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SUMMARY

Embryonic expression of DNMT3B is critical for establishing de novo DNA methylation.

This study uncovers the mechanism through which the promoter-associated long non-coding
RNA (IncRNA) Dnmt3bas controls the induction and alternative splicing of Dnmi3b during
embryonic stem cell (ESC) differentiation. Dnmt3bas recruits the PRC2 (polycomb repressive
complex 2) at c/s-regulatory elements of the Dnmt3b gene expressed at a basal level.
Correspondingly, Dnmt3bas knockdown enhances Dnmi3b transcriptional induction, whereas
overexpression of Dnmt3bas dampens it. Dnmit3b induction coincides with exon inclusion,
switching the predominant isoform from the inactive Dnmit3b6to the active Dnmit3b1.
Intriguingly, overexpressing Dnmi3bas further enhances the Dnmt3b1:Dnmi3b6 ratio, attributed
to its interaction with hnRNPL (heterogeneous nuclear ribonucleoprotein L), a splicing factor that
promotes exon inclusion. Our data suggest that Dnmit3bas coordinates alternative splicing and
transcriptional induction of Dnmt3b by facilitating the hnRNPL and RNA polymerase |1 (RNA Pol
I1) interaction at the Dnmit3b promoter. This dual mechanism precisely regulates the expression of
catalytically active DNMT3B, ensuring fidelity and specificity of de novo DNA methylation.
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In brief

Dar et al. report the regulatory role of Dnmit3bas IncRNA and c/s-regulatory regions in Dnmt3b
expression. By interacting with and recruiting the PRC2 complex and hnRNPL to the Dnmt3b
promoter, Dnmt3bas regulates transcriptional induction and alternative splicing of Dnmi3b,

dictating the prevalence of catalytically active DNMT3B, required for global de novo methylation.

INTRODUCTION

During mammalian development, epigenetic reprogramming, which involves global erasure
and reestablishment of DNA methylation, facilitates the acquisition of epigenetic plasticity
and limits the inheritance of acquired epimutations.! DNA methylation is reset by the

de novo methylation activity of DNMT3A and DNMT3B DNA methyltransferases. In
mice, homozygous knockout of dnmt3aand adnmt3bis embryonic lethal,23 and Dnmt3b™~
ESCs (murine embryonic stem cells) show defective differentiation potential and loss

of DNA methylation at specific regulatory elements and minor satellite repeats, which

are the preferred targets of the Dnmt3b enzyme.245 Dnmt3bis dynamically expressed
during development, with the highest expression restricted to the inner mass cells from
embryonic day 4.5 (E4.5) to E8.5, after which it is strongly downregulated in somatic

cell lineages.26:7 During differentiation of naive pluripotent mouse ESCs (2i-ESCs), the
transcript levels of Dnmit3b increase substantially within 2-3 days, after which the Dnmi3b
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gene is completely repressed.8-10 This is akin to the dynamic expression of Dnmt3b during
early embryogenesis, making it an ideal model system to study its regulation.

Dnmt3b is transcribed in more than 30 alternatively spliced isoforms, although only a few
have been detected at the protein level.11:12 Several of these isoforms are catalytically
inactive due to the loss of key catalytic residues. The two major isoforms expressed

in normal cells are Dnmi3b1 and Dnmt3b6. The exclusion of exons 22 and 23 results

in the loss of a significant part of the target recognition region in the Dnmt3b6

transcript, thus rendering the protein enzymatically inactive. However, DNMT3B6 has
been shown to interact and allosterically activate the full-length catalytically active
enzyme DNMT3B1.12-17 Aperrant expression and splicing of DNMT3B are linked to the
loss of methylation at oncogenes and repetitive elements in diverse cancers, including
colorectal, lung, and breast cancers.18-21 Several observations indicate that the highly
regulated spatiotemporal expression and alternative splicing of DNMT3B are critical for cell
differentiation, homeostasis, and survival.322 Despite the breadth of evidence supporting
the critical role of DNMT3B in differentiation and cell identity, little is known about the
mechanisms that control its transcription.

Transcription is controlled by the concerted activity of the transcriptional coactivator
complex and a permissive chromatin environment at its ¢/s-regulatory elements.
Additionally, divergent long non-coding RNAs (IncRNAs) regulate the expression of the
nearby protein-coding genes, including those crucial for normal development. INCRNAs
such as HOTAIR,23 Kcnglotl,24 Air,2® Evxlas,26 and Evf2as? are coordinately transcribed
with a protein-coding gene such that the pair is expressed from one transcriptional locus.2®
Most IncRNAs are transcribed by RNA polymerase 11 (RNA Pol 1), and many undergo
capping, splicing, and polyadenylation.29-31 In addition, IncRNAs interact with other
chromatin proteins and regulate the activation and silencing of genes.32-36 Transcription
regulation by IncRNAs can be mediated by the act of transcription (in ¢/s), which creates

a chromatin environment that influences the expression of the neighboring gene.3” The
trans mechanisms involve the activity of the transcript, which may guide the recruitment

of chromatin-modifying complexes such as PRC2.23:32:38-46 |ncRNAs that bind PRC2
include Airn, Kengtlot1, ANRA SSF1, and COLDAIR,23:2943:47-50 mediating the formation
of repressive chromatin structure at PRC2 target regions. Furthermore, PRC2 can bind
IncRNAS by recognizing short tracts of Gs and G-quadruplexes, ubiquitously present in the
transcriptome.51-53

A divergently expressed antisense transcript, Dnmi3bas, initiates 1 kb downstream of the
Dnmt3b promoter (Gencode Transcript: ENSMUST00000124988.1 from GENCODE VM23
Comprehensive Transcript Set). Our study here characterized Dnmt3bas as a promoter-
associated divergent INcCRNA, expressed coordinately with Dnmit36 mRNA. Mechanistically,
Dnmt3bas acts in trans, interacts with PRC2 and hnRNPL, and regulates the induction

and alternative splicing of Dnmit3b. We show that in undifferentiated 2i-ESCs, Dnmit3b is
expressed at a low basal level and primarily as Dnmt3b6, the catalytically inactive isoform.
The expression of Dnmt3b is strongly induced in response to the differentation signal and

is, interestingly, accompanied by exon inclusion, which promotes the expression of the
catalytically active Dnmt3b1 as the major isoform. As differentiation proceeds, Dnmt3b

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dar et al.

RESULTS

Page 4

expression is downregulated. During ESC differentiation, a coordinated yet contrasting
expression pattern of Dnmt3band Dnmt3bas was observed, with the Dnmit3b pattern
mimicking the expression of Dnmt3b observed in vivo. The chromatin modification state
of proximal and distal enhancers and enhancer-promoter looping complemented the Dnmt3b
transcriptional state. Whereas we observed no discernable effect of the downregulation
(knockdown [KD]) or overexpression (OE) of Dnmt3bas on Dnmi3b basal expression, the
transcriptional induction of Dnmt3b was decreased in Dnmt3bas OE cells and increased

in Dnmt3bas KD cells. Interestingly, the undifferentiated OE cells showed an increase in
H3K27me3 at the cis-regulatory elements, suggesting the role of Dnmi3bas in regulating
PRC2 activity at these sites. Additionally, higher enrichment of H3K27Ac and an increased
interaction frequency between enhancer and promoter were observed in the KD cells post-
differentiation. In Dnmt3bas OE cells, we also observed increased exon inclusion, resulting
in a higher Dnmt3b1.Dnmt3b6 ratio. Our systematic experimental analysis determined the
splicing factor hnRNPL as the binding partner of Dnmi3bas that facilitates exon inclusion
during transcriptional induction of Dnmt3b.

Overall, this comprehensive study describes a mechanism by which a promoter-associated
INcRNA, Dnmt3bas, coordinates transcriptional induction and alternative splicing of an
essential developmental gene and establishes the role of cis-regulatory elements in this
process.

Transcriptional induction and alternative splicing of Dnmt3b

We adapted the serum-cultured murine ESCs (s-ESCs) to 2i media (2i-ESCs), demonstrated
by an apparent increase in the naive pluripotency markers and downregulation of Dnmt3a
and Dnmi3b, with the concomitant loss of DNA methylation genome-wide (Figures S1A—
S1C). Next, the differentiation of 2i-ESCs was monitored by a change in the expression of
pluripotency and differentiation markers by qRT-PCR (Figures S1D and S1E). Analysis of
Dnmt3b expression showed a 10- to 15-fold increase, which peaks at day 3, followed by a
substantial decrease that stays steady from day 4 to 6 post-differentiation (Figure 1A). Since
Dnmt3bis expressed at a low basal level in 2i-ESCs, the induction is significantly higher
than that observed during the differentiation of s-ESCs (Figure S1F).

