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SUMMARY

Recent studies suggest that the Microprocessor (Drosha-DGCR8) complex can be recruited to
chromatin to catalyze co-transcriptional processing of primary microRNAs (pri-miRNAs) in
mammalian cells. However, the molecular mechanism of co-transcriptional miRNA processing is
poorly understood. Here, we find that HP1BP3, a histone H1-like chromatin protein, specifically
associates with the Microprocessor and promotes global miRNA biogenesis in human cells.
Chromatin immunoprecipitation (ChlP) studies reveal genome-wide co-localization of HP1BP3
and Drosha and HP1BP3-dependent Drosha binding to actively transcribed miRNA loci.
Moreover, HP1BP3 specifically binds endogenous pri-miRNAs and facilitates the Drosha/pri-
miRNA association /in vivo. Knockdown of HP1BP3 compromises pri-miRNA processing by
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causing premature release of pri-miRNAs from the chromatin. Taken together, these studies
suggest that HP1BP3 promotes co-transcriptional miRNA processing via chromatin retention of
nascent pri-miRNA transcripts. This work significantly expands the functional repertoire of the H1
family of proteins and suggests the existence of chromatin retention factors for widespread co-
transcriptional miRNA processing.
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INTRODUCTION

MicroRNAs (miRNAS) are a family of ~22-nucleotide (nt) cellular RNAs that govern
diverse physiological and pathological processes in eukaryotic organisms (Bartel, 2004; He
and Hannon, 2004). Typically, miRNA biogenesis is catalyzed sequentially by two RNase I11
enzymes, Drosha and Dicer (Kim et al., 2009). In the nucleus, primary miRNA (pri-miRNA)
transcripts are processed by the Microprocessor (Drosha-DGCR8) complex into ~70-nt
stem-loop precursor miRNAs (pre-miRNAS) (Denli et al., 2004; Gregory et al., 2004; Han et
al., 2004; Landthaler et al., 2004; Lee et al., 2003). DGCR8 is a double-stranded RNA
(dsRNA)-binding protein that is essential for Drosha processing of pri-miRNA (Gregory et
al., 2004; Han et al., 2004; Landthaler et al., 2004). In the cytoplasm, pre-miRNAs are
further cleaved by the Dicer-TRBP/PACT complex into mature miRNAs (Chendrimada et
al., 2005; Haase et al., 2005; Hutvagner et al., 2004; Lee et al., 2006; Paroo et al., 2009),
which are then assembled into the miRNA-induced silencing complexes (miRISC)
(Hutvagner and Zamore, 2002; Liu et al., 2004; Maniataki and Mourelatos, 2005; Yoda et
al., 2010). In mammalian miRISC, miRNA guides Argonaute (Ago) and associated proteins
to effect target silencing through translational inhibition and mRNA decay (Carthew and
Sontheimer, 2009; Djuranovic et al., 2012; Guo et al., 2010; Iwakawa and Tomari, 2015).

In eukaryatic cells, the processing, e.g. capping, splicing, and 3’ end formation, of precursor
messenger RNA (pre-mRNA) is closely coupled to its transcription by RNA polymerase 11
(Pol 11) (Bentley, 2014). Co-transcriptional processing is thought to enhance the efficiency
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and accuracy of pre-mRNA maturation. Accumulating studies have suggested that the
processing of pri-miRNAs can also occur co-transcriptionally. In mammals, many pri-
miRNAs reside in the introns of other protein coding transcripts and intronic miRNAs are
processed before splicing that occurs co-transcriptionally (Kim and Kim, 2007; Morlando et
al., 2008). Chromatin immunoprecipitation (ChIP) reveals that Drosha-DGCR8 complex
associates with several actively transcribed miRNA loci (Ballarino et al., 2009; Morlando et
al., 2008). Moreover, co-transcriptional miRNA processing is also supported by native
elongating transcript sequencing (MNET-seq) studies (Nojima et al., 2015). On the other
hand, artificial retention of pri-miRNA transcripts on the chromatin, e.g. by blocking 3’ end
formation, greatly enhances miRNA production /in vivo (Pawlicki and Steitz, 2008). Both the
kinetics and efficiency of pri-miRNA processing are enhanced when coupled to pri-miRNA
transcription by Pol 11 in the nuclear extract of HeLa cells (Yin et al., 2015). However, the
molecular mechanisms of co-transcriptional miRNA processing are poorly understood. It is
also uncertain whether specific chromatin factors regulate co-transcriptional miRNA
processing.

