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ABSTRACT The long noncoding RNA (lncRNA) Mrhl has been shown to be involved
in coordinating meiotic commitment of mouse spermatogonial progenitors and differ-
entiation events in mouse embryonic stem cells. Here, we characterized the interplay
of Mrhl with lineage-specific transcription factors during mouse neuronal lineage devel-
opment. Our results demonstrate that Mrhl is expressed in the neuronal progenitor
populations in mouse embryonic brains and in retinoic acid-derived radial-glia-like neu-
ronal progenitor cells. Depletion of Mrhl leads to early differentiation of neuronal pro-
genitors to a more committed state. A master transcription factor, PAX6, directly binds
to the Mrhl promoter at a major site in the distal promoter, located at 2.9 kb upstream
of the transcription start site (TSS) of Mrhl. Furthermore, NFAT4 occupies the Mrhl-prox-
imal promoter at two sites, at 437 base pairs (bp) and 143 bp upstream of the TSS.
Independent knockdown studies for PAX6 and NFAT4 confirm that they regulate Mrhl
expression in neuronal progenitors. We also show that PAX6 and NFAT4 associate with
each other in the same chromatin complex. NFAT4 occupies the Mrhl promoter in
PAX6-bound chromatin, implying possible coregulation of Mrhl. Our studies are crucial
for understanding how lncRNAs are regulated by major lineage-specific transcription
factors, in order to define specific development and differentiation events.
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Noncoding RNA dominates the eukaryotic transcriptome, contributing up to 80 to
90% of it (1). Long noncoding RNAs (lncRNAs) are classified as a major class of

noncoding RNAs with a length greater than 200 nucleotides, with no or little transla-
tional activity (2, 3). lncRNAs which do show little translational activity have been
reported to possess small open reading frames which encode small peptides or micro-
peptides of fundamental biological importance (4, 5). Although most lncRNAs are not
well conserved, their highly specific spatial-temporal expression has highlighted their
complex roles in diverse biological functions during development and differentiation.
In addition, their dysregulation has been associated with several diseases, including
cancer and neurological disorders (2, 6–10). Several studies have verified the impor-
tance of long noncoding RNAs as functional regulators. To regulate their targets,
lncRNAs are known to use a wide variety of mechanisms at both transcriptional and
posttranscriptional levels (11–14).

During development of a mammalian system, synchronous expression and repres-
sion of genes lead to a staggering variety of cells with various functional activities. This
remarkable orchestration of genetic components is most evident in an extremely com-
plex system of mammalian neural development and in the brain, with its intricate cel-
lular architecture, maintenance, and function. However, regulators behind this fine
coordination are still elusive. With a large number of highly specific lncRNAs expressed

Copyright © 2022 American Society for
Microbiology. All Rights Reserved.

Address correspondence to M. R. S. Rao,
mrsrao@jncasr.ac.in.

*Present address: Debosree Pal, Blizard
Institute, Barts and the London School of
Medicine and Dentistry, Queen Mary University
of London, London, United Kingdom.

§Present address: Dhanur P. Iyer, Department
for Genome Regulation, Max Planck Institute
for Molecular Genetics, Berlin, Germany.

^Present address: Utsa Bhaduri, Department of
Life Sciences, University of Trieste, Trieste, Italy,
and European Union’s Horizon 2020 TRIM-NET
Innovative Training Network (ITN) of Marie
Sklodowska Curie Actions (MSCA), University of
Trieste, Trieste, Italy.

The authors declare no conflict of interest.

Received 27 January 2022
Returned for modification 2 March 2022
Accepted 30 September 2022
Published 1 November 2022

November 2022 Volume 42 Issue 11 10.1128/mcb.00036-22 1

RESEARCH ARTICLE

https://orcid.org/0000-0003-0201-9437
https://doi.org/10.1128/ASMCopyrightv2
https://doi.org/10.1128/mcb.00036-22
https://crossmark.crossref.org/dialog/?doi=10.1128/mcb.00036-22&domain=pdf&date_stamp=2022-11-1


in the brain, their contribution in neuronal development is undeniable (15–21). Data
from the GENCODE v7 catalog suggest that 40% of most differentially expressed
lncRNAs are specific for the brain (20). A notable aspect is their distinct neuroanatomi-
cal loci, along with developmental and stage-specific expression, as evident in many
studies (22–27). For example, Goff et al. used mutant mouse models for 13 lncRNAs
and assessed their expression pattern from brains at embryonic day 14.5 (E14.5) to
adult brains, revealing high variability in the expression pattern for each lncRNA both
spatially and temporally (28). Along with characteristic lncRNA expression signatures in
subregions of the brain and specific neuronal populations, studies have also shown
lncRNA-mRNA pairs, sharing a genomic locus, to display specific coexpression in a
region-specific manner. For example, lncRNA GM9968 and the DNA-binding-protein
gene Zbtb20 show high enrichment in hippocampus (21). Transcriptome analysis by Lv
et al. revealed the development stage specificity of lncRNAs in mice (23). They anno-
tated a large number of lncRNAs to the embryonic brain. Interestingly, they found that
expression of a majority of them was very low or nonevident in the adult brain, sug-
gesting their significance during embryonic brain development (23).

lncRNAs have been shown to undergo regulated expression during development
and differentiation (29). Studies have verified dynamic expression and regulation of
many lncRNAs in conjunction with stage-specific transcription factors (TFs) during in
vitro differentiation scenarios, like that of mouse embryonic stem (mES) cells to embry-
oid bodies (EBs) or during retinoic acid-mediated neuronal differentiation of ES cells
(24, 25). Observations from these studies indicate association of pluripotent TFs like
SOX2, OCT4, and NANOG at the promoter of lncRNAs, modulating their expression dur-
ing development. For example, the lncRNA AK028326 (Gomafu; synonym: Miat) is acti-
vated by OCT4, while the lncRNA AK141205 is repressed by NANOG, resulting in the
modulation of mES cell pluripotency (26). This tightly controlled differential expression
pattern of lncRNAs is thus important for the delicate balance between lineage commit-
ment and maintenance of pluripotent status. Loss- and gain-of-function studies for
lncRNAs have shown that they act to regulate TFs as well, causing deregulation of line-
age specification. For example, in a study by Zhang et al., inducible knockdown of the
lncRNAs Rik-201 and Rik-203 in mES cells led to inhibition of neural differentiation by
modulating the expression of SOX6 (30). A separate study identified lncRNA Sox2OT as
a promoting factor for cortical neural progenitors by repressing the expression of the
pluripotent gene Sox2 via physical interaction with the multifunctional transcriptional
regulator YY1 (31). The lncRNA Rmst has been shown to physically interact with SOX2
to alter the fate of neural stem cells (32).

The lncRNA Mrhl (meiotic recombination hot spot locus; also known as Hm629797),
an lncRNA that has been studied extensively by our group, was the focus of our pres-
ent study (14, 33–38). Mrhl is an intronic and single-exonic lncRNA with a length of
2.4 kb. This nucleus-restricted lncRNA is transcribed from the 15th intron of Phkb in
mice and shows syntenic conservation in humans (34, 39, 40). Mrhl is found to be a
negative regulator of WNT signaling via its interaction with p68/DDX5 RNA helicase in
mouse spermatogonial cells (34, 35, 37). lncRNA Mrhl has also been shown to regulate
Sox8 at chromatin level signifying its role in meiotic commitment of mouse spermato-
gonial progenitor cells (36). Our latest findings from transcriptomics and genome-wide
occupancy studies of Mrhl in mouse ES cells revealed its role as a chromatin regulator
of cellular differentiation and development genes (38).

Taking clues from our recent study (38), in which a large number of genes related
to neural development and differentiation were dysregulated upon Mrhl downregula-
tion, in the present study we explored the dynamic expression pattern of lncRNA Mrhl
and its transcriptional regulation during mouse neuronal lineage development. We
have shown that Mrhl is predominantly expressed in the neuronal progenitor popula-
tions in the ventricular-subventricular zones of developing mouse embryonic brains.
We have adopted an in vitro model system of retinoic acid-mediated derivation of ra-
dial-glia-like neuronal progenitor cells (NPCs) from mES cells. Mrhl shows upregulation
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of expression in these NPCs. The level of lncRNA Mrhl is significantly downregulated in
postnatal brains and in maturing neurons, suggesting its significance in embryonic
neuronal lineage development. Further studies revealed that NPCs undergo premature
commitment to neurons when Mrhl is depleted, implying its importance in neuronal
fate specification.