Dnmt3b transcripts comprise two major alternatively spliced isoforms: Dnmt3b1, a full-
length transcript, and a catalytically inactive Dnmi3b6, in which exons 22 and 23 are
excluded.1?-17 RT-PCR was used to amplify both isoforms pre- and post-differentiation of
ESCs (Figure 1B). As shown previously,>* both isoforms are expressed equally in s-ESCs.
Interestingly, in 2i-cultured ESCs, Dnmit3b mainly comprises the shorter isoform Dnmi306,
indicating that exon exclusion is preferred during basal transcription of Dnmit3b. However,
after induction, Dnmt3b1 is expressed as the major isoform, indicating that the alternative
splicing switches in favor of exon inclusion. Post-differentiation transcriptional repression is
again accompanied by switching to exon exclusion, and Dnmi3b6 is expressed as a major
isoform in embryoid bodies (Figures 1B and S1G). These data suggest that in conjunction
with transcriptional induction, the alternative exon inclusion/exclusion regulates the level of
catalytically active DNMT3B, underscoring the critical role of this coordinated process.
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The cis-regulatory elements in the Dnmit3b locus constitute a CpG island promoter and
putative proximal and distal enhancer elements located about 0.3 and 8 kb upstream of the
transcription start site (TSS), respectively (Figure S1H).8:55:56 To determine the engagement
of the putative distal enhancer in the regulation of Dnmt3b expression, we examined

the enhancer-promoter (E-P) looping interaction pre- and post-differentiation in 2i-ESCs
using a chromatin conformation capture (3C) assay.>’>8 We observed a strong and specific
contact between the distal enhancer and promoter regions (E-P loop), which increased
post-differentiation (Figure 1C). Moreover, the E-P loop interaction was prevalent in the
undifferentiated 2i-ESCs when Dnmi3b was expressed at the basal level, suggesting that
pre-positioning the enhancer next to the promoter enables a quick transcriptional response to
the induction signal.

Based on the transcriptional state of the associated gene, enhancer regions acquire different
chromatin modifications. We measured the enrichment of H3K4mel, H3K27Ac, and
H3K27me3 at Dnmt3b regulatory regions pre- and post-differentiation by Chromatin
immunoprecipitation (ChlP) assays. At day 3 post-differentiation, we observed an expected
increase in H3K4mel and H3K27Ac concomitant with enhancer activation and induction
of Dnmt3b expression. Dnmt3b repression at day 6 post-differentiation was associated
with a decrease in H3K4mel and H3K27Ac at both proximal and distal enhancer regions
(Figures 1D and 1E). In contrast, H3K27me3 at the proximal and distal enhancer regions
was higher in undifferentiated (UD) 2i-ESCs and decreased post-differentiation at days 3
and 6 (Figure 1F). The Dnmt3b promoter also harbors a CpG island (CGI) around the

TSS. It is noteworthy that whereas deacetylation of H3K27 is not succeeded by H3K27
methylation at proximal and distal enhancer sites, the CGI promoter region showed a
significant recovery of H3K27me3 at day 6 post-differentiation, demonstrating that the
PRC2-mediated mechanism maintains the repressed state of the Dnmit3b promoter (Figure
1G). H3 occupancy shows no significant difference in enrichment in various samples

pre- and post-differentiation, further validating the significance of the observed chromatin
modification changes (Figure S11).

Previous studies have shown that during enhancer silencing, histone demethylation of
H3K4mel and deacetylation of H3K27Ac by the Lsd1-Mi2NuRD-complex poises the
chromatin for DNMT3A-catalyzed DNA methylation.5® Methylation-dependent gPCR (MD-
gPCR) and bisulfite sequencing showed at distal and proximal enhancer regions a significant
gain of DNA methylation (~50%), which was severely reduced in Dnmt3a™'~ cells on day

6 post-differentiation (Figures 1H and S1J). Furthermore, as previously reported for strong
CGls, the DNA methylation levels decreased with increasing proximity to the Dnmt3b
promoter CGI (Figure S1K). Overall, these data establish the mechanistic role of PRC2

and DNMT3A at the promoter and distal and proximal enhancers in regulating Dnmt36
expression during 2i-ESC differentiation.

Dnmt3bas regulates the induction and alternative splicing of Dnmt3b

The divergent antisense (as) INcRNA Dnmt3basis a 2.8 kb transcript that initiates 800
bp downstream of the TSS in the Dnmt3b promoter. Based on the predicted exon-intron
boundaries, we designed primers to capture potential spliced and polyadenylated forms
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of Dnmit3bas (Figure S2A). A unique band of nearly 716 bp, corresponding to the size

of spliced Dnmt3bas, confirmed the splicing and polyadenylation of Dnmt3bas (Figure

2A). We used the RNA fluorescence /n situ hybridization (RNA FISH) technique to detect
Dnmt3bas transcripts in ESCs. As expected, the Gapadh mRNA was primarily localized in
the cytoplasm, whereas the Dnmt3bas transcripts were mainly localized in a punctate pattern
in the nucleus. Mostly one or two large and a few tiny puncta were observed in the nucleus,
with no detectable signal in the cytoplasm (Figures 2B and S2N). The nuclear localization of
Dnmt3bas was further confirmed by subcellular fractionation assays (Figure S2B).

We first asked if there is a correlation between the expression of Dnmt3band Dnmt3bas
during 2i medium adaptation and differentiation of ESCs. 2i medium adaptation was
validated by confirming expected gene expression changes in the naive ESCs® (Figure
S2C). Exon-specific primers were used to detect the expression of spliced Dnmt3bas,
which also minimizes potential amplification from genomic DNA contamination in the
RNA samples (Table S1). gRT-PCR specificity was ensured by the absence of signal in

the NRT (no reverse transcriptase) control and by visualizing the amplified product as a
single band on an agarose gel (Figure S2D). Expression analysis showed that whereas
Dnmt3b was downregulated at passage 6 (P6) and maintained a basal level in 2i-ESCs,
Dnmt3bas expression constantly increased during adaptation (Figure S2E). However, during
2i-ESC differentiation, the expression of Dnmi3baswas downregulated concomitantly with
the induction of the Dnmit3b (Figures 1A and 2C).

The coordinated yet contrasting expression pattern of the Dnmit36/Dnmi3bas pair suggests
a potential role for Dnmt3bas in regulating Dnmt3b transcription. Therefore, we generated
stable ESC lines expressing anti-Dnmi3bas short hairpin RNA (shRNA; KD1 and KD2) or
overexpressing spliced and unspliced forms (spl and uns, respectively) of Dnmt3bas and
adapted them to 2i medium (Figures S2F and S2G). Dnmt3bas KD1 and KD2 cells showed
a significant reduction of Dnmt3bas by nearly 2.5-fold compared with the vector control
(VC) cells. Conversely, Dnmt3bas OE cells showed nearly 8- to 9-fold higher expression of
Dnmt3bas compared with VC cells (Figure 2D). Furthermore, cell fractionation analysis of
the Dnmt3bas KD and OE cells showed a proportional change in the Dnmt3bas transcript
level in the cytoplasm and nucleus (Figure S2H), supporting the localization of Dnmt3bas
primarily in the nucleus. We also ruled out the potential confounding impact of impaired
pluripotency in the Dnmt3bas-manipulated cell lines. Cell morphology and gene expression
analysis pre- and post-differentiation show no significant difference between the three cell
lines (Figures S21 and S2J). In UD and day 6 differentiated VC, KD, and OE cell lines, no
difference in Dnmit3b basal expression was observed (Figure 2E). However, compared with
V/C cells, which showed a 15-fold induction of Dnmi3bat D3, the induction of Dnmit3b

in the KD cells increased to nearly 30-fold. A similar effect on Dnmt3b expression was
observed in both KD1 and KD2 cells (Figure S2K); therefore, only KD1 cells were used for
further investigation. Interestingly, OE of Dnmt3bas showed an opposite effect on Dnmit3b
induction with only a 7-fold increase in Dnmt3b expression on day 3 post-differentiation in
the OE cells. The repressive activity of Dnmt3bas was specific for only the spliced isoform
since cells overexpressing the unspliced Dnmt3bas behaved similarly to VC cells (Figure
2E). In addition, Dnmt3b induction in KD cells was rescued to a lower level by OE of only
the spliced isoform of Dnmi3basand not by the unspliced and truncated shRNA-resistant

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dar et al.

Page 7

Dnmt3bas fragment (Figures 2F and 2G). These data confirm the trans activity of the spliced
Dnmt3bas transcript.

To test whether Dnmt3bas modulated the kinetics, magnitude, or both of Dnmit3b induction,
we measured Dnmt3b transcript levels every 24 h post-differentiation. The data were fit to a
non-linear regression using GraphPad Prism. Whereas an apparent change in the magnitude
of induction was recorded, it peaked at the same time point in all three cell lines, indicating
the effect of Dnmi3bas on the magnitude of Dnmi3b induction (Figure 2H).