Histone H1 plays an essential role in the establishment and maintenance of higher order
chromatin structure. The nucleosome-the basic unit of chromatin-consists of ~147 base pairs
of DNA wrapping around an octamer comprised of two copies of core histones H2A, H2B,
H3 and H4 (Kornberg, 1974). Linker histone H1 binds to the nucleosomes as well as the
DNA linking nucleosomes to facilitate the compaction of chromatin from the “beads on a
string” configuration into a 30 nm chromatin fiber (Hergeth and Schneider, 2015).
Intriguingly, the H1 family is the fastest evolving among all histone families, which has
expanded from single H1 in yeast or fly to eleven H1 subtypes in mammals. These H1
subtypes exhibit different developmental and tissue-specific expression patterns and may
have redundant as well as specific functions (Hergeth and Schneider, 2015).

The heterochromatin protein 1 binding protein 3 (HP1BP3), also known as HP1-BP74, has
recently been identified as a histone H1-related protein that also binds to the nucleosomes
and protect linker DNA from degradation by micrococcal nuclease (Garfinkel et al., 2015b;
Hayashihara et al., 2010). Here, we find that HP1BP3, but not canonical H1 variants,
specifically associates with the Microprocessor and promotes global miRNA biogenesis in
human cells. ChIP analysis reveals co-localization of HP1BP3/Drosha across the genome
and HP1BP3-dependent Drosha binding to actively transcribed miRNA loci. Furthermore,
we demonstrate that HP1BP3 binds both DNA and pri-miRNA and enhances co-
transcriptional miRNA processing via chromatin retention of nascent pri-miRNA transcripts.
Our study not only expands the functional repertoire of the H1 family of proteins, but also
suggests the existence of a class of chromatin retention factors for widespread co-
transcriptional miRNA processing.

Histone H1 binds pri-miRNA and promotes miRNA biogenesis in Drosophila cells

We purified Drosophila histone H1 as a potent pri-miRNA binding protein from the nuclear
extract of Schnider 2 (S2) cells by biochemical fractionation (Figure S1A and S1B).
Accordingly, recombinant fly H1, but not core histone H2A, H3 or H4, efficiently bound pri-
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mMiRNA /n vitro (Figure S1C and S1D). RNA immunoprecipitation (RIP) showed that Flag-
H1 could specifically bind endogenous pri-miRNA transcripts /n vivo (Figure S1E).
Knockdown of H1 expression by RNA interference (RNAI) did not reduce pri-miRNA
expression, but decreased miRNA levels in S2 cells (Figure S1F and S1G), suggesting that
histone H1 is probably involved in miRNA biogenesis in Drosophila cells.

HP1BP3 is involved in miRNA biogenesis in human cells

Because it was difficult to dissect the specific role of single fly H1 in miRNA processing
from its other essential functions, we decided to test our hypothesis in the human system,
which includes seven somatic H1 (H1.1, H1.2, H1.3, H1.4, H1.5, H1.0, H1X), three testis H1
(H1t, H1T2, HILS1), and one ovary H1 (H1o00). Additionally, HP1BP3 can be viewed as the
twelfth H1 variant because of its high sequence and functional similarity to classical H1
proteins (Garfinkel et al., 2015b; Hayashihara et al., 2010). The H1 family of histones
typically consists of a central winged helix globular domain (GD) surrounded by a variable
amino (N)-terminal tail and a carboxyl (C)-terminal lysine rich tail (Hergeth and Schneider,
2015). By contrast, HP1BP3 contains three GD-repeats flanked by lysine rich sequences.
Sequencing alignment and phylogenetic tree analysis suggests that the three GDs of
HP1BP3 are more closely related to the GD of fly H1 or H1oo than other human H1 variants
(Figure S2A, Figure 1A).

To identify human ortholog of fly H1 in miRNA biogenesis, we performed siRNA-mediated
knockdown of HP1BP3, H1.0, H1.2, H1.5 or H1x in HeLa cells. The efficiency of target
mMRNA knockdown was measured by quantitative RT-PCR (Figure S2B). Consistent with
phylogenetic tree analysis, knockdown of HP1BP3, but not other H1 variants, significantly
reduced the ratio of mature let-7a and miR-21 relative to pri-let-7a and pri-miR-21,
respectively (Figure 1B). A similar result was obtained when HP1BP3 was depleted in
human osteosarcoma (U20S) cells (Figure S2C and S2D). These studies suggest that
HP1BP3 is a histone H1-like protein that is specifically involved in miRNA processing in
human cells.

HP1BP3 specifically associates with the Microprocessor

After co-transfecting HeLa cells with constructs expressing Flag-tagged Drosha-DGCRS8
complex and GFP-tagged HP1BP3, H1.0, H1.2 or H1.5, co-immunoprecipitation (IP)
studies showed that Drosha-DGCR8 complex specifically associated with HP1BP3, but not
other H1 variants (Figure 1C). Furthermore, we constructed bacterial artificial chromosome
(BAC) transgenic HeLa cell lines that stably expressed a C-terminal GFP-tagged Drosha,
HP1BP3 or H1.5 protein (Figure S2E). The use of BACs that harbor large (>150 kb)
genomic regions encompassing all exons, introns and regulatory regions allows for near
physiological expression of transgenes as previously demonstrated (Kittler et al., 2005;
Kittler et al., 2013; Poser et al., 2008). All three GFP-tagged proteins were localized in the
nucleus and, as expected for chromatin factors, both H1.5-GFP and HP1BP3-GFP lighted up
the mitotic chromosomes (Figure S2F). Reciprocal co-1P experiments indicated that
HP1BP3-GFP, but not H1.5-GFP, specifically associated with Flag-tagged and endogenous
Drosha-DGCR8 complex in the BAC transgenic cells (Figure 1D-1F). This association was
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sensitive to RNase treatment (Figure 1F), suggesting that HP1BP3 associates with the
Microprocessor in a RNA-dependent manner.