We have also identified PAX6, a master transcription factor in NPCs, as a regulator
of Mrhl transcription. Further exploration of this mechanism revealed that PAX6 plays
this role by physically binding to the promoter of Mrhl at multiple sites of action. A
major site of action for PAX6 on the Mrhl promoter is situated 2.9 kb upstream of the
transcription start site (TSS), where it binds directly and regulates Mrhl in NPCs. Three
other minor sites are present at 1.27 kb, 672 base pairs (bp), and 622 bp upstream of
the TSS of Mrhl, where regulation is proposed to be carried out by PAX6 and/or its iso-
form PAX6(5A) and potentially in conjunction with other cofactors. NFAT4, which is
another important transcription factor in neuronal development, was also found to be
enriched at the promoter region of Mrhl at two sites in the proximal promoter, 437 bp
and 143 bp upstream of the TSS. Knockdown of PAX6 or NFAT4 led to downregulation
of Mrhl transcript levels in NPCs, confirming regulation. Chromatin immunoprecipita-
tion (ChIP) followed by Western blotting revealed that PAX6 and NFAT4 associate with
each other, whereas sequential ChIP showed that NFAT4 binds to the Mrhl promoter in
PAX6-bound chromatin, suggesting that PAX6 might regulate Mrhl together with
NFAT4 in NPCs. This study thus reveals that regulated expression of the lncRNA Mrhl
by multiple and specific TFs during neuronal lineage development is important for
determining cell fate.

RESULTS
Mrhl is predominantly expressed in embryonic stages of the mouse brain and

in the neuronal progenitor population. Our recent study on the transcriptome analy-
sis of mES cells following downregulation of Mrhl lncRNA showed an overrepresentation
of neuronal lineage-specific genes and networks to be dysregulated (38). Based on this
observation, we initiated this study to address the role of Mrhl in neuronal lineage speci-
fication. To begin with, we analyzed its expression level in the mouse brain tissues of
both embryonic and postnatal mice. We performed quantitative reverse transcription-
PCR (qRT-PCR) on brains from E10.5 to E18.5 and postnatal stages P0 to P40 and
observed that Mrhl expression is predominantly abundant at E12.5 to E18.5 (Fig. 1A).
Furthermore, Mrhl showed abrupt decrease in expression level from postnatal stage P0
onward.

At around E8 of brain development, neuroepithelial cells of the neural tube give
rise to radial glial cells (RGCs), the future NPCs of the brain. RGCs undergo rapid prolif-
eration and specification into basal progenitors, which in turn give rise to neurons,
with a peak of neurogenesis at E14 (41). Since we observed the first peak of Mrhl
expression at E14.5 in our studies, we focused on understanding its role at this stage.
We isolated brain tissue from E14.5 embryos and divided them into fore-, mid- and
hindbrain regions based on their gross anatomy. We confirmed the purity of the three
regions obtained based on the forebrain-specific marker FoxG1, the midbrain-specific
marker En1, and the hindbrain-specific marker Gbx2 (42, 43). PAX6 was used a control
marker owing to its defined expression pattern across the three regions of the brain.

We observed that Mrhl is expressed ubiquitously across all the three regions of the
mouse brain at E14.5 (Fig. 1B). While Mrhl may have specific roles to play across all
regions of the developing brain, we concentrated on the forebrain development. To
further narrow down the specific cell types in which Mrhl might be involved in the
forebrain, we performed RNA fluorescence in situ hybridization (FISH) for Mrhl, along
with immunofluorescence (IF) assays for PAX6 as the marker, on whole forebrain sec-
tions at E14.5. We found that Mrhl is expressed specifically in the ventricular/subven-
tricular zone of the brain at this stage (Fig. 1C). This was further confirmed by analyzing
publicly available ChIP sequencing (ChIP-Seq) data sets (accession no. GSE93009) for
RNA polymerase II (Pol II), RNA Pol II-Ser5p (initiation polymerase), the transcription
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activation mark H3K4me3, and the transcription repression mark H3K27me3 on the
proximal 1-kb promoter of Mrhl in Nestin-positive NPCs isolated from E15.5 cortices
(44). The analysis showed distinct enrichments for RNA Pol II, initiating RNA Pol II and
H3K4me3 near the TSS for Mrhl (Fig. 1D). Thus, we concluded that Mrhl is predomi-
nantly expressed in the neuronal progenitor population of the developing embryonic
mouse brain.

Mrhl expression pattern in mouse brain is recapitulated in an in vitro differen-
tiation model. We adopted the well-established retinoic acid (RA)-induced in vitro dif-
ferentiation model system to further elucidate Mrhl as a molecular player in NPCs. We
generated EBs from mouse ES cells and treated them with RA by the 42/41 method
(Fig. 2A). This method has been shown to generate PAX61 RGC-like NPCs that possess
the capability to generate neurons in vivo, as shown by the studies by Bibel et al. (45)
and Plachta et al. (46). We observed that Mrhl expression is upregulated in RA-treated
EBs compared to vehicle-treated EBs (Fig. 2B). An analysis for various NPC markers such
as PAX6 and Nestin as well as neuronal markers such Tuj1 (beta-III tubulin) and Ascl1

FIG 1 Mrhl is predominantly expressed in the neuronal progenitor population of the developing mouse embryonic brain. (A) qPCR data for Mrhl
expression in embryonic and postnatal mouse brains showed abundance at E12.5 to E18.5. (B) qPCR for Mrhl expression across different regions of the
E14.5 brain along with region-specific markers revealed a ubiquitous expression pattern of Mrhl. (C) RNA FISH for Mrhl and IF for PAX6 in E14.5 brain
sections showed predominant expression of Mrhl in ventricular-subventricular (VZ/SVZ) zones of the brain concomitant with PAX6 nuclear expression. CP,
cortical plate; OB, olfactory bulb. (D) Analysis of available ChIP-Seq data sets for enrichment of RNA Pol II or histone modifications on the Mrhl 1-kb
promoter in Nestin-positive cells from E15.5 cortices. Error bars indicate standard deviations (SD) from three independent experiments, with replicates in
each (n = 6 to 20). *, P , 0.05; **, P , 0.01; ***, P , 0.001 (Student’s t test). Bar = 10 mm.
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confirmed our in vitro neuronal-lineage differentiation system (Fig. 2C and E). We next
differentiated these in vitro-derived neuronal progenitors into neurons and observed
that Mrhl expression is abruptly downregulated from 12 h after neuron formation (Fig.
2D). We further confirmed our observations through RNA FISH for Mrhl and IF for
Nestin on cryosections of RA- versus vehicle-treated EBs. RA-treated EB sections
showed noticeable expression of Mrhl compared to vehicle-treated sections (Fig. 2F).
Similarly, Mrhl showed significant reduction in expression from the early neuron stage
at 12 h (Fig. 2G and H). We also performed ChIP-qPCR on RA-treated EBs and neurons
at 24 h of differentiation for H3K4me3, an active transcription mark, and the results

FIG 2 Mrhl expression in embryonic brain is recapitulated in an in vitro model. (A) Schematic representing the model system in our study. (B) qPCR analysis of
Mrhl expression in RA- versus vehicle-treated EBs showed distinctly higher expression in RA-treated EBs. (C) qPCR analysis of various markers for neuronal
lineage in RA-treated versus vehicle-treated EBs. Ascl1 is a neuronal lineage marker. Nestin and PAX6 are NPC markers. Tuj1 is a maturing neuron marker. Gfap
is an astrocyte lineage marker. (D) qPCR analysis of Mrhl expression in 12 h to D4 maturing neurons showed downregulation of Mrhl levels in neurons. (E)
qPCR analysis of various markers for NPCs and neurons at different hours of differentiation showed reduction in NPC markers and an increase in neuron
marker. (F) RNA FISH for Mrhl and IF for the NPC marker Nestin and the maturing neuron marker Tuj1 in EB sections confirming the above observations. White
arrows indicate localization of Mrhl. (G and H) RNA FISH for Mrhl followed by IF for Nestin and Tuj1 in neurons to validate above qPCR data. (I) ChIP-qPCR for
H3K4me3 on the proximal Mrhl promoter in RA-treated EBs versus neurons at 24 h is in agreement with higher Mrhl expression in NPCs. (J) qPCR analysis for
NPC and neuron markers in Mrhl control versus shRNA EBs showed premature commitment of NPCs to neurons upon Mrhl depletion. Error bars indicate SD
from three independent experiments, with technical duplicates in each (n = 6). *, P , 0.05; **, P , 0.01; ***, P , 0.001 (Student’s t test). Bar = 10 mm.
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indicated a decreased association of this histone mark at the Mrhl promoter in matur-
ing neurons (Fig. 2I). Our observations thus confirm that Mrhl is preferentially
expressed in NPCs. We further observed that Mrhl appears to be a low-abundance
lncRNA in NPCs, as also observed in our earlier studies in mES cells (38), owing to up-
regulation levels of only 2-fold or lower H3K4me3 levels at its promoter.