We next asked if alternative splicing of Dnmit3bwas affected in Dnmi3bas KD and OE

cell lines. Theratio of Dnmt3b1:Dnmt3b6 was determined using RT-PCR analysis in VC,
KD, and OE cells cultured in the 2i medium (Figure 21). The Dnmt3b1:Dnmt3b6 ratio in
V/C cells pre- and post-differentiation was similar to the wild-type (WT) 2i-ESCs shown

in Figure 1B. Dnmt3b6 is the predominant isoform in UD 2i-ESCs. Post differentiation
(day 3) transcriptional induction of Dnmt3b was accompanied by increased exon inclusion,
thus transcribing Dnmi3b1 as a major isoform. Although this trend was prevalent in KD
and OE cells, we observed a peculiar increase in the Dnmt3b1:Dnmt3b6 ratio in OE cells
post-differentiation. These data, collectively, suggest that the repressive effect of Dnmt3bas
maintains the Dnmit3b promoter/proximal enhancer in the primed state in UD cells and
fine-tunes the magnitude of Dnmi3binduction and alternative splicing in response to
differentiation signals.

The potential impact of Dnmt3bas manipulations on genomic methylation was tested
using methylation-sensitive restriction, which showed a delay in the gain of methylation
in both KD and OE cells compared with VVC cells (Figure S2L). Bisulfite sequencing

of two Dnmt3b-specific target regions showed a significant increase in DNA methylation
in KD cells compared with the VC and OE cells on day 2 post-differentiation®? (Figure
2J). However, on day 4, DNA methylation differences between various cell lines were
less significant (Figure S2M). In the context of VC, KD, and OE cell lines, if there

are differences in the initially established methylation patterns due to altered expression
of DNMT3B, the maintenance activity of DNMT1 can potentially act to close those
differences. DNMT1 would recognize and methylate hemi-methylated sites during DNA
replication, thereby restoring or equalizing the methylation patterns across the different cell
lines.61

Dnmt3bas modulates the chromatin modification state at Dnmt3b regulatory regions

To understand the mechanism of Dnmt3bas in regulating Dnmt3b induction, we measured
chromatin modifications, i.e., H3K4mel, H3K27me3, and H3K27Ac, at Dnmt3b regulatory
regions during differentiation and compared changes in KD and OE cells with VC cells.

In all three cell lines, an increase in H3K4mel was observed at both proximal and distal
enhancer regions at day 3 post-differentiation compared with the UD cells (Figure 3A).
Loss of H3K27me3 was accompanied by the gain of H3K27Ac at the proximal and distal
enhancer region in day 3 cells (Figures 3B and 3C). Similar changes in H3K27me3 and
H3K27Ac were observed at the CGI region of the Dnmt3b promoter (Figures 3D and

3E). However, at the proximal enhancer and the CGlI region, we observed a lower and a
higher enrichment of H3K27me3 in UD KD and OE cells, respectively, compared with
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the VC cells (Figures 3D and S3A). An opposite trend in H3K27Ac was observed at the
Dnmt3b promoter CGI in these cells (Figure 3E), corresponding to the difference in Dnmt3b
induction in these cell lines. No difference in DNA methylation at promoter and enhancer
regions was observed between the VC, KD, and OE cell lines (Figures S3B and S3C).

Based on the above data, we speculated that Dnmi3bas recruits the PRC2 complex to
Dnmt3b cis-regulatory regions, similar to several other IncRNAs known to escort the PRC2
complex to their target sites.2%:50 The presence of the PRC2 complex was confirmed

by SUZ12 chromatin immunoprecipitation (ChIP), which shows strong enrichment at the
Dnmt3b promoter. In alignment with H3K27me3, significantly lower and higher SUZ12
enrichment was observed in the KD and OE cells, respectively, compared with VVC cells
(Figure 3F). We showed the direct interaction of Dnmt3bas with the PRC2 complex

by RNA pulldown assay using /n-vitro-transcribed biotinylated Dnmt3bas (Figure 3G).
Sequence analysis of Dnmt3bas using the G-quad analysis tool (GQRS mapper, key resource
table) showed several potential G-quadruplex structures. K+, not Li+, ions stabilize the
G-quad structure2 and promote PRC2 binding. Western blot shows a strong interaction

of Dnmt3bas with AEBP2 and SUZ12 in the KCI buffer. However, AEBP2 binding was
reduced in the presence of LiCl buffer, suggesting a direct interaction of this subunit to the
Dnmt3bas G-quad structure. In contrast, the binding of the splicing factor hnRNPK was
unaffected by different buffer conditions.53

These data demonstrate that Dnmt3bas recruits PRC2 at the Dnmi3b promoter/proximal
enhancer (PE) region maintained at basal activity and thus fine-tunes the gain of H3K27Ac
and Dnmi3b induction post-differentiation.

Dnmt3bas is localized at the Dnmt3b promoter and affects E-P looping

We performed a 3C assay in VC, KD, and OE cell lines to test the effect of Dnmt3bas

on distal E-P interaction. The data show little or no effect on the interaction frequency

of Dnmt3b distal enhancer and promoter in the UD 2i-ESCs (Figure 4A). Given the
proximity of enhancer and promoter in the UD state, the crosslinking method used for

the 3C assays poses a challenge to determine a significant increase in the interaction post-
differentiation. However, corresponding to higher transcriptional induction, we observed a
small but significant increase in the E-P interaction frequency in KD cells compared with the
V/C cells (Figure 4B).

To test if Dnmit3bas RNA is associated with the distal enhancer chromatin, we performed
the chromatin isolation by RNA purification (ChIRP) assay in WT and transgenic (VC,
OE, and KD) 2i-ESCs pre- and post-differentiation. Using probes specific to exon or intron
regions of Dnmt3bas, RNA recovery analysis showed high and specific recovery of the
spliced Dnmt3bas from the RNA fraction of UD and day 3 differentiated cells (Figures
4C and S4). From the DNA fraction, approximately 10-fold higher enrichment of the
Dnmt3b promoter region was measured compared with the distal enhancer (Figure 4D). A
significantly lower and higher enrichment of the Dnmt3b promoter region was observed
in KD and OE cells, respectively, compared with VVC cells, and no significant change was
observed in the enrichment of the Dnmt3b distal enhancer region (Figure 4E). These data
confirm that spliced Dnmt3bas is localized primarily at the Dnmt3b promoter.
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hnRNPL binds Dnmt3bas and regulates Dnmt3b alternative splicing

To determine the mechanism by which Dnmt3bas regulates the alternative splicing of
Dnmt3b, we performed an RNA pull-down assay using /n-vitro-transcribed biotinylated
Dnmt3bas and control as-Dnmt3bas RNAs to identify Dnmi3bas-interacting proteins (Figure
5A). On a Coomassie-stained SDS-PAGE, a distinct protein band at around 60 kDa was
explicitly observed in the Dnmt3bas elution and was absent in the control sample (Figure
S5A). Mass spectrometry (MS) analysis of proteins in the excised fragment from control
and experimental lanes showed a strong enrichment of hnRNPL in the experimental sample.
The protein band was confirmed to be hnRNPL by immunoblotting the RNA pull-down
samples (Figure 5B). To examine the /n vivo interaction of hnRNPL with Dnmi3bas, we
performed a western blot analysis of the protein fraction from the Dnmt3bas ChIRP assay.
The data showed a strong signal of hnRNPL in the experimental sample that was absent in
the RNase-treated control sample (Figure 5C). ChIP assay using an anti-hnRNPL antibody
showed significant and specific enrichment of hnRNPL at the Dnmi3b promoter, confirming
its /n vivobinding at these sites (Figure 5D).

hnRNPL binds CA repeats with high affinity,54 and Dnmt3bas contains two clusters of CA
repeats within exon 2 spaced apart by about 50 bp. To locate the hnRNPL-binding sites, we
performed RNA pull-down assays using Dnmit3bas fragments (Figure 5E). Compared to a
weak binding with the exon 1 fragment (F1), strong hnRNPL binding was observed with
the intermediate and the exon 2 RNA fragments (F2 and F3) containing both CA clusters
(Figure 5F). Next, we systematically mutated the CA clusters in the full-length Dnmt3bas
and used the variants for the RNA pull-down assay. Variant 1 has mutations in only cluster
2, and variants 2 and 3 have different mutations in clusters 1 and 2. Whereas the hnRNPL
binding of variant 1 is similar to that of WT Dnmt3bas, the binding to variants 2 and 3 was
strongly reduced (Figure 5G), indicating that hnRNPL predominantly binds to the cluster 1
site. Thus, we conclude that hnRNPL specifically binds Dnmi3bas and is recruited to the
Dnmt3b promoter region.