We generated a series of truncated HP1BP3-GFP constructs to investigate whether the three
GD domains of HP1BP3 are important for its association with the Microprocessor /n vivo.
Co-IP experiments showed that Flag-tagged Drosha-DGCR8 complex exhibited weak,
medium and strong association, respectively, with GFP-tagged HP1BP3-1GD (1-250), 2GD
(1-330) and 3GD (1-420) fusion proteins (Figure 1G and 1H). These results suggest that the
three GDs of HP1BP3 function cooperatively to mediate its interaction with the
Microprocessor in vivo.

HP1BP3 is involved in the processing, not the transcription, of pri-miRNAs

To investigate whether HP1BP3 affected pri-miRNA processing, we compared the levels of
pri-, pre-, and mature miRNAs for let-7a, miR-16, miR-21 and miR-23a between the control
SiRNA (siCtrl) and HP1BP3 siRNA (siBP3) treated HeLa cells (Figure 2A-2C).
Consistently, both pre-miRNAs and mature miRNAs were significantly reduced, but pri-
miRNA levels remained unchanged or increased upon depletion of HP1BP3 (Figure 2B and
2C). This miRNA defect in the HP1BP3-depleted cells could be rescued by transfection of a
siRNA-resistant HP1BP3 construct (Figure S3), confirming that this was not an off-target
effect. Additionally, HP1BP3 depletion did not affect Drosha or DGCR8 expression,
suggesting that the miRNA reduction was not due to insufficient level of Microprocessor
(Figure 2A). Neither did HP1BP3 depletion affect Pol Il occupancy at the promoters of
miRNA genes (Figure 2D). Taken together, these results suggest that HP1BP3 is specifically
involved in the processing, not the transcription, of pri-miRNAs.

HP1BP3 promotes global miRNA biogenesis

We performed massively parallel sequencing of 15 to 40-nt small RNAs (SRNA-Seq) to
compare global miRNA expression profile between the control and HP1BP3-depleted HelLa
cells (Figure 2E). We analyzed two independent libraries for the siCtrl and siBP3 samples,
respectively. Sequencing reads were mapped to unique sites in the human genome (hg19)
using Bowtie (v.2.2.5) (Langmead et al., 2009). Whereas the majority of small RNAs
represent fragments of rRNA, tRNA and snoRNA, ~0.2% of the reads correspond to bona
fide miRNAs according to a 523 re-annotated human miRNA list (Fromm et al., 2015).
Although the abundance of most of small RNAs remained unchanged, 148 of 164 of
expressed miRNAs were reduced, of which 68 miRNAs showed >2 fold reduction in the
HP1BP3-depleted cells (Figure 2E and Table S1). The remaining 16 miRNAs showed a
similar trend, but the results were inconclusive due to low counts. Thus, HP1BP3 promotes
global miRNA biogenesis in human cells.

Genome-wide co-localization of HP1BP3 & Drosha at active miRNA loci

To determine whether HP1BP3 was involved in co-transcriptional miRNA processing, we
took advantage of our BAC transgenic cell lines to compare the chromatin binding maps of
HP1BP3-GFP, H1.5-GFP and Drosha-GFP by ChIP and massively parallel sequencing
(ChlP-Seq). As reported for somatic H1 variants (Millan-Arino et al., 2014), H1.5-GFP
showed a basal level of mostly uniform binding throughout the genome (Figure S4A). By
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contrast, HP1BP3-GFP was enriched at 9,149 islands across the genome, suggesting a
different chromatin binding mode from that of H1.5-GFP. Similarly, Drosha-GFP was
enriched at 5,814 islands, including many non-miRNA loci, which was consistent with
previous reports that Drosha could also cleave mMRNA with long hairpins and regulate other
biological processes (Gromak et al., 2013; Han et al., 2009; Kadener et al., 2009; Knuckles
etal., 2012).