Mrhl depletion leads to early differentiation of NPCs to neurons in vitro. We
next wanted to understand the significance of Mrhl expression in the NPC population. For
this purpose, we subjected stable Mrhl knockdown mES cell lines to RA-mediated neuronal
differentiation. We used two independent short hairpin RNA (shRNA) lines for Mrhl, i.e.,
sh_1 and sh_4. We observed no major changes in NPC markers such as Pax6 or Nestin
(Fig. 2J). However, we observed$50% reduction in the expression of Ascl1. Ascl1 is known
to be an inducer of neuronal differentiation, but in a study by Castro et al. (47), Ascl1 was
shown to have a novel role in the specification of neural progenitors and cell proliferation.
In our studies, we observed an increase in Ascl1 at the NPC stage in RA-treated EBs
(Fig. 2C) and then maintenance of its expression up to at least 24 h of neuron formation
(Fig. 2E). We also observed ;1.5- to 2.5-fold increases in the levels of expression of the
neuronal markers Tuj1, Map2, and NeuN (Fig. 2J). These results show that depletion of
Mrhl leads to premature differentiation of NPCs to neurons, suggesting its importance in
cell fate regulation during neuronal lineage development. The evidence also aligns with
our observations that Mrhl is downregulated in maturing neurons and postnatal brains.
This further implies that Mrhl downregulation is important for the commitment of NPCs to
neurons.

A master transcription factor PAX6 was identified as a regulator of Mrhl in
NPCs. Next, we were interested in understanding how the transcriptional activity of Mrhl
is regulated in neuronal progenitors. lncRNAs act in close coordination with TFs not only
to regulate target genes but also to be regulated themselves. The lncRNA Rmst, also
known as Ncrms, has been shown to be positively regulated by PAX2, a TF involved in
midbrain and cerebellum development (48), whereas it is negatively regulated by REST
during neurogenesis (32), emphasizing the context-dependent transcriptional regulation
of lncRNAs by major TFs. STAT3 has been shown to upregulate the expression of lncRNA
Hoxd-As1 at the transcription level, contributing to invasion and metastasis in hepatocellu-
lar carcinoma (49). During male germ cell meiotic commitment, Mrhl is transcriptionally
repressed by the WNT signaling pathway effector TCF4/b-catenin complex, along with the
corepressor CTBP1, via interaction at its promoter (37).

We used a combination of the GPMiner (50) and JASPAR (51) programs to gain
insights into the probable transcriptional regulators of Mrhl in neuronal progenitors.
An analysis of the region 3 kb upstream of the TSS of Mrhl revealed predicted binding
sites for diverse lineage-specific TFs (Fig. 3A). With respect to the neuronal lineage,
TCF4 (172 bp), PAX6 (2,904 bp, 1,276 bp, 672 bp, and 622 bp), RBPJ-K (484 bp), NFAT
(437 bp and 143 bp), and Meis1 (477 bp) were of noticeable importance (Fig. 3A). Initially,
we focused on TCF4, an effector of the WNT pathway, owing to our earlier studies on
WNT-mediated regulation of Mrhl in B-type spermatogonial progenitors. Additionally, the
WNT pathway has been shown to be involved in context-dependent roles in neural devel-
opment (52–54). Toward this end, we performed IF for b-CATENIN on RA-treated versus
vehicle-treated EBs as well as during neuronal differentiation over a period of 2 to 24 h
(Fig. 3B). We observed no translocation of b-CATENIN from the membrane to the nucleus,
a hallmark of non-activation of the WNT pathway. Hence, we ruled out TCF4 as a potential
transcriptional regulator for Mrhl in RA-derived NPCs.

Our studies also suggest that WNT signaling may not have a role to play in RA-
derived NPCs. We additionally investigated RBPJ-K, an effector of the NOTCH pathway,
since NOTCH signaling has been extensively implicated in the proliferation and mainte-
nance of radial glia progenitors in the brain (55–58). We performed IF for NICD in vehi-
cle-treated versus RA-treated EBs and observed translocation of NICD to the nuclei of
RA-derived NPCs (Fig. 3C), indicating activation of the NOTCH pathway. However, sub-
jecting RA-treated EBs to the NOTCH pathway inhibitor DAPT {N-[N-(3,5-difluorophena-
cetyl)-L-alanyl]-S-phenylglycine t-butyl ester} showed a reduction in expression for the
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FIG 3 Identification of potential transcriptional regulators for Mrhl during neuronal lineage development. (A) GPMiner and JASPAR
analysis for predicted TF binding sites on the Mrhl 3-kb promoter region (created by SnapGene). (B) IF for b-catenin in RA-treated

(Continued on next page)
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known target Hes5 but not for Mrhl (Fig. 3D), thereby ruling out RBPJ-K as the potential
regulator for Mrhl. We also did not see changes in expression levels for other neuronal
markers, such as Pax6 and Tuj1, suggesting that in RA-derived NPCs, NOTCH signaling
may act through other pathways altogether to regulate progenitor physiology.

We then focused on PAX6, whose role in neural development with respect to NPC
specification and neurogenesis has been well established (59, 60). We collected ChIP-
Seq data sets available for PAX6 in E12.5 mouse embryonic forebrain (GEO accession
number GSE66961) (61) and combined them with a FIMO analysis for PAX6 motifs (62,
63). We identified four binding sites on the promoter of Mrhl as candidates for PAX6-
mediated regulation (Fig. 4A; Table 1, sites 1, 2, 3 and 4). Elaborate studies by Xie and
Cvekl (62) have shown that PAX6 binds to nine novel motifs, only one of which corre-
sponds to the consensus. FIMO analysis further revealed the presence of motifs 1-1
and 2-1 in site 1, motifs 1-3 and 3-3 in site 2, and motif 4-1 in sites 3 and 4 (Fig. 4B to
D; Table 1). ChIP-qPCR for PAX6 corresponding to sites 1 to 4 on Mrhl promoter
showed that PAX6 occupies all sites in E14.5 brains and sites 1, 3, and 4 in RA-treated
EBs (Fig. 4E to G). We concluded that PAX6 potentially regulates Mrhl at the transcrip-
tional level in NPCs.

PAX6 physically binds to the distal promoter and regulates Mrhl in NPCs. We
next performed an in-depth analysis involving electrophoretic mobility shift assays
(EMSAs) and luciferase and knockdown assays to understand the regulation of Mrhl by
PAX6 at these four sites. We expressed and purified full-length PAX6 and its isoform
PAX6(5A) (Fig. 5A) for our EMSA experiments (Table 1). We observed that PAX6 binds
directly to site 1 on Mrhl promoter strongly and to site 2 weakly and does not bind to
sites 3 and 4 (Fig. 5B). In the studies by Xie and Cvekl (62), it was shown that PAX6 and
PAX6(5A) bind to their diverse motifs with various affinities depending on the biologi-
cal context. Since we observed occupancy of PAX6 in our ChIP results on sites 2, 3, and
4 and since it has already been demonstrated that motif 1-3 in site 2 and motif 4-1 in
sites 3 and 4 are bound by PAX6(5A) with moderately high affinity (62), we hypothe-
sized that sites 2, 3 and 4 might be bound by the isoform PAX6(5A). PAX6(5A) differs
from PAX6 in that it has a 14-amino-acid insertion in the PAI domain, leading to its dif-
ferential binding to the various motifs. Furthermore, studies have shown that the ratio
of PAX6:PAX6(5A) shifts from 8:1 to 3:1 from E12.5 to E14.5 (64). However, our EMSA
studies showed no binding for PAX6(5A) to any of these sites (Fig. 5C).

We then carried out luciferase assays in P19EC cells, which lack expression of en-
dogenous PAX6, using various constructs of the Mrhl promoter harboring one site or
the other (Fig. 5D to F) in the presence of ectopically expressed PAX6 or PAX6(5A).
Sites 3 and 4 did not elicit any luciferase activity. However, both sites 2 and 1 displayed
luciferase activity in the presence of either isoform with an induction of ;1.4-fold.
Furthermore, luciferase assays in the presence of both the isoforms revealed the high-
est activity at a ratio of 4:1 for PAX6 to PAX6(5A) for the Mrhl promoter, causing an
induction of ;2-fold (Fig. 5G). Considering that Mrhl is a low-abundance transcript in
NPCs, this level of induction of Mrhl might be significant for the cells. Furthermore, it is
quite possible that PAX6 needs to interact with another transcription factor binding to
the proximal promoter of Mrhl to coregulate the transcription of Mrhl in NPCs. It has
been shown that other TFs, such as SOX2, act in conjunction with PAX6 to regulate tar-
get genes (60, 65). Finally, we generated doxycycline-inducible PAX6 knockdown mES
cell lines and induced the knockdown of PAX6 at day 5 of RA-mediated differentiation
of EBs, which was scored for Mrhl expression. We observed a reduction in Mrhl expres-
sion concomitant with reduction of PAX6 expression (Fig. 5H). From these studies, we
infer that PAX6 transcriptionally regulates Mrhl in neuronal progenitors through direct

FIG 3 Legend (Continued)
versus vehicle-treated EBs and different time points of neuronal differentiation showed lack of involvement of the WNT pathway in this
model system. (C) IF for NICD in RA versus vehicle-treated EBs showed activation of the NOTCH pathway. (D) qPCR analysis for genes
upon DAPT treatment revealed that NOTCH does not regulate Mrhl in NPCs. Error bars indicate SD from three independent
experiments, with technical duplicates in each (n = 6). *, P , 0.05; **, P , 0.01; ***, P , 0.001 (Student’s t test). Bar = 10 mm.
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physical binding at site 1 on the distal promoter of Mrhl. Site 2 may also be a point of
regulation by PAX6/PAX6(5A), as is evidenced by our ChIP and luciferase assays, prob-
ably in conjunction with other TFs/cofactors. Sites 3 and 4 showed enrichment for
PAX6 in our ChIP assays but no binding or activity in our EMSAs and luciferase assays,
suggesting that regulation via these two sites might be highly context dependent.

