti-oxidant enzymes. Food Chem Toxicol
2010;48:1478-1482.

22 Nagaprashantha LD, Vatsyayan R, Singhal J
et al. Anti-cancer effects of novel flavonoid
vicenin-2 as a single agent and in synergistic
combination with docetaxel in prostate cancer.
Biochem Pharmacol 2011;82:1100-1109.

23 Bhattacharyya P, Bishayee A. Ocimum
sanctum Linn. (Tulsi): An ethnomedicinal
plant for the prevention and treatment of
cancer. Anticancer Drugs 2013;24:659-666.
24 |shii M, Arias AC, Liu L et al. A stable cra-
nial neural crest cell line from mouse. Stem
Cells Dev 2012;21:3069-3080.

25 Mohlin S, Kerosuo L. In vitro mainte-
nance of multipotent neural crest stem cells
as crestospheres. Methods Mol Biol 2019;
2002:1-11.

26 Kusindarta DL, Wihadmadyatami H,
Haryanto A. The analysis of hippocampus
neuronal density (CA1 and CA3) after Ocimum
sanctum ethanolic extract treatment on the
young adulthood and middle age rat model.
Vet World 2018;11:135-140.

27 Kusindarta DL, Wihadmadyatami H,
Jadi AR et al. Ethanolic extract Ocimum sanc-
tum. Enhances cognitive ability from young
adulthood to middle aged mediated by
increasing choline acetyl transferase activity
in rat model. Res Vet Sci 2018;118:431-438.
28 Choudhury SS, Bashyam L,
Manthapuram N et al. Ocimum sanctum leaf
extracts attenuate human monocytic (THP-1)
cell activation. J Ethnopharmacol 2014;154:
148-155.

29 Zong H, Verhaak RG, Canoll P. The cellu-
lar origin for malignant glioma and prospects

for clinical advancements. Exp Rev Mol Diag
2012;12:383-394.

30 Vanhaecke T, Papeleu P, Elaut G et al.
Trichostatin ~ A-like  hydroxamate histone
deacetylase inhibitors as therapeutic agents:
Toxicological point of view. Cur Med Chem
2004;11:1629-1643.

31 Balasubramanyam K, Varier RA, Altaf M
et al. Curcumin, a novel p300/CREB-binding
protein-specific inhibitor of acetyltransferase,
represses the acetylation of histone/nonhistone
proteins and  histone  acetyltransferase-
dependent chromatin transcription. J Biol Chem
2004;279:51163-51171.

32 Zhang J, Zhong Q. Histone deacetylase
inhibitors and cell death. Cell Mol Life Sci
2014;71:3885-3901.

33 van den Bosch T, Boichenko A, Leus NGIJ
et al. The histone acetyltransferase p300 inhibi-
tor C646 reduces pro-inflammatory gene
expression and inhibits histone deacetylases.
Biochem Pharmacol 2016;102:130-140.

34 Cheloufi S, Elling U, Hopfgartner B et al.
The histone chaperone CAF-1 safeguards
somatic cell identity. Nature 2015;528:218-224.
35 Cheloufi S, Hochedlinger K. Emerging roles
of the histone chaperone CAF-1 in cellular plas-
ticity. Curr Opin Genet Dev 2017;46:83-94.

36 Zhou Y, Unno K, Hyjek E et al. Expression
of functional folate receptors in multiple mye-
loma. Leuk Lymphoma 2018;59:2982-2989.

37 Low PS, Singhal S, Srinivasarao M. Fluo-
rescence-guided surgery of cancer: Applica-
tions, tools and perspectives. Curr Opin Chem
Biol 2018;45:64-72.

38 Cheung A, Bax HJ, Josephs DH et al.
Targeting folate receptor alpha for cancer
treatment. Oncotarget 2016;7:52553-52574.
39 Shi H, Guo J, Li C et al. A current review
of folate receptor alpha as a potential tumor
target in non-small-cell lung cancer. Drug Des
Dev Ther 2015;9:4989-4996.

40 Murray LK, Smith MJ, Jadavji NM. Mater-
nal oversupplementation with folic acid and
its impact on neurodevelopment of offspring.
Nutr Rev 2018;76:708-721.

41 Sadoul K, Wang J, Diagouraga B et al.
The tale of protein lysine acetylation in the
cytoplasm. J Biomed Biotechnol 2011;2011:
970382.