We used 5,000 base pair (bp) regions flanking the center of islands to generate density plots
showing Drosha, HP1BP3 and H1.5 ChlIP signals across all Drosha islands (Figure 3A). The
analysis revealed a significant overlap in the overall binding sites between HP1BP3 and
Drosha, but not between H1.5 and Drosha (odds ratio=1.32, p value=2.97e-5). A similar
result was obtained when we compared the chromatin binding maps of HP1BP3-GFP and
H1.5-GFP with endogenous Drosha protein using a ChIP-grade anti-Drosha antibody (data
not shown). The genome-wide chromatin co-localization of HP1BP3 and Drosha suggests an
important functional link between these two proteins.

Previous studies have examined chromatin binding of Drosha or DGCRS proteins at a few
miRNA genes (Gromak et al., 2013; Morlando et al., 2008; Pawlicki and Steitz, 2008). Thus,
it is uncertain whether all pri-miRNAs undergo co-transcriptional miRNA processing. In our
ChlIP-Seq data, HP1BP3-GFP bound to 42 expressed miRNA loci, and Drosha/Drosha-GFP
bound to 18 expressed miRNA loci (Table S2), which was consistent with previous finding
that Drosha preferentially bound to actively transcribed miRNA loci (Morlando et al., 2008).
We confirmed that HP1BP3 also preferred to bind to active (e.g. let-7a, miR-16, miR-17,
miR-21), but not silent (e.g. miR-1, miR-9) miRNA loci (Figure S4B). Importantly, HP1BP3
also bound to thirteen (~72%) of eighteen Drosha-bound miRNA loci (Table S2), indicative
of a significant overlap of Drosha/HP1BP3 binding at active miRNA loci.

We suspected that our ChIP-Seq analysis underestimated the number of Drosha or HP1BP3-
bound miRNA loci. Thus, we expanded individual ChIP analysis to examine the binding of
HP1BP3-GFP and Drosha at the stem-loop regions of seventeen miRNA loci that were
expressed at high or moderate levels (Figure 3B). Without an exception, HP1BP3 and
Drosha showed co-binding to all seventeen miRNA loci (Figure 3B). By choosing one
miRNA to represent every expressed polycistronic miRNA gene (Figure S4C), our
combined ChIP-Seq and ChIP analyses indicated genome-wide co-localization of HP1BP3
and Drosha at a total of 42 actively transcribed miRNA loci (Table S2). These results,
together with our finding that HP1BP3 promotes global miRNA biogenesis (Figure 2E),
suggest that HP1BP3 plays a key role in co-transcriptional processing of most if not all of
pri-miRNA transcripts.

Furthermore, we performed extensive ChIP analysis to compare the chromatin binding
patterns of HP1BP3-GFP and Drosha at the let-7a-1 miRNA locus. Interestingly, both
HP1BP3-GFP and Drosha showed a single chromatin-binding peak at the stem-loop region
of let-7a-1 locus (Figure 3C and 3D). Furthermore, knockdown of HP1BP3 expression
resulted in a significant reduction in Drosha ChIP signals at all six miRNA loci that we
examined in HeLa cells (Figure 3E). These observations suggest that HP1BP3 may help
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recruit or retain the Microprocessor at active miRNA loci for co-transcriptional pri-miRNA
processing.

HP1BP3 exhibits a specific pri-miRNA binding activity

As previously reported (Hayashihara et al., 2010), Hisg-tagged HP1BP3 and H1.5
recombinant proteins exhibited double-stranded DNA (dsDNA) binding activity (Figure S5A
and S5B). Unexpectedly, we found that recombinant HP1BP3, but not H1.5, also exhibited a
specific pri-miRNA-binding activity /in vitro (Figure 4A). Whereas pre-miRNA typically
consists of a terminal loop and a ~22 bp imperfect double-stranded stem with 2-nt 3’
overhang, the corresponding pri-miRNA carries a longer (e.g. ~33 bp) stem and two single-
stranded tails. Recombinant HP1BP3 efficiently bound to pri-miRNA and, to a lesser extent,
pre-miRNA, but not duplex miRNA (Figure 4B), suggesting that HP1BP3 probably
recognize the shared stem-loop structure of pri-/pre-miRNA. Neither pre-miRNA nor
miRNA duplex could compete off binding of radiolabeled pri-miRNA by HP1BP3 (Figure
S5C). Thus, HP1BP3 displayed a higher affinity for pri-miRNA than for pre-miRNA,
suggesting that the single-stranded tails of pri-miRNA (absent in pre-miRNA) could also
contribute critically to HP1BP3 binding.

To investigate whether HP1BP3 bound dsDNA and pri-miRNA via the same mechanism, we
performed /in vitro competition experiments by using non-radiolabeled pri-miRNA or
dsDNA of the same sequence to compete with binding of radiolabeled pri-miRNA by
recombinant HP1BP3. Although dsDNA could not compete off binding of radiolabeled pri-
miRNA (Figure 4C), addition of dsDNA upshifted the HP1BP3-pri-miRNA complex (Figure
4C), suggesting that HP1BP3 may bind dsDNA and pri-miRNA simultaneously v/a different
mechanisms.