Regulation of Mrhl by NFAT4 in NPCs at the proximal promoter. The experi-
ments described above clearly demonstrate that PAX6 regulates Mrhl expression in
NPCs, primarily through upstream distal site 1 at 2.9 kb in the promoter of Mrhl. Since
this site is located far upstream of the promoter of Mrhl, we argued that there must be
other TFs that act to regulate Mrhl via its core proximal promoter and that they may
act in conjunction with PAX6. As mentioned earlier, SOX2 along with PAX6 has been
shown to coregulate target genes during neuronal or lens development (60, 65). From

FIG 4 Identification of PAX6 as the transcriptional regulator of Mrhl in NPCs. (A) Schematic showing PAX6 binding sites on the 3-kb promoter of Mrhl as
analyzed from publicly available ChIP-Seq data and FIMO analysis. (B to D) Motifs for PAX6 on Mrhl promoter sites 1 to 4 as revealed by FIMO analysis. (E)
Sonication pattern for chromatin isolated from RA-treated EBs and E14.5 whole brain. Sonication efficiency was initially checked for a smaller number of
cycles (15 and 25) before proceeding to a higher number of cycles to get the desired enrichment between 200 and 500 bp. (F and G) ChIP-qPCR analysis
for PAX6 enrichment on the Mrhl promoter in E14.5 whole brain and RA-treated EBs, respectively. Error bars indicate SD from three independent
experiments, with technical duplicates in each (n = 6). *, P , 0.05; **, P , 0.01; ***, P , 0.001 (Student’s t test).
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our earlier analysis of the 3-kb region upstream of the TSS for Mrhl (Fig. 3A), we
observed that NFAT, TCF4, RBPJ-K, and Meis1 have potential binding sites in the proxi-
mal promoter of Mrhl. We had already shown that WNT and NOTCH pathways are not
involved in regulating Mrhl in RA derived NPCs (Fig. 3B); therefore, we focused on
NFAT and MEIS1.

MEIS1 has been implicated in innervation in the neural crest (66) during RA-medi-
ated neural differentiation of mouse P19EC cells (67) and in granule cells during devel-
opment of the cerebellum (68). NFAT has been implicated in various aspects of neural
development, such as axon growth, neuronal survival, and synapse communication
(69, 70). NFAT showed two possible binding sites at 143 bp (BS 1) and 437 bp (BS 2)
upstream from the Mrhl TSS, while the MEIS1 binding site was found at 477 bp
upstream. Since NFAT has four isoforms, all of which are involved in neural pathways,
we first established which isoform of NFAT could regulate Mrhl in NPCs through PCR
studies. We observed by semiquantitative PCR that only the isoform NFAT4 is
expressed in both E14.5 embryonic brains and EBs (Fig. 6A and B). We further con-
firmed this by qPCR and observed that, indeed, NFAT4 exhibits the highest expression
among all isoforms in embryonic brains (expression was compared with that in P4
brain in each case) (Fig. 6C). We next performed ChIP-qPCR to verify the enrichment of
both NFAT4 and MEIS1 at the promoter of Mrhl. Our results show highly significant
enrichment of NFAT4 at both the predicted binding sites (Fig. 6D). Although MEIS1
also showed significant enrichment at the Mrhl promoter, the enrichment was ;4-fold
lower than that with NFAT4. Therefore, we focused on NFAT4.

We generated an mES cell stable inducible knockdown line for NFAT4 and observed
that upon doxycycline-mediated induction of NFAT4 knockdown, Mrhl levels were also
significantly reduced, confirming that NFAT4 regulates Mrhl (Fig. 6E). Next, we tried to
determine if NFAT4 associates with PAX6 for possible coregulation of Mrhl. First, we
performed ChIP followed by Western blotting (ChIP-WB) which clearly demonstrated
enrichment of PAX6 during NFAT4-IP and vice versa (Fig. 6F), suggesting the co-occur-
rence of PAX6 and NFAT4 in the same chromatin complex in RA-derived NPCs. Then,
we performed a sequential ChIP assay wherein we pulled down PAX6 chromatin-
bound sites in the genome and then carried out NFAT4 ChIP. We observed more than
2-fold enrichment for NFAT4 at Mrhl BS 2 in the sequential ChIP relative to the single
ChIP assay (Fig. 6G). This experiment conclusively proved that NFAT4 that coprecipi-
tates with PAX6 is indeed bound to the Mrhl promoter. Findings from these results led
us to the conclusion that PAX6 regulates Mrhl at the distal promoter whereas NFAT4
acts to regulate Mrhl at the proximal promoter in NPCs. There is a further possibility
that PAX6 and NFAT4 act together to regulate lncRNA Mrhl in NPCs in order to regulate
cell fate decisions (Fig. 6H).

DISCUSSION

The role of lncRNAs in development, differentiation, regulation of lineage specifica-
tion, and maintenance of pluripotency is well established, with numerous examples
reported in the literature. Using high-throughput technologies, a large number of
lncRNAs have been found to be expressed during neural development and in the brain
(10, 15–25). Owing to their specificity and their tight spatial and temporal regulation of
expression and functions, lncRNAs have been shown to be more potent indicators of

TABLE 1 PAX6 binding sites and corresponding EMSA probes used for the Mrhl promoter, 3 kb upstream from the TSS

Position (mm9 genome, chromosome 8) Strand Motif Matched sequence P EMSA probe Site (position [bp])
88515239–88515262 1 1-1 TCTTAAATTATGCATCCTTCCGTG 0.000321 1 1 (2904)
88515243–88515266 1 2-1 AAATTATGCATCCTTCCGTGCACC 3.02e205 1 1 (2904)
88516867–88516890 2 1-3 TTATCATTTTCTCCTAGACTGATG 8.95e205 2 2 (1276)
88516869–88516887 2 3-3 TCATTTTCTCCTAGACTGATGA 5.72e205 2 2 (1276)
88517471–88517489 1 4-1 TAAAATTCTTCATGTGTC 0.000751 3 3 (672)
88517521–88517438 2 4-1 AAAAAGTAACCACTGCTC 0.000869 4 4 (622)
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FIG 5 PAX6 physically binds to and regulates Mrhl in neuronal progenitors. (A) Expression and validation of PAX6 and PAX6(5A) by Western blotting. (B)
EMSA for studying direct interaction of PAX6 on Mrhl promoter sites 1 to 4 revealed that PAX6 binds with high affinity to site 1 and with weak affinity to
site 2. (C) EMSA for PAX6(5A) showed no binding to Mrhl promoter sites 1 to 4. (D to F) Luciferase assays for different constructs of the Mrhl promoter in
the presence of exogenously expressed PAX6 and PAX6(5A) showed a site-dependent induction pattern. (G) Luciferase assay showing that PAX6/PAX6(5A)
causes the highest induction of Mrhl at a ratio of 4:1. (H) Knockdown assay revealing a decrease in Mrhl expression upon knockdown of PAX6. Error bars
indicate SD from three independent experiments, with technical duplicates in each (n = 6). *, P , 0.05; **, P , 0.01; ***, P , 0.001 (Student’s t test).
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FIG 6 NFAT4 regulates Mrhl and binds to its promoter in association with PAX6. (A) Expression pattern of various NFAT isoforms in vehicle- versus RA-
treated EBs. (B and C) Semiquantitative and quantitative PCR data, respectively, showing expression levels of isoforms of NFAT in E14.5 whole brain and
EBs. Only NFAT4 is expressed highly in both the embryonic brain and EBs. NTC, no-template control. (D) ChIP-qPCR for NFAT4 and Meis1 binding on the
Mrhl promoter showed ;4-fold-higher binding for NFAT4. (E) Knockdown of NFAT4 led to a reduction in expression of Mrhl. (F) ChIP-WB showed NFAT4
coprecipitation with PAX6 and vice versa. (G) Sequential ChIP results revealed significant enrichment for NFAT4 at BS 2 in PAX6-bound chromatin. (H)
Model depicting the interplay between the Mrhl promoter and TFs, PAX6, and NFAT4 in NPCs, illustrating lncRNA-TF interactions in regulating cell fate
decisions. Error bars indicate SD from three independent experiments, with technical duplicates in each (n = 6). *, P , 0.05; **, P , 0.01; ***, P , 0.001
(Student’s t test).
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cell types in the brain than their protein-coding counterparts. The roles of many
lncRNAs, such as Dali, Paupar, Evf2, Rmst, and Pnky, to name a few, in regulating neural
progenitor proliferation and/or differentiation and gene regulation have already been
reported, with new additions every year (32, 71–77). A recent study demonstrated that
the lncRNA SenZfp536 suppresses proliferation of cortical NPCs by cis-regulating the
protein-coding gene Zfp536 via chromosomal looping (78), while in another study (79),
the lncRNA Neat1 was found to induce neuron-specific differentiation and to promote
migration ability in spinal cord neural stem cells of mice by regulating WNT/b-catenin
signaling. In that study, the authors also gave evidence of regulation of lncRNA Neat1
expression by miR-124 (79). A study by Zhang et al. showed that the expression level
of lncRNA Rik-203 increased during neural differentiation. Their data suggest that it
facilitates neural differentiation by inhibiting miR-101a-3p’s ability to reduce GSK-3b
levels (80).