Previous studies have shown that the RNA-binding protein hnRNPL regulates alternative
splicing (AS).55-67 Based on the observation that the ratio of Dnmt3b1:Dnmt3b6increased
in Dnmt3bas OE cells post-differentiation, we asked if increased exon inclusion was due

to higher hnRNPL recruitment by Dnmt3bas. Therefore, we overexpressed Dnmt3bas
variants with mutations in hnRNPL-binding sites in 2i-ESCs. Transgenic cell lines were
differentiated, and alternative splicing of Dnmit3b was analyzed at day 3 post-differentiation.
Compared with cells overexpressing WT Dnmt3bas, the ratio of Dnmt3b1.Dnmt3b6 in cells
overexpressing variants was similar to that in the VVC cells (Figure 5H). Furthermore, small
interfering RNA (siRNA)-mediated depletion of hnRNPL in Dnmt3bas OE cells rescued the
Dnmt3b6:Dnmit3b1 ratio to that in VVC cells (Figures 51 and S5B), suggesting that increased
recruitment of hnRNPL at the Dnmit3b promoter increases the number of exon inclusion
events.

Given that Dnmt3bas recruits hnRNPL to the Dnmi3b promoter, we speculate that post-
induction, the Dnmt3bas-hnRNPL complex facilitates the interaction of hnRNPL with
elongating RNA Pol I1, which ferries hnRNPL to alternatively spliced sites at the 3 end
of the Dnmi3b transcript. This model is supported by recent studies showing that the

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dar et al.

Page 10

interaction of SETD2 with hnRNPL and elongating RNA Pol 11 couples transcriptional
elongation and alternative splicing.68-70 We observed no significant change in the deposition
of H3K36me3 at the 3" end of the Dnmit3b gene in Dnmt3bas OE cells compared with

the VC cells (Figure S5C), confirming that the activities of SETD2 and hnRNPL are not
dependent on their interaction with each other.”® However, this observation does not exclude
the potential role of SETD2 in mediating the interaction of hnRNPL with elongating RNA
Pol II.

A mechanistic model of Dnmt3bas

Our study comprehensively examined the mechanism that regulates the spatiotemporal
expression of Dnmt3b during early development (Figure 6). The data revealed the unique
role of Dnmt3bas in transcriptional priming and the coordination of transcriptional induction
and alternative splicing of Dnmi3b. This role of Dnmt3bas is mediated by its interaction
with the PRC2 complex and the splicing protein hnRNPL. In the UD 2i-ESCs, Dnmt3bis
expressed at the basal level, and Dnmt3bas maintains the Dnmit3b promoter In a primed
state by targeting PRC2 activity. When differentiation is triggered, Dnmt3b expression is
induced by enhancement of E-P interaction and deposition of H3K27Ac. Higher expression
of Dnmt3b is also accompanied by increased exon inclusion and switching of alternative
splicing in favor of Dnmit3b1 transcription. Dnmt3bas facilitates this alternative splicing
switch by delivering the splicing factor hnRNPL at the transcriptionally active Dnmit3b
promoter. Dnmi3bas bridges the interaction of hnRNPL with elongating RNA Pol Il,
ensuring its delivery to alternative splice sites. Following induction, the post-differentiation
repression of Dnmt3b is mediated by DNA methylation at proximal and distal enhancers.
Notably, the CGI promoter regains the H3K27me3 mark, suggesting the role of a lower but
persistent expression of Dnmt3bas, which is essential for stabilizing the activity of the PRC2
complex at the CGI promoter.

DISCUSSION

The spatiotemporal regulation of Dnmt3b expression is critical for development and cellular
homeostasis. An aberrant increase in DNMT3B expression leads to DNA hypermethylation
and loss of gene regulation in various human diseases.”1~73 Here, we used naive

ESC differentiation as an early developmental model to report Dnmt3bas/Dnmi3b as a
coordinately expressed gene pair where the INcRNA Dnmit3bas regulates transcriptional
induction and alternative splicing of Dnmit3b mRNA.

Role of Dnmt3bas in Dnmt3b transcriptional induction

During 2i medium adaptation and ESC differentiation, Dnmt3bas expression is lowest

when the Dnmit3b gene is expressed at high levels, suggesting a potential transcriptional
interference mechanism.”# Nevertheless, post-differentiation repression of Dnmt3b did not
stimulate Dnmt3bas expression, suggesting a distinct regulatory mechanism that controls
Dnmt3bas expression. Given that Dnmt3bas is expressed within the promoter of the Dnmit3b
gene, genetic manipulations using CRISPR-Cas9 could not be employed. However, we
observed a significant effect of Dnmt3bas on Dnmt3b expression by using shRNA-mediated
KD and OE of Dnmt3bas RNA in the 2i-ESCs. In response to the differentiation signal,
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a concomitant loss of H3K27me3 precedes the gain of H3K27Ac to activate Dnmit3b
enhancers, which engage strongly with the promoter (E-P loop) to facilitate transcriptional
induction. Some IncRNAs can help stabilize the E-P loop by interacting with components of
the Mediator complex like Med1 and Med122% or cooperate with CTCF-mediated chromatin
interactions to affect the transcription of genes.”>~’7 However, we show that Dnmt3bas
interacts with the PRC2 complex, and this interaction could be further potentiated by
hnRNPK binding.53 In Dnmt3bas KD cells, we observed an increase in the E-P interaction
and H3K27Ac at the distal enhancer, suggesting the role of Dnmi3bas in stabilizing
repressive PRC2 complex binding. Furthermore, the proximity of the distal enhancer to

the Dnmt3b promoter in UD cells implies a dual role of the E-P loop: (1) facilitating

the recruitment of PRC2 complex to the distal enhancer and (2) mediating a quick
transcriptional response to the differentiation signal.

Interestingly, neither the expression of Dnmt3bas nor the enrichment of H3K27me3 at
distal regulatory elements increased during the post-differentiation repression of Dnmt3b.
Instead, we observed a loss of H3K27Ac and a gain of DNA methylation in regions further
upstream, flanking the 5" end of the Dnmt3b promoter CGI. However, at the CGI, which
is maintained in an unmethylated state, we observed an increase in H3K27me3, suggesting
the role of the PRC2 complex in maintaining the Dnmt3b promoter in a repressed state
post-differentiation. This observation also suggests that low but significant expression of
Dnmt3bas post-differentiation could mediate the maintenance of H3K27me3 at the CGI.

Role of Dnmt3bas in Dnmt3b alternative splicing

Here, we show that 2i-cultured ESCs, a homogeneous population of cells in the ground state
of pluripotency, express low levels of Dnmi3band the short catalytically inactive Dnmt3b6
as the major isoform. Our data suggest that in 2i-ESCs, whereas the basal transcription of
Dnmt3b6 retains the Dnmt3b promoter in a primed state, the promoter activation process
appends a mechanism that facilitates exon inclusion to generate the full-length transcript,
Dnmt3b1. Therefore, besides temporal regulation of Dnmt3b transcription, this observation
signifies the role of Dnmi3b alternative splicing in genome-wide loss of DNA methylation in
2i-ESCs and de novo DNA methylation during early development.

Our data showed hnRNPL among several unique Dnmt3bas-binding proteins. Functional
characterization of Dnmit3basihnRNPL interaction showed its role in inducible exon
inclusion, a process critical for expressing catalytically active Dnmt3b1 during
differentiation. hnRNPL is a known regulator of alternative splicing,65-67 RNA stability, 8
and transcriptional regulation in partnership with multiple INcRNAs.”9-81 Previous studies
have shown that the binding of hnRNPs, including hnRNPK, hnRNPU, and U1 small
nuclear ribonucleoprotein (SNRNP) binding, facilitate chromatin tethering and nuclear
retention of INcRNAs.82-85 Med23 was also shown to recruit hnRNPL to the promoter

of genes, a role similar to Dnmt3bas.8® These observations suggest that the nucleoprotein
constitution at gene promoters can determine both transcription and splicing outcomes.8”
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Implications of Dnmt3bas-hnRNPL interaction

Recent studies have shown the interaction of SETD2 with hnRNPL and proposed that
SETD?2 hitchhikes to the elongating RNA Pol Il and transports hnRNPL to the splice sites
as they emerge during chain elongation.68-70 Our study suggests that the recruitment of
hnRNPL by Dnmt3basto the promoter of Dnmit3b facilitates hnRNPL-SETD?2 transfer.
Given that the RNA-binding domain of hnRNPL, RRM2, also interacts with SETD2, the
interaction of hnRNPL with SETD2 and Dnmt3bas could be mutually exclusive. This
prediction is supported by the absence of SETD2 in the RNA pull-down/MS analysis of
Dnmt3bas-binding proteins. Therefore, interaction choice could be dictated by the proximity
and binding strength of the RRM2 with RNA versus SETD2.

Based on the expression pattern of Dnmt3bas, it could reconstitute various nucleoprotein
complexes ubiquitously. However, the mechanism most consistent with the published
data so far that explains the specific activity of the Dnmit3basshnRNPL complex during
transcriptional induction is that in the induced state, a bulk increase in elongating RNA
Pol Il at the Dnmt3b promoter allows interaction with the SETD2/RNA Pol 11 elongation
complex, which ferries hnRNPL to the alternative splice sites in the gene body. A
dramatic increase in H3K36me3 in the Dnmt3b gene body and at the 3" end on day 3
post-differentiation indicates increased SETD?2 activity post-induction (Figure S5C).