Following in vivo formaldehyde crosslinking of the RNA/protein (RNP) complexes, we
immunoprecipitated HP1BP3-GFP or H1.5-GFP from the BAC transgenic HeLa cells and
measured the HP1BP3- or H1.5-associated endogenous pri-miRNAs by Tagman gPCR. This
RNA immunoprecipitation (RIP) experiment showed that HP1BP3-GFP associated with all
five pri-miRNAs that we examined, whereas H1.5-GFP moderately associated with pri-
miR-16, but not four other pri-miRNAs (Figure 4D). Moreover, GFP-tagged HP1BP3 1-250,
1-330 and 1-420 truncated proteins showed increasing affinity for endogenous pri-miRNAsS,
suggesting that the three GDs of HP1BP3 function cooperatively to bind pri-miRNAs /in vivo
(Figure 4E). Taken together, these results suggest that HP1BP3 exhibits a specific pri-
miRNA binding activity 7n vitroand in vivo.

HP1BP3 promotes the Drosha/pri-miRNA association in vivo

Furthermore, we compared by RIP the /n vivo association of endogenous Drosha and pri-
miRNA transcripts between the control and HP1BP3 or H1.5-depleted HeLa cells.
Consistently, depletion of HP1BP3, but not depletion of H1.5, resulted in a significant
reduction in Drosha binding to all four endogenous pri-miRNAs that we examined (Figure
4F). These results indicate that HP1BP3 promotes the Drosha/pri-miRNA association /7
vivo. Next, we performed native gel-shift assays to examine whether HP1BP3 directly
enhance the binding of Drosha-DGCR8 complex to pri-miRNA /n vitro (Figure S5D).
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Although HP1BP3 did not enhance pri-miRNA binding, it resulted in a supershift of the
Drosha-DGCR8/pri-miRNA complex (Figure S5D), suggesting that HP1BP3 and Drosha-
DGCRS8 could co-occupy the same pri-miRNA to form a higher order complex. In our
reconstitution system, HP1BP3 also slightly inhibited the pri-miRNA processing activity of
recombinant Drosha-DGCR8 complex (Figure S5E). However, it should be noted that the
lack of chromatin component and/or use of truncated Drosha/DGCRS8 proteins could explain
the inability to fully recapitulate the physiological activity of HP1BP3 /n vitro.

HP1BP3 promotes chromatin retention of nascent pri-miRNA transcripts

One plausible explanation was that knockdown of HP1BP3 could cause the premature
release of pri-miRNA transcripts from the chromatin, resulting in diminished Drosha/pri-
miRNA association. In fact, Steitz and colleagues previously showed that pri-miRNA
transcripts retained on chromatin, e.g. by inhibition of 3’ polyadenylation, were more
efficiently processed by the Microprocessor (Pawlicki and Steitz, 2008). Inspired by this
study, we used the same strategy to test our hypothesis that HP1BP3 promote chromatin
retention of nascent pri-miRNA transcripts by comparing ectopic miRNA expression from
transfected Pri-lin-4 or Pri-lin-4ApA constructs with or without the “AAUAAA” cleavage
and polyadenylation (CPA) signal (Figure 5A).

We first found that HP1BP3 associated with the transfected Pri-lin-4 plasmid and was
required for lin-4 expression from Pri-lin-4 in HeLa cells (Figure S6A and S6B). Next, we
compared the expression of pri-lin-4 and mature lin-4 from the Pri-lin-4 and Pri-lin-4ApA
constructs, respectively, in the control and HP1BP3-depleted HeLa cells (Figure 5B and 5C).
Depletion of HP1BP3 did not affect pri-lin-4 expression, but reduced lin-4 production from
Pri-lin-4. In contrast, neither pri-lin-4 nor lin-4 expression from Pri-lin-4ApA was affected
by HP1BP3 depletion. These results are consistent with our hypothesis that HP1BP3
promotes chromatin retention of pri-lin-4 transcript to enhance co-transcriptional pri-lin-4
processing. For Pri-lin-4ApA, artificial retention of pri-lin-4 transcript at the transcription
site, due to deletion of CPA, allows for efficient co-transcriptional pri-lin-4 processing in the
absence of HP1BP3.

To directly measure chromatin retention of pri-miRNA, we isolated the chromatin and
nucleoplasm fractions from the control and HP1BP3-depleted HelL a cells (Gagnon et al.,
2014; Morlando et al., 2008; Pawlicki and Steitz, 2008), and quantified the relative
abundance of pri-lin-4 in either fraction by Tagman gPCR (Figure 5D-5F). For the Pri-lin-4
construct, knockdown of HP1BP3 resulted in a 2 to 4-fold reduction of pri-lin-4 from the
chromatin as well as a >2-fold increase in pri-lin-4 in the nucleoplasm. Since the total
amount of pri-lin-4 was unchanged (Figure 5C), depletion of HP1BP3 likely resulted in the
premature release of pri-lin-4 transcript from the chromatin into the nucleoplasm. For the
Pri-lin-4ApA construct, depletion of HP1BP3 did not change the abundance of pri-lin-4 in
either the chromatin or nucleoplasm fraction. These results confirm that HP1BP3 helps
retain pri-lin-4 transcript at the transcription site to enhance co-transcriptional pri-lin-4
processing.