The role of lncRNA Mrhl in development and differentiation was established in our pre-
vious studies (35, 36, 38). Nucleus-restricted Mrhl RNA has a definitive role in differentiation
of B-type spermatogonial cells into meiotic spermatocytes, by negatively regulating the
WNT signaling pathway, which is activated in differentiated meiotic spermatocytes, in
association with p68/DDX5 helicase (35). On the other hand, in the context of mES cells,
shRNA-mediated depletion and subsequent transcriptome analysis have revealed genes
related to developmental processes, lineage-specific transcription factors, and key net-
works to be dysregulated, along with aberrance in specification of early lineages during
differentiation of mES cells (38). Interestingly, the category of “development processes” in
gene ontology analysis was observed to be overrepresented with the maximum number
of dysregulated genes, most of them being related to the neuronal lineage. Furthermore,
the nervous system also emerged as one of the perturbed clusters in gene coexpression
analysis. Genome-wide chromatin occupancy studies further predicted that important neu-
ronal TFs such as POU3F2 and FOXP2 are directly regulated at the chromatin level by Mrhl
RNA. Our present study further confirmed that Mrhl is a key molecular player in neuronal
lineage development.

Neuronal differentiation is a highly complex process which requires intertwined actions
of various signaling pathways and transcription factors involved in regulating diverse
aspects of neural stem cell/progenitor specification and maintenance as well as neurogen-
esis. The fact that the peak of lncRNA Mrhl expression at E14.5 is concurrent with the peak
of neurogenesis in mouse brain development, along with the abrupt inhibition of Mrhl
expression from postnatal stage P0 onward, is intriguing. This is also observed in the RA-
induced neuronal differentiation model system. We also observed that depletion of Mrhl
leads to premature commitment of NPCs to neurons, implying that balanced levels of
Mrhl are required for the maintenance of NPCs. More importantly, it implies that downreg-
ulation of Mrhl is important for commitment of NPCs to differentiated neurons, in parallel
with our studies in spermatogonial progenitors, where Mrhl levels need to be decreased
for meiotic commitment to proceed. Our studies thus draw a common signature across
model systems wherein Mrhl is required during initial differentiation for the development
of progenitor cells but its downregulation is crucial for final commitment of progenitor
cells to their differentiated types. Similar observations were also obtained in the study by
Lv et al. (23), where transcriptomics analysis revealed restricted embryonic expression of
many lncRNAs. For example, they detected an intronic lncRNA (chromosome 15, positions
66090924 to 66092050) which is highly expressed in early embryonic stages and whose
expression is decreased to a basal level from E17.5. As another example, they also identi-
fied lncRNA Zfhx2as with increasing expression in E13 to E16, peaking at E17 while exhibit-
ing only basal expression in the brain after birth. They concluded that embryonic restricted
expression of lncRNAs have regulatory roles in the developing brain (23). It would be most
interesting to delineate the mechanism of this shutting off of Mrhl expression in the post-
natal brain as well as in the maturing neurons in the RA model system.

The mechanisms regulating this developmental stage-specific expression of lncRNAs are
still not fully understood. However, studies have indicated that chromatin state, including
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the cross talk between DNA methylation and histone modification, might be one of the
mechanisms (23, 81, 82). It has also been reported that miRNAs, promoter-associated
ncRNAs (pancRNAs), the specific location of lncRNAs with respect to protein-coding genes,
and sometimes the transcript itself are involved in modulating their expression in a cell-
and stage-specific manner (79–83). lncRNAs also seem to be regulated by the same set of
transcription factors that influence the expression of protein coding genes. A transcriptomic
profile study on mouse retinal photo receptor cells, done at six developmental time points
in mice, revealed that regulation of;20% of expressed lncRNAs is under the control of the
rod differentiation factor, neural retina leucine zipper (NRL), predicting their role in develop-
ment and differentiation of rod cells (84).

Regulation of lncRNAs by various TFs in cancers has also been reported recently
(85, 86). As mentioned above, direct binding and transcriptional regulation of lncRNAs
by key mES cell TFs, OCT4 and NANOG, have been reported to modulate the pluripo-
tency of ES cells (26). In our efforts to identify key TFs that regulate the differential
expression of Mrhl RNA during neuronal development, our bioinformatics analysis
revealed the presence of PAX6 binding sites in the region upstream of the Mrhl gene
which were also occupied by the PAX6 protein at the chromatin level. PAX6 is an im-
portant pioneer transcription factor that has a proven role in the regulation of neural
development (59, 60). PAX6 is also a unique transcription factor in that it does not
have a definite cognate DNA binding site but has a set of 10 overlapping DNA binding
motifs which function in a very context-dependent manner (62). Our extensive analysis
presented here shows that among the four PAX6-occupied DNA binding sites, site 1,
situated 2.9 kb upstream of Mrhl TSS, is relevant for the direct regulation of Mrhl
expression in NPCs. Since this PAX6 binding site is far upstream of the TSS, we argued
that PAX6 might interact with one transcription factor that binds to the proximal pro-
moter region. This assumption was also based on reports showing that PAX6 may not
act in isolation but may interact with other TFs to regulate target genes. PAX6 forms a
ternary complex with SOX2 and occupies lens-specific enhancer elements, leading to
the initiation of lens development (65). In neural progenitor cells, PAX6 acts in cooper-
ation with SOX2 to bind and regulate common target genes (60). PAX6 has also been
shown to coimmunoprecipitate with methyl transferases such as MLL1 and MLL2, act-
ing to recruit these chromatin remodelers to target enhancers (87).

In our study, we found that PAX6 associates with NFAT4 in the same chromatin
complex, as shown by ChIP-WB and sequential ChIP assays, and they may act in con-
junction to regulate Mrhl expression in NPCs. It is interesting that NFAT4 is also a neu-
ronal-lineage-specific transcription factor (69, 70). Another major observation made in
the present study is that WNT signaling is not involved in the regulation of the Mrhl
gene in RA-derived NPCs, which is in contrast to its role in B-type spermatogonial cells.
Thus, it is likely that the Mrhl gene is regulated by different sets of transcription factors
in a lineage-specific manner.

The regulation of lncRNA Mrhl by PAX6/PAX6(5A) through multiple sites of action
in NPCs, independently or in probable conjunction with cofactors, suggests an intrigu-
ing interplay of lncRNAs and proteins in coordinating cell-specific events. However,
recognizing the complexity in lineage specification and interplay between several reg-
ulation factors, we also cannot rule out the possibility that other TFs or cofactors may
also be involved in this mechanism. For example, we found the presence of RARE (reti-
noic acid response element) sites on the 3-kb-upstream promoter region for Mrhl. In
the context of the RA-induced neuronal model system, this is worthy of exploration.
Furthermore, it would be interesting to investigate whether Mrhl-PAX6-NFAT4 interac-
tion dynamics is important for the maintenance of the NPC pool during embryonic
brain development as well as to probe into other factors that are involved in the afore-
mentioned dynamics. It would be particularly interesting to delineate the chromatin-
based mechanisms behind regulation of Mrhl by these two TFs in NPCs.

The regulation of spatial and temporal expression of lncRNAs indeed adds to their
functional role in context-specific manner. Expression of the lncRNA Mrhl itself is
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restricted to the testes, livers, kidneys, and spleens of adult mice (33, 34). Its expression
in mouse ES cells and spermatogonial progenitor cells signifies its role in development
(35, 36, 38). The present study shows that the expression of Mrhl is restricted to embry-
onic stages of brain and NPCs, with minimal basal levels in maturing neurons and post-
natal brain. At this juncture, an important question that needs to be addressed is the
biological relevance of differential expression of Mrhl RNA during neuronal develop-
ment. The approach of transcriptome analysis in NPCs depleted of Mrhl should give
valuable information about the gene targets of Mrhl RNA in NPCs. We add here that
the gene targets of Mrhl lncRNA are quite different in mouse spermatogonial cells and
mES cells (36, 38), indicating that the gene targets are cell type specific and context de-
pendent. Thus, the present study has demonstrated an unexpected new role for
lncRNA Mrhl in neuronal development. Future studies on the molecular and cellular
functions of Mrhl lncRNA in neuronal development should add to the diversity of cellu-
lar functions exhibited by this lncRNA.