Furthermore, in contrast to hnRNPL, hnRNPI (PTBP1) is involved in the exon exclusion

in the Dnmt3b mRNA 88 suggesting that their antagonistic activity determines the splice
site choice in Dnmt3b pre-mRNA. Both proteins bind to similar polypyrimidine tracts (CA
repeats) on RNA through their RRM domains and interact with each other.8% However,

the mechanism by which their antagonistic activity at alternative splice sites is regulated

is unknown. It would be interesting to determine the mechanism of potential cross-talk
between antagonist splice factors and chromatin modifiers that fine-tunes the relative levels
of the alternatively spliced isoforms in response to varying physiological conditions.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Humaira Gowher
(hgowher@purdue.edu).

Materials availability—Newly generated materials associated with the paper, including
Dnmt3bas plasmids, are available upon a written request to the lead contact and must fill the
MTA requirements of Purdue University.

Data and code availability—The raw qPCR data for gene expression, ChIP, and ChIRP
will be shared by the lead contact upon request. Microscopy data reported in this paper will
be shared by the lead contact upon request.
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This paper does not report any original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All the experiments were performed /n vitro using authenticated male mouse embryonic
stem cells, E14Tg2A, purchased at passage 12 from MMRRC. The mouse strain used

for this research project, ES Parental cell line E14Tg2a.4, RRID:MMRRC_015890-UCD,
was obtained from the Mutant Mouse Resource and Research Center (MMRRC) at
University of California at Davis, an NIH-funded strain repository, and was donated to

the MMRRC by BayGenomics, BayGenomics Consortium (https://www.mmrrc.org/catalog/
cellLineSDS.php?mmrrc_id=15890). The ESCs were propagated and frozen at P14. Cells at
P14 were thawed and adapted to 2i medium conditions for 7-9 passages. All experiments
were performed in 2i-adapted cells at P9-12 or serum-cultivated ESCs at P16-18. The
details of the culture condition are Method Details.

METHOD DETAILS
Cell culture and transgenic cell lines

1. ESC culture and differentiation: E14Tg2A (WT) ESCs were maintained in ESC
media containing LIF on gelatin-coated tissue as described in https://www.mmrrc.org/
strains/E14/Ctr_protocol.pdf. Differentiation of mESCs was induced by plating 10X108 cells
in low attachment 10 cm Petri dishes with a concurrent withdrawal of LIF. After Day 3,
embryoid bodies were treated with 1uM Retinoic acid (RA), the medium was replenished
daily, cells were harvested daily, and samples were collected for protein, RNA, DNA, and
chromatin until Day 9.

2. 2i adaptation: Serum-mESCs were seeded in a T-25 flask and passaged once before
adapting them into 2i media. Briefly, the serum-mESCs were washed with PBS and
detached with trypsin. FBS was added to inactivate the trypsin, DMEM/F12 media was
added, and cells were pelleted. The cells were rewashed to remove any traces of FBS and
then plated and grown on gelatin-coated tissue culture plates in 2i media (3uM CHIR99021
and 1pM PD0325901). The cells were adapted until passage 10, and at every passage,

the cells were harvested and checked for gene expression and DNA methylation. The
differentiation was induced by removing LIF from the media, and at D3, 1uM RA was
added, as explained earlier. The cells were harvested at different time points for the analysis.

3. Transgenic cell lines: CRISPR KO dnmt3a cell lines were a gift from Dr. Taiping
Chen, MD Anderson. Transgenic Dnmt3bas knockdown (KD) and overexpression (OE)
cell lines were generated by transfecting serum-cultured ESCs with pLKO.1 shRNA
(Dharmacon) and pcDNA3.1Dnmt3bas (spliced and unspliced). pcDNA3.1GFP transfected
cells were used as control. After antibiotic selection, the derived stable cell lines were
adapted to the 2i culture conditions described below. For hnRNPL knockdown, serum-
cultured OE cells were treated with sSiRNA hnRNPL (Thermo Fischer) for 48 h, and RNA
was purified for expression analysis.
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Microscopy—Bright-field images of s-ESCs and 2i-ESCs were obtained with a Zeiss
microscope using a 10x591 objective. We performed Alkaline phosphatase staining and
SSEA-1 staining in these cells, as previously reported.?0 Briefly, the cells were stained
with alkaline phosphatase (Sigma, AB0300) and SSEA-1 staining using (Millipore, 597
MAB430) and Alexa Fluor 555 nm (Life Technologies, A21422) antibodies. The SSEA-1
and Alkaline 598 phosphatase stained cells were imaged using 20X objectives under Nikon
Ts and Zeiss 599 microscopes, respectively.

RT-gPCR and RT-PCR

1. Gene expression: Briefly, total RNA was isolated using the TRIzol reagent (Invitrogen,
15596026) according to the manufacturer’s protocol. First, RNA samples were digested with
DNAse (Roche, 04716728001) at 37°C for 2 h and purified using a Quick-RNA MiniPrep
Plus Kit (ZymoReseach, R1057). Then, reverse-transcription quantitative PCR (RT-qPCR)
was performed either using Verso One-Step RT-gPCR kits (Thermo Scientific, AB-4104A)
or by two-step method in which cDNA was synthesized using the Tetro cDNA Synthesis
Kit (Bioline, BIO-65043). For Verso One-Step RT-qPCR, we used 5-50ng of RNA per
reaction; for the two-step method, we used 1.2—-2.5ug of RNA to synthesize cDNA. cDNA
was synthesized using gene-specific primers (GSP), random hexamers, or oligo (dT) per

the manufacturer’s instructions. Gene expression was calculated as AC;, which is C{(Gene)
— Ci(Gapah or Beta-actin). Change in gene expression is reported as fold change relative

to control undifferentiated cells, which was set to 1, or in a log, scale where values of
undifferentiated cells were set to 0. Standard deviations represent at least 2 technical and 2
biological replicates. SEM represents the variance in average data with n = 6 or more. The
SD, SEM determination, and p-Value were calculated using GraphPad Prism using ANOVA
or paired Student T test.

2. _Alternative splicing: To analyze alternative splicing, a 1-step RT-PCR kit (Invitrogen).
We designed primers at exon-exon boundaries such that product sizes were 200-500 bps
long, which were visualized on 6% Polyacrylamide gels in TBE buffer. Table S1 details the
list of primers used in this study.

Chromosome conformation capture assay (3C)—3C assays followed the protocol
from®7:58 with a few modifications. Murine 2i cells were crosslinked with 1% formaldehyde
for 10 min at room temperature. Chromatin was suspended in NEB buffer 2.1 and digested
with 1000 units of Haelll at 37°C overnight. Crosslinked fragments were ligated with 45
units of T4 DNA ligase at 16°C for 2 h. A random ligation control template was generated
using a BAC clone RP23-474F18 covering the Dnmt3b locus and digested with Haelll
and ligated with T4 ligase. Gapdh locus was used as an endogenous control. A standard
for known concentrations of E14 genomic DNA was generated by qPCR with primer pair
GaploadF and GaploadR and used to determine 3C samples concentration. The gPCR
used the same amount of each 3C sample to determine the interaction frequency between
the anchor fragment (F1) and the distant fragment. Each quantitative PCR reaction was
triplicated using 3C and BAC samples as a template and 3C primers. Primer position and
sequence are indicated in (Figure 1) and Table S1. The relative interaction frequency of
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each fragment to anchor was calculated as 2(Ct BAC ~Ct3C) n_values were calculated using
GraphPad Prism using paired Student T test.

RNA-pulldown and hnRNPL binding assays—The WT and mutant Dnmt3bas
templates for in vitro transcription assays were obtained by PCR using primers containing
the T7 promoter sequence (View primer list). Biotin-labeled Dnmt3bas transcripts,
Dnmt3bas antisense, and Dntm3bas variants 1, 2, and 3 were transcribed 7 vitro using the
T7 RNA polymerase (ThermoFisher Scientific, AM1333) with the following modifications.
Unlabeled ATP, GTP, and CTP were used at a concentration of 7.5 mM, except for unlabeled
UTP, which was used at 5.63 mM. Notably, the reaction was supplemented with 1.8 mM
biotin-UTP (Roche, 11093070910). The transcripts were immobilized on streptavidin beads
and incubated with pre-cleared nuclear extract from 2i-ESCs for 45 min at 4°C. Following
washes, magnetic beads were boiled for 5 min in the SDS-loading buffer as previously
described.®! Eluates were analyzed using Coomassie staining and Western blot.