Furthermore, we showed that depletion of HP1BP3 resulted in a significant reduction of
seven endogenous pri-miRNAs from the chromatin and their concomitant increase in the
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nucleoplasm (Figure 5G and 5H). We also verified that nascent pri-miRNA transcripts were
prematurely released from the chromatin by using PCR primers spanning the introns of pri-
miR-25 and pri-miR140 (Figure 5G and 5H). By contrast, the abundance of histone H4
transcript remained the same in the chromatin and nucleoplasm fractions in HP1BP3-
depleted cells (Figure 5G and 5H). Knockdown of H1.2 or H1.5 did not significantly affect
the levels of pri-miRNAs in either the chromatin or nucleoplasm fractions (Figure S6C—
S6E). Taken together, these series of experiments strongly suggest that HP1BP3 promotes
co-transcriptional miRNA processing through chromatin retention of nascent pri-miRNA
transcripts.

DISCUSSION

Chromatin retention factors for co-transcriptional miRNA processing

Based on our findings, we propose a working model for co-transcriptional miRNA
processing in mammalian cells (Figure 6): First, the pri-miRNA transcript is transcribed by
RNA polymerase Il (Pol I1) from the miRNA gene. Second, HP1BP3 binds chromatin DNA
and nascent pri-miRNA transcript to help retain pri-miRNA on chromatin. Third, retention
of pri-miRNA at the site of transcription provides more opportunity for the Drosha-DGCR8
complex to bind pri-miRNA on chromatin. Since HP1BP3 associates with both Drosha/
DGCR8 and pri-miRNA, HP1BP3 may actively facilitate the Microprocessor to bind or
process pri-miRNA co-transcriptionally /n7 vivo. In the absence of HP1BP3, however, pri-
miRNA transcripts are prematurely released from the chromatin and co-transcriptional pri-
miRNA processing is compromised. In the nucleoplasm, the released pri-miRNA transcripts
may become vulnerable to nuclease-mediated decay, or localize in regions, such as the SC35
bodies, that prevent efficient binding or processing by the Microprocessor (Pawlicki and
Steitz, 2009). Furthermore, we found that Drosophila H1 exhibited a similar pri-miRNA
binding activity and promoted miRNA biogenesis in S2 cells (Figure S1). Thus, it will be
interesting for future studies to investigate whether histone H1 and related proteins play a
conserved role in co-transcriptional miRNA processing in flies, worms and other organisms.

Regulation of co-transcriptional pri-miRNA processing

Recent studies have identified a number of proteins that regulate pri-miRNA processing. For
example, transcription activators, such as SMADs and p53, promote the processing of a
specific subset of pri-miRNAs through interaction with DDX5/p68 helicase that associates
with the Microprocessor (Davis et al., 2008; Suzuki et al., 2009). RNA-binding proteins,
such as LIN28, hnRNPA1 and KSRP, recognize the terminal loop of a subset of pri-miRNAs
and inhibit or enhance their processing by the Microprocessor (Guil and Caceres, 2007;
Newman et al., 2008; Trabucchi et al., 2009). In most of these studies, it is unclear whether
these regulatory events occur on the chromatin or in the nucleoplasm. Because our studies
suggest that most pri-miRNA transcripts undergo co-transcriptional miRNA processing, a
logical prediction would be that many of these regulators should actually regulate co-
transcriptional miRNA processing on chromatin. It is entirely plausible for transcription
activators (e.g. SMADs and p53) to bind specific chromatin elements and recruit the
Microprocessor to adjacent pri-miRNA transcripts to facilitate co-transcriptional miRNA
processing. LIN28 has recently been shown to bind nascent pri-let-7 transcript co-
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transcriptionally and inhibits Drosha-mediated pri-let-7 processing in C. elegans and human
ES cells (Van Wynsberghe et al., 2011). Moreover, FUS/TLS (fused in sarcoma/translocated
in liposaroma) protein, an RNA binding protein that is linked to Amyotrophic Lateral
Sclerosis (ALS), stimulates co-transcriptional miRNA processing by facilitating Drosha
recruitment to specific miRNA loci (Morlando et al., 2012). It is possible that some of these
RNA binding proteins may also possess DNA binding activity or interacts with chromatin
factors to promote co-transcriptional miRNA processing. Therefore, mounting evidence
suggest an emerging theme that the chromatin regulation of co-transcriptional miRNA
processing is a widespread and conserved mechanism in eukaryotes.