42 Wang H, Holloway MP, Ma L et al. Acet-
ylation directs survivin nuclear localization to
repress STAT3 oncogenic activity. J Biol Chem
2010;285:36129-36137.

43 Pickard A, Wong PP, McCance DJ. Acety-
lation of Rb by PCAF is required for nuclear
localization and keratinocyte differentiation.
J Cell Sci 2010;123:3718-3726.

44 Kuo CT, Chang C, Lee WS. Folic acid
inhibits COLO-205 colon cancer cell proliferation

©2019 The Authors. STEM CELLS published by
Wiley Periodicals, Inc. on behalf of AlphaMed Press 2019



1454

Role of FRa in Dedifferentiation

through activating the FRalpha/c-SRC/ERK1/2/-
NFkappaB/TP53 pathway: in vitro and in vivo
studies. Sci Rep 2015;5:11187.

45 Upadhyay AK, Chacko AR, Gandhimathi A
et al. Genome sequencing of herb Tulsi (Ocimum
tenuiflorum) unravels key genes behind its
strong medicinal properties. BMC Plant Biol
2015;15:212.

46 Raina P, Chandrasekaran CV, Deepak M
et al. Evaluation of subacute toxicity of
methanolic/aqueous preparation of aerial
parts of O. sanctum in Wistar rats: Clinical,
haematological, biochemical and histopatho-
logical studies. J Ethnopharmacol 2015;175:
509-517.

47 Junior PL, Camara DA, Costa AS et al.
Apoptotic effect of eugenol envolves G2/M

phase abrogation accompanied by mitochon-
drial damage and clastogenic effect on cancer
cell in vitro. Phytomedicine 2016;23:725-735.

48 Thompson DC, Barhoumi R, Burghardt
RC. Comparative toxicity of eugenol and its
quinone methide metabolite in cultured liver
cells using kinetic fluorescence bioassays.
Toxicol Applied Pharmacol 1998;149:55-63.

49 Suzuki Y, Umemura T, Hibi D et al. Possi-
ble involvement of genotoxic mechanisms in
estragole-induced hepatocarcinogenesis in
rats. Arch Toxicol 2012;86:1593-1601.

50 Martins C, Cacao R, Cole KJ et al.
Estragole: A weak direct-acting food-borne
genotoxin and potential carcinogen. Mutat
Res 2012;747:86-92.

51 Ding W, Levy DD, Bishop ME et al. In
vivo genotoxicity of estragole in male F344
rats. Environ Mol Mutag 2015;56:356-365.

52 Mustafi S, Camarena V, Volmar CH et al.
Vitamin C sensitizes melanoma to BET inhibi-
tors. Cancer Res 2018;78:572-583.

53 Jang YG, Hwang KA, Choi KC. Rosmarinic
acid, a component of rosemary tea, induced
the cell cycle arrest and apoptosis through
modulation of HDAC2 expression in prostate
cancer cell lines. Nutrients 2018;10:E1784.

54 In JK, Kim JK, Oh JS et al. 5-Caffeoylquinic
acid inhibits invasion of non-small cell lung
cancer cells through the inactivation of p70S6K
and Akt activity: Involvement of p53 in differ-
ential regulation of signaling pathways. Int J
Oncol 2016;48:1907-1912.

= )
L; See www.StemCells.com for supporting information available online.

©2019 The Authors. STEM CELLS published by
Wiley Periodicals, Inc. on behalf of AlphaMed Press 2019

STEM CELLS




	 A Phenotypic Switch of Differentiated Glial Cells to Dedifferentiated Cells Is Regulated by Folate Receptor α
	Introduction
	Materials and Methods
	Cranial Neural Crest Cells
	Glial Differentiation of O9-1 Cells
	Statistical Analysis

	Results
	Folate/FRα Causes a Phenotypic Switch from Differentiated Glial Cells to Dedifferentiated Cells
	OSHP-1 Blocks the MTHF Mediated Dedifferentiation of Glial Cells and Promotes Redifferentiation
	Acetylation and Phosphorylation of FRα Favors its Nuclear Translocation
	Nuclear FRα Binds to CAF-1 (p60) in MTHF Induced Dedifferentiated Cells and Not in Differentiated or Redifferentiated Glial...

	Discussion
	Conclusion
	Acknowledgments
	Author Contributions
	Disclosure of Potential Conflicts of Interest
	References