Subcellular fractionation—20x10% mESCs were harvested for the subcellular
fractionation, according to the previously described®2:93 protocol. Briefly, the cells were
trypsinized and centrifuged at low speed at RT for 5min. Cells were lysed by adding the
NP-40 lysis buffer for 5 min. The samples were centrifuged, and the supernatant was
saved as the cytosolic fraction. The pellet was rinsed with the lysis buffer to remove any
cytoplasmic components. The pellet was then resuspended in glycerol buffer by gentle
flicking, followed by the addition of nuclei lysis buffer. After 2 min of incubation, the
sample was centrifuged, and the supernatant was collected as the soluble nuclear fraction/
nucleoplasm. Part of the fraction was used to perform the Western blot, and the remaining
fraction was used to isolate the RNA for RT-qPCR analysis.

Chromatin isolation by RNA purification (ChIRP)—Chromatin Isolation by RNA
Purification (ChIRP) was performed by following.%* Briefly >20 million cells were grown
and crosslinked 1% glutaraldehyde at room temperature, followed by quenching for 5 min.
The cell pellets were flash-frozen in liquid nitrogen and stored at —80°C indefinitely. The
cells were thawed at room temperature and dislodged. For 100mg of cell pellet, we used
ImL of lysis buffer containing Protease Inhibitor cocktail, PMSF, and SUPERasesIn RNase
Inhibitor (Invitrogen). The cells were sonicated using a Bioruptor (Diagnode) in 15 mL
tubes for 2-3 h. The sonicated sample was centrifuged, and the supernatant was hybridized
with the biotinylated DNA probes specific to INCRNA, Dnmt3bas, for 4 h. In the meantime,
C-1 magnetic beads were washed and added to the probe-sample mix. The complex was
incubated at 37°C for 30 min and then washed 5 times with the 1mL wash buffer. The
beads were resuspended in the final wash, and 100ul of the sample was kept for RNA
purification. The complex was processed accordingly for the downstream analysis. For
RNA purification, the bead complex was resuspended in TriZol, and for DNA isolation, the
complex was reverse crosslinked and RNase treated. RNA samples were used to measure the
fold recovery of Dnmt3bas IncRNA by RT-gPCR. The purified ChIRP-DNA was used as a
template to determine the enrichment of the genomic region of interest by qPCR. The bead
complex was treated with a biotin elution buffer to isolate proteins®# and immunoblotted to
identify proteins of interest. Table S2 lists sequences of probes used in this study.
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DNA methylation analysis

1. DNA methylation-dependent gPCR assay (MD-gPCR): Genomic DNA (gDNA) was
purified using the standard phenol-chloroform method. The extracted gDNA was treated
with RNAse (Roche) overnight at 37°C. Following another round of Phenol-Chloroform
DNA extraction, gDNA was subjected to FspE1 (NEB, R0662S) digestion overnight at
37°C. The digested gDNA was purified by the Phenol-Chloroform method and quantified
using the NanoDrop 3300 fluorospectrometer through PicoGreen dye according to the
manufacturer’s protocol (Life Technologies, P11495). Quantitative PCR was performed
using an equal amount of DNA for each sample. The change in DNA methylation is
represented by relative fold change in the Cq value as follows: 2*(Cq(U)-Cq(l)), where
Cq(U) is the Cq for the undifferentiated ESC sample, and Cq(l) represents day 3 or day

7 differentiated ESCs. The primers used for DNA methylation-dependent qPCR analysis
have been previously described [30]. Standard deviations represent three technical and two
biological replicates.

DNA Methylation-Dependent Restriction digest (MDR): Purified genomic DNA was
subjected to methylation-sensitive restriction by Hpa Il and methylation-insensitive
restriction by Msp | overnight at 37°C. Samples were loaded on 0.8% Agarose gel in TAE
buffer and bands visualized by Ethidium bromide staining. A smear in the Hpa Il digestion
lane indicates global loss of DNA methylation.

2. Bisulfite sequencing: Bisulfite sequencing was performed by using the EpiTect

Fast Bisulfite Conversion Kit (Qiagen, 59802) according to the manufacturer’s protocol.
Bisulfite-converted DNA was PCR-amplified using published methods® and sequenced
using lllumina Wide-SEQ run, which generated over 5K paired-end reads for each sample.
The reads were then mapped by Bowtie2 and analyzed by Bismark for DNA methylation.
Instances of methylated and unmethylated CpG were quantified and summed to an overall
percent methylation for each gene with standard deviations. See Table S1 for primers

used for bisulfite sequencing. Tables S3 and S4 give amplicon size, number of CpGs in
the amplicon, and total reads used to determine %CpG methylation. The significance was
calculated by the Wilcoxon matched-pairs rank test using GraphPad Prism.

3. Global DNA methylation using methylation-dependent restriction enzyme
digestion: Genomic DNA was isolated using the standard phenol-chloroform method.
Following RNase digestion and re-purification by phenol-chloroform, 1 ug of DNA was
digested with either Hpall or Mspl overnight at 37°C. As a control, 1 ug of DNA was
incubated with digestion buffer under same conditions. Undigested and digested DNA
samples were run on a 1% agarose Tris-acetic acid EDTA gel for 90 min at a constant 100 V.
Following ethidium bromide staining, the gel was imaged with Axygen gel documentation
system (Corning, GD-1000).

Chromatin immunoprecipitation—ChIP was performed as described.>® Briefly, nuclei
were isolated from the x-linked cells and were sonicated using Bioruptor (Diagnode),
according to the manufacturer’s protocol. A total of 8mg of sheared crosslinked chromatin
was incubated with 8pg of antibody pre-loaded on a 1:1 ratio of protein A and protein
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G magnetic beads (Life Technologies, 10002D and 10004D, respectively). After washing
the beads, the samples were eluted in 1% SDS, 10 mM EDTA, 50 mM Tris-HCI, pH

8.0. Crosslinking was reversed by incubation at 65°C for 30 min with shaking. Samples
were treated with RNase (Roche, 11119915001) for 2 h at 37°C and then treated with
Proteinase K (Worthington, LS004222) for 2 h at 55°C. DNA was purified by phenol:
chloroform extraction followed by ethanol precipitation and quantified using PicoGreen
(Life Technologies, P11495) and NanoDrop 3300 fluoro spectrometer. qPCR and data
analysis were performed as previously described.>® Enrichment was calculated as follows
= Ct (IN)-Ct (IP) and the fold enrichment over input = 2*[Ct (IN)-Ct (IP)]. Fold change was
calculated by normalizing the fold enrichment at a specific site to that at the control region
(Chr 17: 13821873-13821988). The significance of the change was determined via p value,
which was calculated by GraphPad Prism using Student’s t-test. Table S4 lists sequences of
primers used.

Western blot—Standard Western blot analysis was conducted on nuclear protein

extracts and RNA-pulldown eluates using anti-hnRNP L, 1:1000 (Abcam, ab32680), anti-
hnRNP K, 1:1000 (Abclonal, A1701), and anti-rabbit, 1:40,000 (Jackson Immunoresearch,
111-035-003). Chemiluminescence was performed according to the manufacturer’s protocol
(Thermo-Fisher Scientific 34580). For DNMT3B expression, protein samples were purified
using standard RIPA protein purification®® and blotted using anti-Dnmt3b antibodies
(sc-20704) and b-actin (sc-47778) as a loading control. Images were taken using the
ChemiDoc MP imaging system (Biorad, 170001402).

RNA-Fluorescent in-situ hybridization assay (RNA-FISH)—ESCs were seeded on
0.1% gelatin-coated coverslips in a 24-well plate. After 24 h, cells were processed as per
Stellaris RNA-FISH protocol for adherent cells. Briefly, cells were gently washed with 1X
PBS and fixed with 3:1 methanol-glacial acetic acid fixation buffer at room temperature
for 10 min. Following fixation, cells were washed with Wash Buffer A (Biosearch
Technologies, SMF-WA1-60) at room temperature for 5 min. Next, coverslips, cells side
down, were transferred onto 100 uL of Hybridization buffer (Biosearch Technologies,

cat# SMF-HB1-10) containing RNA probe within the humidified chamber. The following
RNA probes were used — mouse Gapadhwith Quasar 570 dye (Biosearch Technologies,
SMF-3002-1) and a custom probe for mouse Dnmt3bas with Quasar 570 dye (Biosearch
Technologies). For the Dnmt3bas probe set, 27 probes were designed using StellarisTM
Probe Designer version 2.0. After overnight incubation in the dark at 37°C, coverslips were
transferred back to a 24-well plate, cells side up, containing Wash Buffer A and incubated in
the dark at 37°C. After 30 min, fresh Wash Buffer A containing Hoechst (Fisher Scientific,
H3570) at 1:2000 dilution was added, and cells were incubated in the dark at 37°C for 30
min. After Hoechst staining, cells were washed in Wash Buffer B (Biosearch Technologies,
SMF-WBZ1-20) for 5 min at room temperature. The coverslips were mounted in 25 pL

of Prolong Glass Antifade Mountant (ThermoFisher Scientific, P36982) on a glass slide,
and the samples were imaged the next day. Images were acquired using a Nikon A1R-MP
microscope with a 60X oil objective (Nikon, Inc.). Nikon NIS-Elements imaging software
(version 5.20.02) was used to acquire images in ‘.nd2’ format and for further analysis. The
acquisition settings were 1 K x 1 K resolution (pixels) with a scanning frame rate of 1/16 s.