Essential roles of HP1BP3 in miRNA processing during development

Conclusions

HP1BP3 is ubiquitously expressed in all somatic tissues and is highly enriched in the brain
(Garfinkel et al., 2015b). Knockout of HP1BP3 in mice causes early post-natal lethality
(~60% pups die within 24 hours after birth) (Garfinkel et al., 2015a; Garfinkel et al., 2015b).
Homozygous Hplbp3™~ mice that survive to weaning are fertile and have a normal life
span, but are significantly smaller than their littermates since birth (Garfinkel et al., 2015a;
Garfinkel et al., 2015b). These mutant mice show proportional reduction in body weight,
body length and organ weight as well as severe impairment in bone development. However,
wild-type and Hp1bp3~~ mouse embryonic fibroblast (MEF) exhibit a similar sensitivity of
chromatin to micrococcal nuclease digestion (Garfinkel et al., 2015b). Moreover, the lack of
HP1BP3 only impacts a limited set of gene expression (Garfinkel et al., 2015b). These
observations suggest that the phenotypes of HpZbp3~~ mice are probably not due to a global
defect in chromatin organization. Rather, that HP1BP3 promotes global miRNA processing
provides a likely explanation for the lethality and growth defects of HpZbp3~~ mice.

The H1 family of linker histones is often assumed to be non-specific DNA binding proteins
with prosaic and well-understood functions. However, it is still a mystery why there is a
major expansion from single H1 in flies to eleven H1 variants plus HP1BP3 in mammals.
Because of their proximity to chromatin, histone H1 and related proteins are well positioned
to play important roles in various transcriptional and co-transcriptional processes. The
possibility of unanticipated functions of various linker histones is underscored by our
surprising discovery that HP1BP3 possesses a specific pri-miRNA binding activity and
promotes co-transcriptional miRNA processing in human cells. The current work
significantly expands the functional repertoire of the H1 family of proteins, and suggests a
mechanism that chromatin factors retain nascent transcripts at the site of transcription to
enhance co-transcriptional RNA processing.

MATERIALS AND METHODS

Northern blotting

Northern blotting was performed to measure expression of pre- and mature miRNAs in the
control and H1.5 or HP1BP3-depleted HelL a cells as previously described (Liang et al.,
2013). In brief, 30 pg total RNA was resolved by 12% Urea-PAGE, transferred to GT
membrane (Bio-Rad), and crosslinked by ultra violet (UV) light. The sequences of antisense
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RNA probes for detection of miRNAs and 5S RNA are listed in Table S7. The RNA probes
were 5’ radiolabeled with y-32P ATP by T4 polynucleotide kinase (NEB). Hybridization was
carried in Ultrasensitive Hybridization solution (Ambion) at 40°C overnight. The membrane
was washed 3 times at 40°C for 15 minutes with 2 xSSC, 0.5% SDS followed by
autoradiography.

Small RNA sequencing

Sequence libraries were filtered for adapter contamination using cutadapt (v1.8.3) (Martin,
2011) software tool. This software cut the adapter sequence from the sequencing reads and
filtered the reads whose length is greater than or equal to 15bp for further analysis. Filtered
reads were aligned to the human reference genome (hg19) using Bowtie (v.2.2.5)
(Langmead et al., 2009). Reads that mapped with < 2 mismatches to the reference sequence
were retained for further analysis. For siBP3 replicates one and two we obtained 4,863,552
reads and 4,369,227 reads respectively, while for control replicates one and two we obtained
3,908,404 reads and 1,907,245 reads respectively. We used the 523 re-annotated miRNA list
(Fromm et al., 2015), 624 tRNA regions (GenCode) and 1,769 rRNA regions (UCSC
genome browser) to count the mapped reads using featurecounts (v1.4.6) module from
subread package (Liao et al., 2014). These counts were normalized to library size and
performed differential expression analysis using edgeR bioconductor package (v.3.8.6)
(Robinson et al., 2010). Limma (v.3.22.7) (Ritchie et al., 2015) package was used to
calculate differential expression change.

Chromatin immunoprecipitation (ChIP) and RNA immunoprecipitation (RIP)

ChIP and RIP were performed as described previously (Sakurai et al., 2010). Cells were
crosslinked with 1% formaldehyde and then nuclear fractions were isolated. The nuclear
lysates were incubated with anti-Drosha antibody (2 pg; Abcam) or rabbit 1gG (2 pg;
Millipore) overnight and antibody-protein-DNA/RNA complexes were recovered using
protein G plus/protein A agarose beads (Millipore). After reverse crosslinking and
proteinase K treatment, immunoprecipitated DNA/RNA were purified by phenol-chloroform
extraction and ethanol precipitation. For RIP, the samples were treated with DNase | to
remove genomic DNA and then reverse transcribed to generate cDNA. Real time RT-PCR
was performed using Tagman pri-miRNA kit in RIP or designed primers for miRNA gene
locus (listed in table S6).