MATERIALS ANDMETHODS
Cell lines, plasmids, reagents, and oligonucleotides. The E14TG2a feeder-independent mouse ES

cell line was a kind gift from Tapas K. Kundu’s lab (JNCASR, India). Mouse ES cells were maintained on 0.2%
gelatin (Himedia, TC041)-coated dishes and grown in high-glucose Dulbecco’s modified Eagle medium
(DMEM) (Sigma, D1152), 15% fetal bovine serum (FBS) (Gibco, 16000-044), 1� nonessential amino acids
(Sigma, M7145), 0.1 mM b-mercaptoethanol, and 1� penicillin-streptomycin (Sigma, P4333) supplemented
with ESGRO (Merck Millipore). The P19EC line was a kind gift from Kumar Somasundaram’s lab (IISc, India),
and cells were grown in in DMEM, 10% FBS, 0.1 mM b-mercaptoethanol, and 1� penicillin-streptomycin. The
HEK293T cell line (ATCC, USA) was maintained in DMEM, 10% FBS, and 1� penicillin-streptomycin. All cell
lines have been tested and determined to be free of mycoplasma contamination using a PCR kit (Applied
Biological Materials Inc., G238).

Mrhl shRNA sequences are as follows: Mrhl shRNA#1, 59-GCACATACATACATACACATATATT-39; Mrhl
shRNA#4, 59-GGAGAAACCCTCAAAAGTATT. PAX6 shRNA (in the SMART vector inducible lentiviral back-
bone) clone was obtained from Horizon Discovery (clone ID V3IMMPGG_11530401). Nfat4/Nfatc3 shRNA
(in the SMART vector inducible lentiviral backbone) clone was obtained from Horizon Discovery (clone
ID V3SM7671-232277435). p3x-FLAG-CMV-10 (Sigma) was used for the generation of PAX6 and PAX6
(5A) expression vectors. PAX6 and PAX6(5A) were amplified from cDNA of E14.5 mouse embryonic
brains and cloned into the vector. pGL4.10 (luc2) vector (Promega, E6651) was used for the generation
of Mrhl promoter constructs for luciferase assays. 1.25 kb, 1.5 kb or 3.25 kb of the Mrhl promoter (250 bp
were taken downstream of the transcription start site in each case) were amplified from genomic DNA
and cloned into the vector. All fine chemicals were obtained from Sigma (unless otherwise mentioned),
gelatin was obtained from Himedia, and FBS was obtained from Gibco (Performance Plus; U.S. origin).
Oligonucleotide sequences and antibodies are listed in Tables 2 and 3, respectively.

Animal procedures. CD-1 strain mice (Mus musculus) were used for isolating embryonic and post-
natal brains at indicated stages. For embryonic brain isolation, female mice at age 6 to 8 weeks were
bred with males and were checked for plugs to confirm mating. The day of detection of the plug was
considered 0.5 day postcoitum (dpc). All animal procedures were performed in accordance with the
Institutional Animal Ethics Committee of JNCASR, India.

Transfection/transduction protocols. Transfections for P19EC and HEK293T cells were performed
using Lipofectamine 2000 (Thermo Fisher Scientific, 11668019) as per the manufacturer’s protocol.
Transduction of mES cells was performed as per the protocol of Pijnappel et al. (88). Briefly, HEK293T cells
were transfected with 5mg PAX6 shRNA plasmid, 2.5mg pSPAX2, 1.75mg pVSVG, and 0.75mg pRev to gener-
ate the viral particles. The medium containing viral particles was harvested 48 h after transfection. A second
round of viral particles was collected after an additional 24 h. The viral supernatant was mixed with 8mg mL21

DEAE-dextran and 1,000 U mL21 ESGRO and added directly to the E14TG2a cells. Transduction was performed
for 24 h with the first round of viral particles and an additional 24 h with the second round of viral particles.
The transduced cells were then subjected to puromycin selection (1.5mg mL21 puromycin) for a week.

Neuronal differentiation of mES cells. The protocol described by Bibel et al. (45) was followed for
RA-mediated neuronal differentiation of mES cells. Cells (4 � 106) were plated onto 100-mm bacteriolog-
ical-grade dishes (Greiner Bio-One, 633102) in differentiation medium containing DMEM, 10% FBS,
0.1 mM b-mercaptoethanol, and 1� penicillin-streptomycin and allowed to grow for 4 days. RA (Sigma,
R2625) or dimethyl sulfoxide (DMSO) (Sigma, D2650) was added to the EBs on the fourth day at a final
concentration of 5 mM, and cells were allowed to grow for an additional 4 days. After a total of 8 days of
differentiation (42/41 RA), the RA- and DMSO-treated EBs were harvested by gravity precipitation for
cryosectioning. Alternatively, RA-treated EBs were trypsinized to obtain NPCs with 0.05% freshly made
trypsin for 3 min at 37°C, dissociated, and filtered through 40-mm filters (Falcon, 352340). NPCs were col-
lected by centrifugation at 1,150 rpm for 5 min.

For the generation of early and maturing neurons, plates or coverslips were coated with 100 mg
mL21 poly-D-lysine (Merck Millipore, A-003-E) at 37°C overnight. Next day, plates were washed thor-
oughly three times with deionized sterile water and dried. The plates were then coated with laminin so-
lution (Roche, 11243217001) for 2 h at 37°C and kept ready for use. The cell pellet obtained as described
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above was resuspended in N2 medium containing DMEM–F-12 (Sigma, D2906), 1� N2 (Thermo Fisher
Scientific, 17502048), and 1� penicillin-streptomycin and plated at a density of 90,000 cells cm22. N2
medium was changed 2 h after plating and then again after 24 h. For further differentiation, medium
was changed after an additional 24 h to N2B27 medium containing DMEM–F-12, 1� N2, 1� B27
(Thermo Fisher Scientific, 17504044), and 1� penicillin-streptomycin. Cells were harvested at different
time points for appropriate analyses.

PAX6 knockdown and Mrhl expression. A PAX6 shRNA clone was used to generate a stable induci-
ble mES cell line. The protocol for RA-mediated neuronal differentiation of mES cells described above
was followed. PAX6 knockdown was induced by addition of different concentrations of doxycycline (0,
2, 3, 3.5, and 4 mg mL21) from day 3 onward, every day. RA was added on the fourth day, and EBs were
harvested on day 5. RNA was isolated from collected cells, and qPCR was performed as described below
for expression of PAX6 and Mrhl.

NFAT4 knockdown and Mrhl expression. An NFAT4 shRNA clone was used to generate stable in-
ducible mES cell line. mES cells were directly transduced with lentiviral particles obtained from Horizon
Discovery at a multiplicity of infection (MOI) of 4. Puromycin was used to select the transfected cells. The
protocol for RA-mediated neuronal differentiation of mES cells described above was followed. NFAT4
knockdown was induced by addition of 3.5 mg mL21 doxycycline from day 3 onward, every day. RA was
added on day 4, and EBs were harvested on day 5. RNA was isolated from collected cells, and qPCR was
performed as described below for expression of NFAT4 and Mrhl.

NOTCH inhibition studies. EBs were treated with the NOTCH inhibitor DAPT {N-[N-(3,5-difluorophe-
nacetyl)-L-alanyl]-S-phenylglycine t-butyl ester; Sigma, D5942} at a concentration of 10 mM on the fourth
day of differentiation along with RA. EBs were harvested on the fifth day and processed directly for
qPCR as described below.

Preparation of NPC smears. EBs were trypsinized and filtered as described earlier and cross-linked
with 1% formaldehyde for 8 min at room temperature. Formaldehyde was quenched using 1/7 volume
of 1 M glycine for 5 min at room temperature, and cells were collected by centrifugation at 1,500 rpm
for 5 min at 4°C. The cells were washed 3 times with ice-cold 1� phosphate-buffered saline (PBS) and
collected by centrifugation each time. A 10-mL aliquot of the cell suspension in 1� PBS was placed on a
slide, covered with a coverslip, and dipped in liquid N2 to fix the cells on the slide (aliquot volume can
be determined empirically to obtain desired cell density per aliquot). The coverslip was removed imme-
diately thereafter with the help of a scalpel blade. The slides were hydrated in 1� PBS for 3 to 5 min and
dehydrated in graded ethanol from 50%, 75%, and 95% to 100%. The slides were stored in 100% ethanol
at this point. Before proceeding with RNA FISH or IF, slides were rehydrated in the reverse order of etha-
nol series with a final rehydration step in 1� PBS.