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dar et al.

Page 18

All images were set to the same display lookup table (LUT) settings before exporting as *.
TIFF files.

1. RNA fish signal quantification: Cytoplasm and nuclear regions of interest (ROI)
were identified as guided by the Hoechst signal. First, the nuclear signal was quantified

as the cumulative intensity of the RNA probe signal (Quasar 570 signal) in their specific
ROls. Then, the nuclear/cytosolic signal ratio was taken for unprobed, GAPDH-probed, and
Dnmt3bas-probed cells, and the data was plotted after normalizing to unprobed samples.
ROl identification and signal quantification were performed using Nikon NIS-Elements
imaging software (version 5.20.02). The number of nuclei quantified for each sample is
represented as dots in the boxplot — untreated (n = 2), GAPDH (n = 3), and Dnmi3bas (n =
7.

In-gel trypsin digestion and mass spectrometry—The RNA-pull-down protein
eluates were resolved with SDS-PAGE, followed by Coomassie staining. The observed
unique 60 kDa band in the Dnmt3bas pull-down lane, which was absent in anti-sense
Dnmt3bas lane was excised together with the corresponding region in the control lane.
Proteins in the excised gel were destained and in-gel trypsin digested to obtain peptides as
previously described.®” The peptides were reconstituted in 50% acetonitrile/0.1% TFA and
used for MALDI-TOF mass spectrometry to identify potential Dnmi3bas binding partners.

QUANTIFICATION AND STATISTICAL ANALYSIS

The details of the statistical analysis of various experiments can be found in the

Methods details, figure legends, figures, and results. These details include the method of
analysis, statistical tests, and the number of biological and technical repeats used for each
experiment. Overall most analyses were performed using GraphPad Prism, and based on the
experimental strategy, significance was determined using the Students T Test, ANOVA, or
Wilcoxon-matched-pairs rank test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Dnmit3bas s a spliced and polyadenylated INCRNA

Dnmt3bas fine-tunes Dnmt3b transcriptional induction by regulating PRC2
activity
Dnmt3bas promotes exon inclusion to express catalytically active Dnmt361
isoform

Dnmt3bas recruits hnRNPL and coordinates transcription with alternative
splicing
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Figure 1. Proximal and distal enhancers regulate Dnmt3b induction
(A) gRT-PCR of Dnmt3b during 2i-ESC differentiation as illustrated. The threshold cycle

(Ct) values were normalized to Gapdh, and expression is shown relative to that in UD cells.
(B) RT-PCR expression analysis in 2i-ESCs of Dnmt3b1 and Dnmit3b6 amplified in the
same reaction mix by using primers flanking the AS exons. The illustration shows AS exons
22 and 23, and red arrows represent the primer’s position to amplify around the AS exons of
the Dnmt3b gene.

(C-G) Chromatin conformation capture (3C) assay shows an interaction of the distal
enhancer (DE) with the region around the promoter of Dnmt3b. The illustration shows the
arbitrary location of the DE and promoter (Pro) in the Dnmi3blocus. The 3C PCR primers
(arrows) at the corresponding Haelll sites are shown. Interaction frequency was calculated
by gPCR analysis using the primer (green arrow) at the DE as an anchor (chromosome 2
[Chr2] position: 153,466,046). Plotted is the relative interaction frequency in arbitrary units
of the Dnmt3b DE with regions around the six Haelll sites. The x axis represents the Chr2
location (153,465,120-153,477,120) of these Haelll sites.
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(D-G) Chromatin immunoprecipitation (ChIP)-gPCR shows fold enrichment over input.
Histone madifications at Dnmt3b regulatory elements (D) H3K4mel, (E) H3K27Ac, and

(F and G) H3K27me3 in 2i-ESCs pre- and post-differentiation. Results are presented as
normalized mean values £ SEM for n =3. p values were derived using the ANOVA test: *p <
0.05; **p < 0.01; ***p < 0.005. ****p < 0.0001.

(H) Bisulfite sequencing shows the percentage of CpG methylation at Dnmt3b regulatory
elements in wild-type and Dnmt3a™~ cells. Bisulfite-treated DNA from wild-type and
Dnmt3a™~ cells was sequenced using a high-throughput sequencing platform (Wide-seq),
and Bismark software was used to analyze the data. The boxplot represents the range of

the percentage of DNA methylation at various CpG sites in each target region. The median
methylation at both targets is higher in KD cells compared with vector control (VC) cells. p
values were calculated using Wilcoxon matched-pairs rank test: *p < 0.05; **p < 0.01; ***p
< 0.005. See also Figure S1.

UD, undifferentiated; D1-D6, days post-induction of differentiation; ESCs, embryonic stem
cells; s-ESCs, serum cultured ESCs; RA, retinoic acid; LIF, leukocyte inhibitory factor;

2i, signaling pathway inhibitors CHIR99021 and PD184352; PE, proximal enhancer; Pro,
promoter; DE, distal enhancer; CGlI, CpG island; WT, wild type; Dnmt3b1, Dnmt3b long
isoform (exons 22 and 23 included); Dnmt3b6, Dnmt3b short isoform (exons 22 and 23
excluded).
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Figure 2. Spatiotemporal expression and alternative splicing of Dnmt3b in Dnmt3bas-
manipulated ESCs

(A) Ethidium bromide-stained agarose gel. RT-PCR of Dnmt3bas using exonic (lane 1) and
Oligo dT (lane 2) primers.

(B) Representative RNA-FISH confocal images of s-ESCs demonstrating nuclear
enrichment of Dnmi3bas transcript. Gapdhwas used as a control for cytosolic enrichment.
The right bar graph shows the signal quantification. The nuclear and cytosolic signal was
quantified, and the nuclear/cytosolic signal ratio was plotted for each RNA probe (n = 3).
The ratio was normalized to unstained control. Ratio >1 demonstrates nuclear enrichment,

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dar et al.

Page 29

and ratio <1 demonstrates cytosolic enrichment. p values were calculated using ANOVA:
**p < 0.01, ***p < 0.001.

(C, D, and F) qRT-PCR analysis of Dnmt3bas expression (C) in 2i-ESCs pre- and post-
differentiation; (D) in transgenic 2i-ESC lines expressing Dnmt3bas shRNA (KD1, KD2) or
overexpressing spliced (OE spl) and unspliced (OE uns) transcripts of Dnmt3bas, and (F) in
Dnmt3bas KD cells OE spl, uns, or truncated fragment of Dnmi3bas (F3 as in Figure 5). The
Ct values were normalized to Gapdh, and expression is shown relative to that in VVC cells set
to 0.

(E and G) gRT-PCR analysis of Dnmit3b expression (E) in Dnmit3bas-manipulated transgenic
2i-ESCs and pre-and post-differentiation (G) in Dnmt3bas KD cells OE spl, uns, or
truncated fragment of Dnmt3bas (F3).

(H) Dnmt3b expression in VC, OE, and KD cell lines was measured every 24 h post-
differentiation. The data were fit to a non-linear regression in PRISM to estimate the time of
the Dnmt3b induction peak. Results are presented as normalized mean values + SEM. See
also Figure S2. p values were derived from the ANOVA test or Student’s t test: *p < 0.05;
**p < 0.01; ***p < 0.005.

(1) RT-PCR expression analysis in 2i-ESCs of Dnmt3b1 and Dnmt3b6 as described in the
Figure 1 legend. The bar graph shows the ratio of quantified band intensity Dnmt3b1 and
Dnmt3b6 from at least 3 gels.

(J) DNA methylation analysis using Bis-Seq. Bisulfite-treated genomic DNA from day 2
differentiated cells was used to PCR amplify two Dnmt3b-specific target regions, CXXC5:
chr18: 35,858,578:35,858,863 and Rbm12b2: chr4: 12,113,443:121,140,06. The amplicons
were sequenced on a high-throughput sequencing platform (Wide-Seq), and the data were
analyzed using Bismark software. The boxplot represents the range of the percentage of
DNA methylation at various CpG sites in each target region. The median methylation at
both targets is higher in KD cells compared with VVC cells. p values were calculated using
Wilcoxon matched-pairs rank test: *p < 0.05; **p < 0.01; ***p < 0.005.

V/C, vector control; KD, shRNA-mediated knockdown of Dnmt3bas, OE, overexpression

of Dnmt3bas, spl, spliced Dnmt3bas, uns, unspliced Dnmt3bas, F3, exon 2 fragment of
Dnmt3bas.
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Figure 3. Chromatin modification at Dnmt3b regulatory elements in Dnmt3bas-manipulated
ESCs
(A-E) ChIP-gPCR assays show fold enrichment over input normalized to control. Histone

modifications at Dnmt3b regulatory elements (A) H3K4mel, (B and D) H3K27me3, and (C
and E) H3K27Ac pre- and D3 post-differentiation in VC, KD, and OE cells.