RNA FISH and IF. RNA FISH followed by IF on EBs, NPCs, or brain tissues was performed as per the
protocol of de Planell-Saguer et al. (89). The probes used for RNA FISH were Cy5-labeled locked nucleic
acid probes procured from Exiqon (35) with the sequence 59-CAGCTAGGCCAAGACAACAAAATG-39.

(i) Fixation and permeabilization. Cells were grown on coverslips, or cell smears were prepared as
described above. EBs or brain tissues were fixed in 4% paraformaldehyde for 7 to 8 h at 4°C followed by
equilibration in 20% sucrose solution overnight and embedded in tissue-freezing medium (Leica,
14020108926). The embedded tissues were then cryosectioned and collected on Superfrost slides
(Fisher Scientific, 12-550-15). For cells, a brief wash was carried out with 1� PBS (pH 7.4) followed by fix-
ation with 2% formaldehyde for 10 min at room temperature. The cells were then washed with 1� PBS
three times for 1 min each, permeabilization buffer (1� PBS, 0.5% Triton X-100) was added for 5 min,
and cells were incubated at 4°C. The permeabilization buffer was removed, and cells were washed briefly
with 1� PBS for three times at room temperature. For tissue sections, antigen retrieval was performed
by boiling the sections in 0.01 M citrate buffer (pH 6) for 10 min. The sections were allowed to cool and
were washed in distilled water three times for 5 min each and then in 1� PBS for 5 min, each time with
gentle shaking.

(ii) Hybridization. The samples were then blocked in prehybridization buffer (3% bovine serum al-
bumin [BSA], 4 � SSC [1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate, pH 7]) for 40 min at 50°C.
Hybridization (Mrhl probes tagged with Cy5; final concentration, 95 nM) was performed with prewarmed
hybridization buffer (10% dextran sulfate in 4� SSC) for 1 h at 50°C. After hybridization, slides were
washed four times for 6 min each with wash buffer I (4� SSC, 0.1% Tween 20) at 50°C followed by two
washes with wash buffer II (2 � SSC) for 6 min each at 50°C. The samples were then washed with wash

TABLE 3 Antibodies

Antibody target Company Catalogue no. Dilution used
PAX6 Abcam ab5790 1:500 for IF; 5mg for ChIP per 25mg of chromatin
Nestin Abcam ab11306 10mg/mL for IF
Tuj1 Abcam ab14545 1:1,000 for IF
b-Catenin Abcam ab32572 1:250 for IF
NICD Abcam ab8925 1:250 for IF
H3K4me3 Abcam ab12209 5mg for ChIP per 25mg of chromatin
Meis1 Millipore ABE2864 5mg for ChIP per 25mg of chromatin
NF-ATc3 Abcam ab83832 1:500 for WB; 5mg for ChIP per 25mg of chromatin
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buffer III (1 � SSC) once for 5 min at 50°C followed by one wash with 1� PBS at room temperature. For
tissue sections, all washes were performed as mentioned above with a time of 4 min for buffers I to III.
The samples were then processed for IF.

(iii) IF. Samples were blocked with IF blocking buffer (4% BSA, 1� PBS) for 1 h at 4°C. Primary anti-
body solution (2% BSA, 1� PBS) contained the appropriate dilution of the desired primary antibody, and
the samples were incubated in it for 12 h at 4°C. Next day, the samples were washed with IF wash buffer
(0.2% BSA, 1� PBS) three times for 5 min each with gentle shaking. The samples were incubated in sec-
ondary antibody for 45 min at room temperature and washed with 1� PBS three times for 10 min each
with gentle shaking. The samples were finally mounted in mounting medium containing glycerol and
DAPI (49,6-diamidino-2-phenylindole) and imaged on a Zeiss LSM 510 Meta microscope.

ChIP. ChIP was performed according to Cotney and Noonan’s protocol (90). Protein A and protein G
Dynabeads (Thermo Fisher Scientific, 10001D and 10003D) were used for rabbit and mouse antibodies,
respectively. For ChIP-WB, the same protocol was followed, and whole samples after IP were processed
for Western blotting.

(i) Preparation of antibody beads. Twenty-five microliters of Dynabeads was used for each ChIP
reaction. The beads were first washed with 1 mL of bead binding buffer (1� PBS, 0.2% Tween-20) and
resuspended in 200mL of the buffer per reaction. H3K4me3 (2mg) or PAX6 (4mg) antibodies or their iso-
type controls were added to the beads in separate tubes and incubated for ;16 h at 4°C on an end-to-
end rotor at 10 rpm. The next day, beads were washed with 1 mL of bead binding buffer followed by
1 mL of dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl [pH 8.1], 167 mM
NaCl). The beads were then resuspended in 25 mL dilution buffer per ChIP reaction and stored at 4°C for
further use.

(ii) Chromatin extraction and quantification. Brain tissues from E14.5 embryos or EBs were har-
vested in serum-free DMEM. Brain samples were minced with a scalpel blade, and a homogeneous sus-
pension was obtained with the help of a pipette. EBs were trypsinized and filtered as described above.
The samples were then subjected to cross-linking using 1% formaldehyde (Sigma, F8775) for 10 min at
room temperature, following which samples were quenched with glycine at a final concentration of
0.125 M for 10 min at room temperature. The samples were then centrifuged at 2,000 � g for 10 min at
4°C and washed twice with 1� ice-cold PBS. Finally, the pellets were either flash frozen in liquid N2 and
stored at280°C or processed for chromatin extraction.

The cross-linked pellet was resuspended in 6 volumes of ice-cold cell lysis buffer (50 mM Tris-HCl
[pH 8.0], 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100) supplemented with
1� mammalian protease inhibitor cocktail and incubated on ice for 20 min. For brain samples, the pel-
lets were homogenized once after addition of lysis buffer with 30 to 40 strokes (BioSpec Tissue-Tearor;
985370) and once after the incubation period was over. The nuclei were then harvested by centrifuga-
tion at 2,000 � g for 5 min at 4°C. The supernatant was removed, and the nuclei were resuspended in 5
volumes of ice-cold nuclear lysis buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 0.5 mM EGTA, 0.5% SDS)
supplemented with 1� mammalian protease inhibitor cocktail and incubated on ice for 20 min. The
samples were then sonicated in a Bioruptor device (Diagenode, UCD-200) for 35 cycles (at pulses of 30 s
on and 30 s off) and centrifuged at 16,000 � g for 10 min at 4°C to remove insoluble material. The centri-
fuged samples were then transferred to fresh tubes, aliquoted as per requirement, flash frozen in liquid
N2 and stored at 280°C.

For monitoring sonication efficiency and DNA quantification, 10-mL aliquots were kept aside, diluted
in 10 mL of Tris-EDTA (TE) buffer, and treated with 10 mg of RNase A (Sigma, R6513) for 30 min at 37°C
followed by 20 mg of proteinase K (Thermo Fisher Scientific, EO0491) for 1 h at 55°C. The aliquots were
then subjected to reverse cross-linking for 5 min at 95°C, allowed to cool to room temperature slowly,
and analyzed on 1% agarose gels for sonication efficiency or subjected to DNA isolation by the phenol-
chloroform method for quantification.

(iii) Immunoprecipitation. Approximately 10 to 25 mg of chromatin was diluted with dilution buffer
supplemented with 1� mammalian protease inhibitor cocktail to reduce the SDS concentration to
,0.1% and achieve a final volume of 450 mL. Then, 5% of the dilution was stored as input at 4°C.
Twenty-five microliters of antibody or isotype control beads was added to the chromatin dilution and
incubated for 12 to 16 h at 4°C. Next day, the beads were washed with 1 mL wash buffer (100 mM Tris-
HCl [pH 8.0], 500 mM LiCl, 1% NP-40, 1% deoxycholic acid) supplemented with 1� mammalian protease
inhibitor cocktail 5 times at room temperature. The beads were given a final wash with 1 mL of TE buffer
and resuspended in 85 mL of elution buffer (50 mM Tris-HCl [pH 8.0], 10 mM EDTA, 1% SDS). Elution was
performed twice for 10 min each at 65°C under constant agitation in a thermal mixer. All ChIP and input
samples (volume made up to 170 mL with dilution buffer for input samples) were subjected to reverse
cross-linking for 12 h at 65°C.

(iv) Chromatin purification and analysis. Next day, all samples were treated with 10mg of RNase A
for 1 h at 37°C followed by 200 mg proteinase K for 2 h at 55°C, and DNA was extracted by the phenol-
chloroform method. The DNA was precipitated with 1/10 volume 3 M sodium acetate (pH 5.2), 3 vol-
umes of 100% ethanol, and glycogen at a final concentration of 0.5 mg mL21 overnight at 220°C. Next
day, DNA was pelleted, washed with 75% ethanol, dried, dissolved in sterile deionized water, and sub-
jected to qRT-PCR analysis.

ChIP-WB. ChIP was performed according to Cotney and Noonan’s protocol (90). Briefly, cross-linked
EBs were sonicated, and 50 mL of sonicated samples was kept aside at 280°C as input. Each sample
(150 mL, for each IP and respective IgG) was then diluted approximately 6� to get a volume of 1 mL in
ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA [pH 8.0], 16.7 mM Tris-Cl [pH 8.0],
167 mM NaCl). Samples were incubated overnight at 4°C on rotor with 5 mg of respective antibody. Next
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day, 30 mL of protein G Dynabeads (Thermo Fisher Scientific, 10004D) was hybridized with the samples
for 2.5 h after equilibrating with ChIP dilution buffer. After hybridization, beads were washed with low-
salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA [pH 8.0], 20 mM Tris-Cl [pH 8.0], 150 mM NaCl) once,
high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA [pH 8.0], 20 mM Tris-Cl [pH 8.0], 500 mM NaCl)
once, LiCl buffer (0.25 M LiCl, 1% IGEPAL, 1% deoxycholic acid, 1 nM EDTA [pH 8.0], 10 mM Tris-Cl [pH
8.0]) once, and TE buffer twice. After washing, beads were resuspended in 40 mL of 6� loading dye, and
the samples along with the input were boiled for 10 min and then stored at 220°C for later use. A 10%
SDS gel was used to revolve the protein bands, and Western blotting was performed to get the final
results.

Sequential chip or ChIP–re-ChIP assays. The protocol described by Furlan-Magaril et al. (91) was
followed, with a few modifications. For the first round of IP, sonicated and ChIP buffer-diluted samples
were incubated with two antibodies specific to our two proteins of interest (PAX6 and NFAT4) along
with their IgG controls, and the rest of the ChIP protocol was then followed. For re-ChIP, the elution of
complexes during the first ChIP was carried out using 50 mL of 10 mM dithiothreitol (DTT) at 37°C for
40 min. After elution, the beads were separated, and the eluate was diluted 20 times with re-ChIP buffer
(1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCl [pH 8.1]) and subjected again to the ChIP
procedure with alternate antibodies along with ChIP for NFAT4-IP alone. Finally, DNA was extracted
from eluted samples using the phenol-chloroform method, and qRT-PCR was done for further analysis.

Purification of PAX6 and PAX6(5A) proteins. p3X-FLAG-CMV-10-Pax6 and -Pax6(5a) constructs
were transfected into HEK293T cells. Twenty-four hours after transfection, cells were lysed in 5 volumes
of FLAG lysis buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) supplemented
with 1� mammalian protease inhibitor cocktail. To 500 mL of supernatant containing proteins, 30 mL M2
agarose beads (Sigma, A220) was added, and the mixture was incubated for 3 h at 4°C. The beads were
then washed in 1 mL of FLAG wash buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl). The FLAG-tagged
proteins were then eluted in the FLAG wash buffer containing a final concentration of 500 ng mL21 of
FLAG peptide (Sigma, F4799).

EMSA. (i) End labeling of probe and purification. Oligonucleotides were designed such that they
harbored the PAX6/PAX6(5A) motifs on the Mrhl promoter. All forward oligonucleotides were subjected
to end labeling with [g-32P]ATP in polynucleotide kinase (PNK) reaction buffer (PNK buffer at a final con-
centration of 1� is 40 pmol oligonucleotide, 20 U PNK [New England Biolabs, M0201S], and 30 mCi
[g-32P]ATP, with the volume made up to 50 mL with nuclease free water) for 30 min at 37°C. The enzyme
was heat inactivated for 20 min at 65°C. The oligonucleotides were purified by the phenol-chloroform
method and precipitated in 1/10 volume of 3 M sodium acetate (pH 5.2), 3 volumes of 100% ethanol,
and 10 mg yeast tRNA for 1 h at 280°C. The oligonucleotides were pelleted by centrifugation at
12,800 rpm for 10 min, washed in 75% ethanol and dried. They were then dissolved in 1� annealing
buffer (10 mM Tris-HCl [pH 8.0], 20 mM NaCl). To each of the forward oligonucleotides, a 3� excess of
the reverse oligonucleotides was added, and the mixture was heated for 10 min at 95°C and allowed to
cool slowly over several hours to overnight at room temperature. The annealed probes were purified
using Sephadex C-50 columns. Glass wool was packed near the tip of a 1-mL syringe to a volume of
0.1 mL, and the syringe was packed with a C-50 bead slurry to a volume of 1 mL with centrifugation at
1,800 rpm for 3 min at 4°C. A final centrifugation was performed for the packed beads to remove all
water before loading the annealed probes onto the column. The annealed probes were collected again
by centrifugation, and their activity was recorded as counts per minute in a scintillation counter.
Unlabeled forward oligonucleotides were also annealed to their corresponding reverse oligonucleotides
and purified in a similar manner for competition assays.

(ii) Binding reaction and electrophoresis. The purified proteins were allowed to bind to the oligo-
nucleotides in a reaction mix containing 5� EMSA buffer (60 mM HEPES-KOH [pH 7.9], 300 mM KCl,
15 mM MgCl2, 2.5 mM DTT, 20% [wt/vol] Ficoll 400, and 1 mg mL21 BSA, with 1� mammalian protease
inhibitor cocktail added just before use) to a final concentration of 1�, purified PAX6 or PAX6(5A) pro-
tein (100 to 400 ng in increasing concentrations), 400 ng mL21 salmon sperm DNA (Sigma, D9156) and
[g-32P]ATP-labeled double-stranded oligonucleotide (20,000 cpm). The volume was made up to 12.5 mL
with nuclease-free water. The reaction mixture was incubated for 40 min at 37°C. For competition assay,
a 125� molar excess of unlabeled double-stranded probe was used. After incubation, loading dye (con-
taining bromophenol blue and xylene cyanol without SDS) was added to the samples, and the samples
were run on a 5% native gel (40% acrylamide stock in a 30:08 ratio of acrylamide to bis-acrylamide) pre-
pared in 0.5� TBE (10� TBE stock is 1.8 M Tris base, 90 mM boric acid, and 2.5 mM EDTA) at 150 V at
4°C. The gel was then dried and exposed to X-ray film for 24 h.

Luciferase and b-galactosidase assay. P19EC cells were transfected with 2mg of pGL4-Mrhl promoter
constructs, 200 ng of PAX6 or PAX6(5A) expression plasmids, and 50 ng of b-galactosidase plasmid as an in-
ternal control. Cells were harvested 24 h posttransfection, and a luciferase assay was performed as per the
manufacturer’s protocol (Promega, E2610). Readings for luminescence were taken with a luminometer
(Berthold, Sirius L).

The b-galactosidase assay as performed as described by Uchil et al. (92). Briefly, 30 mL of the cell
extract was mixed with 3 mL 100� Mg21 solution (0.1 M MgCl2, 4.5 M beta-mercaptoethanol), 66 mL 1�
ONPG (4 mg mL21 o-nitrophenyl-b-D-galactopyranoside in 0.1 M phosphate buffer [pH 7.5]) and 201 mL
0.1 M sodium phosphate (pH 7.5). The reaction mixtures were incubated for 30 min to a few hours at
37°C until a faint yellow color developed. The reactions were stopped by adding 500 mL 1 M Na2CO3,
and the absorbance was recorded at 420 nm in a spectrophotometer.
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RNA isolation, qPCR, and Western blotting. Total RNA was isolated from cells or tissues using
RNAiso Plus (TaKaRa Bio) for analysis by qRT-PCR as per the manufacturer’s protocol. Real-time PCR was
performed using Sybr green mix (TaKaRa) in a real-time PCR machine (Bio-Rad CFX96).

Cells or tissues were lysed in 5 volumes of radioimmunoprecipitation assay (RIPA) buffer (150 mM so-
dium chloride, 1.0% NP-40 or Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl [pH
8.0], 1 mM EDTA, 0.5 mM EGTA) supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1�
mammalian protease inhibitor cocktail for 15 min on ice with occasional vortexing. Protein concentra-
tion was estimated using the Bradford reagent. Samples were resolved on 10 to 12% SDS-PAGE gels,
transferred to nitrocellulose membrane, incubated with primary and secondary antibodies, and analyzed
using chemiluminescence (Millipore, Luminata Forte, WBLUF0100) and exposure to X-ray films.

ChIP and FIMO analysis. Publicly available ChIP-Seq data sets, including GSE93009 (44) for RNA Pol
II, RNA Pol II-Ser5p, H3K4me3, and H3K27me3 and GSE66961 (61) for PAX6, were used.

A 3-kb promoter sequence of Mrhl (upstream from its TSS) was taken, along with the motifs for
PAX6 binding, as described in a report by Xie and Cvekl (62). FIMO (Find Individual Motif Occurrences)
(93) scanning was then performed with a default cutoff value of 1E204.

Promoter analysis. GPMiner (50) and JASPAR (51) programs were used to analyze 3 kb upstream of
the TSS of Mrhl. SnapGene software was used to map the binding sites of various TFs on the promoter
region.
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