(G) Fold enrichment of the PRC2 complex component SUZ12 at the Dnmi3b promoter CGI
region. p values were derived from ANOVA test: *p < 0.05; **p < 0.01; ***p < 0.005.
Results are presented as normalized mean values + SEM. See also Figure S3.

(H) Western blot analysis of Dnmi3bas-interacting proteins from the RNA pull-down assays
performed in 100 mM KCI- or 100 mM LiCl-containing buffer. Dnmt3a is used as a negative
control and hnRNPK as a positive control for RNA binding.

Abbreviations are as described in the legend of Figures 1 and 2.
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Figure 4. Dnmt3bas associates with Dnmt3b enhancers and influences E-P looping
(A and B) Chromatin interaction assay, 3C, shows an interaction of the DE with the

promoter of Dnmt3b. 3C assays were performed in undifferentiated and day 3 differentiated
VC, KD, and OE cells. Primer positions were as described in the legend of Figure 1, and
primer at DE was used as bait.

(C and D) ChIRP (chromatin isolation by RNA purification) was performed using
Dnmt3bas-specific biotinylated probes. The RNA and DNA fractions from the eluate were
separated and used to probe for (C) Dnmt3bas transcript and (D) Dnmt3b Pro/PE and DE
regions, respectively.

(E) Fold DNA recovery of Pro/PE and DE regions in Dnmt3bas KD and OE cells compared
with that in the VC cells. Results are presented as normalized mean values + SEM. p values
were derived from Student’s t test: *p < 0.05; ****p < 0.0001. See also Figure S4.
Abbreviations as described in Figures 1 and 2 legends.
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Figlg_u_re 5. hnRNPL binds to a CA-repeat region of Dnmt3bas and regulates Dnmt3b alternative
splicin

(Z andgE) Schematic showing the experimental design for /n vitro transcription of (A)
Dnmt3bas, antisense control transcript, and (E) Dnmt3bas fragments used for RNA pull-
down assays. The /n vitro transcription was performed using biotinylated UTP and nuclear
extract from 2i-ESCs.

(B, C, F, and G) Western blot analysis of hnRNPL after RNA pull-down assay using (B)
sense and antisense Dnmt3bas transcripts, (F) truncated fragments of Dnmit3bas transcript,
and (G) variants of Dnmt3bas with substitutions in hnRNPL-binding sites.

(C) Western blot analysis of hnRNPL in the protein fraction from ChIRP assay in RNAse-
treated and untreated samples.

(D) ChIP-gPCR assays show fold enrichment over the input of hnRNPL. NC is the control
region in the mouse genome. p values were derived from the Student’s t test: *p < 0.05; **p
<0.01.

(H and 1) Ratio of Dnmt3b1/Dnmt3b6 isoforms at day 3 post differentiation (H) from cells
OE wild type and V2 and V3 variants of Dnmt3bas and (1) from Dnmt3bas OE serum
cultured cells treated with siRNA to knock down hnRNPL. The bar graphs show the ratio
of quantified band intensity from at least 3 gels. Results are presented as normalized mean
values = SEM. n = 3. p values were derived from the ANOVA test: *p < 0.05; **p < 0.01.
See also Figure S5.
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3bas, Dnmt3bas transcript; A-3bas, antisense of Dnmit3bas transcript; bt-UTP, biotinylated
UTP; IN, input; NC, negative control; cluster 1 and cluster 2, predicted hnRNPL-binding
sites on Dnmt3bas, V1, V2, and V3, red font shows the sites of substitutions in variants of
Dnmt3bas in cluster 2 (V1) and clusters 1 and 2 (V2 and V3). Other abbreviations refer to
the legends of Figures 1 and 2.

Cell Rep. Author manuscript; available in PMC 2023 October 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Dar et al.

Page 34

Basal expression

NA\NN
T EAVAYA
ubD 4 NNNN
RNA Pol Il 1 1
£ Exon inclusion
Aan B,
%% Q;AZL:—-JDnmta‘bas
B
Differentiation
Induced expression
NN\NN
- NNNN
$&
D3 =g HNRNPL - 4 t
aNAPolll | RNAPoIN AL Exon inclusion
Induced Induced
A B
g
‘Vb( =
Basal expression
NA\NN
T EEAAA
NNNN
D6

RNA Pol Il gl/ 4

e Exon inclusion

@ H3K27Me ? H3K27Ac 4 DNA methylation

Figure 6. Model of epigenetic changes at pluripotency gene enhancers during stem cell
differentiation

In the undifferentiated (UD) state, Dnmt3bas targets the PRC2 complex, which adds
H3K27me3 at Dnmt3b regulatory elements. Under basal expression, the Dnmi3b transcript
predominantly undergoes exon exclusion of exons 23 and 24 (Dnmt3b6 isform). In response
to differentiation signals (day 3), Dnmt3b expression is induced with a concerted switch in
alternative splicing to exon inclusion (Dnmt3b1 isoform). Dnmi3bas recruits the splicing
factor hnRNPL to the transcriptionally active Dnmt3b promoter. Once at the promoter,
hnRNPL hitchhikes RNA Pol Il, potentially through an adaptor protein, and is delivered to
Dnmt3b splice sites. Post-differentiation (day 6), DNA methylation by DNMT3A appears
at the promoter-proximal and -distal enhancers, and not at the CGI promoter of Dnmi3b,
maintaining the basal expression of Dnmt3b6. In particular, the CGI promoter regains
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H3K27me3, suggesting the role of a lower but persistent expression of Dnmit3basin
stabilizing the activity of the PRC2 complex at the CGI promoter.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-H3K27Ac Active Motif Cat# 39133, RRID:AB_2561016)
anti-hnRNPL Abcam Cat# ab32680, RRID:AB_941986
anti-Dnmt3b Abcam Cat# ab13604, RRID:AB_300494
anti-GAPDH Santa Cruz Cat# sc47724, RRID:AB_627678
anti-SSEA-1 R and D Systems Cat# MAB430, RRID:AB_2208782

anti-AlexaFluor 555 nm

anti-H3K4mel

anti-H3K27me3

anti-hnRNPK

anti-beta-actin

anti-H3K36me3

anti-H3

Polycomb Group 2 (PRC2) Antibody Sampler Kit

Molecular Probes
Active Motif
Abcam

Abclonal

Santa Cruz Biotechnology

Abcam

Abcam

Cell signaling technology

Cat# A-21422, RRID:AB_141822
Cat# 39297, RRID:AB_2615075
Cat# ab6002, RRID:AB_305237
Cat# A1701, RRID:AB_2763753
Cat# sc-47778, RRID:AB_626632
Cat# ab9050, RRID:AB_306966
Cat# ab61251, RRID:AB_941952
Cat# 62083

anti-Dnmt3a Active Motif Cat# 39206, RRID:AB_2722512
Bacterial and Virus Strains

XL10 E. Coli strain NEB Cat# C3040
Chemicals, Peptides, and Recombinant Proteins

TRIzol Invitrogen Cat# 15596018
DNAse Roche (Sigma-Aldrich) Cat# 4716728001
RNAse Roche (Sigma-Aldrich) Cat# 11119915001
Proteinase K Worthington Cat# LS004222
Protease Inhibitor Cocktail Roche (Sigma-Aldrich) Cat# 11697498001
Protein A magnetic beads Life Technologies Cat# 10002D
Protein G magnetic beads Life Technologies Cat# 10004D
Dynabeads™ MyOne™ Streptavidin C1 Life Technologies Cat# 65001
RNeasy Mini Kit Qiagen Cat# 74104

\erso One-Step RT-gPCR kit Thermo Scientific Cat# AB4105C

Tetro cDNA Synthesis Kit
Lipofectamine 2000

Lipofectamine 3000

Lipofectamine™ RNAIMAX
Dynabeads™ MyOne™ Streptavidin C1
Dynabeads™ M-280 Streptavidin
Protector Rnase Inhibitor

MEGAscript™ T7 Transcription Kit

Meridian Bioscience
Thermofischer
Thermofischer
Thermofischer
Thermofischer
Thermofischer
Sigma Aldrich

Thermofisher

Cat# BIO-65043
Cat# 11668019
Cat# 1L.3000008
Cat# 13778030
Cat# 65001

Cat# 11205D
Cat# 3335399001
Cat# AM1333
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Cell Lines
E14Tg2A Embryonic stem cells MMRRC Cat# 015890-UCD

Oligonucleotides

Primers This Manuscript Table S1
ChIRP probes This Manuscript Table S2
Recombinant DNA

pLKO.1 - TRC Cloning Vector Addgene Cat# 10878
Software and Algorithms

G-quadruplex analysis tool

QGRS Mapper

https://bioinformatics.ramapo.edu/QGRS/index.php
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