Chromatin and nucleoplasm fractionation

Chromatin fractionation was performed as previously described (Gagnon et al., 2014). HelLa
cells were lysed in hypotonic buffer (HLB) (10mM Tris pH 7.5, 10mM NaCl, 3mM MgCl,,
0.3% (vol/vol) NP-40, 1% protease inhibitor cocktail). Cell nuclei were isolated by
centrifugation at 1000g for 4min and washed three times using 1mL of HLB. The nuclei
were suspended in Modified Wuarin-Schibler buffer (MWS) (10mM Tris pH 7.0, 4mM
EDTA, 0.3M NaCl, 1M urea, and 1% (vol/vol) NP-40) and spun at 1000g for 4min at 4 °C.
While the supernatant was collected as the nucleoplasm fraction, the pellet was washed three
times with ImL MWS buffer and then collected as the chromatin fraction. RNA from
nucleoplasm was precipitated by ethanol and extracted by Trizol. RNA from chromatin
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fraction was directly isolated by Trizol extraction. Tagman qPCR was performed to measure
the relative abundance of chromatin bound and nucleoplasmic pri-miRNAs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HP1BP3 specifically associates with the microprocessor and promotes miRNA
biogenesis

(A) A phylogenetic tree showing that the relative evolutionary distance among HP1BP3,
eleven human H1 variants and fly H1 based on sequence homology of the central globular
domains.

(B) Following siRNA-mediated knockdown of HP1BP3, H1.0, H1.2, H1.5, or H1x in HelLa
cells, the ratio of let-7a/pri-let-7a or miR-21/pri-miR-21 was measured by Tagman qPCR,
respectively (triplicate samples, data shown as mean * SD). Paired t-test was used for
statistical analysis (*** p< 0.001).

(C) HelLa cells were co-transfected with constructs expressing GFP-tagged HP1BP3, H1.2,
H1.5 or H1x and Flag-tagged Drosha-DGCR8 complex followed by co-1P using anti-GFP
antibody. Western blotting (WB) was performed with anti-Flag and anti-GFP antibodies,
respectively.

(D) HP1BP3-GFP (left) or H1.5-GFP (right) BAC transgenic HeLa cells were transfected
with Flag-tagged Drosha-Flag and DGCR8-Flag constructs followed by co-IP using anti-
GFP antibody. Western blotting was performed with anti-Flag and anti-GFP antibodies.
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(E) From HP1BP3-GFP BAC transgenic HelLa cells, co-IP of HP1BP3-GFP was performed
with anti-GFP antibody followed by Western blotting to detect HP1BP3-GFP and
endogenous Drosha or DGCR8 proteins with corresponding antibodies.

(F) HP1BP3-GFP BAC transgenic HeLa cells were transfected with the Drosha-Flag and
DGCRS8-Flag constructs. Cell lysates were untreated or treated with RNase A followed by
co-1P with anti-Flag antibody and western blotting was performed with anti-GFP and anti-
Flag antibodies.

(G) A schematic diagram of various truncated HP1BP3-GFP constructs.

(H) After co-transfection of HeLa cells with Drosha-Flag, DGCR8-Flag, and GFP-tagged
HP1BP3 constructs, co-1P was performed with anti-GFP antibody followed by Western
blotting with anti-Flag and anti-GFP antibodies.
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Figure 2. HP1BP3 promotes pri-miRNA processing and global miRNA biogenesis
(A) Western blotting was performed using the corresponding antibodies to detect HP1BP3,

Drosha, DGCRS, and Actin proteins in the control and HP1BP3-depleted HeLa cell extracts.
(B) Northern blotting was performed to compare the levels of let-7a, miR-16, miR-21,
miR-23a between the control and HP1BP3-depleted HeLa cells. 5S RNA was used as a
loading control.

(C) Quantitative analysis of the expression fold change of pri-miRNA (by Tagman PCR),
pre-miRNA and miRNA (by Northern blotting) between the control and HP1BP3-depleted
Hela cells (triplicate samples, data shown as mean + SD). Unpaired t-test was used for
statistical analysis (*** p< 0.001, ** p <0.01, * p<0.05).

(D) Pol Il ChIP analysis comparing the Pol Il occupancy at the promoter regions of let-7a,
miR-16, miR-21, and miR-23a genes between the control and HP1BP3-depleted HeLa cells
(triplicate samples, data shown as mean + SD).
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(E) Small RNA sequencing was performed to compare global miRNA expression profile
between the control and HP1BP3-depleted HeLa cells. Each black circle represents an
annotated miRNA expressed in HeLa cells. Each white triangle, square, and circle represents
a selected tRNA, snoRNA, and rRNA, respectively. Diagonal line marks the 1:1 ratio of
siCtrl and siBP3 samples.
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Figure 3. Genome-wide co-localization of HP1BP3 and Drosha at active miRNA loci
(A) Density map showing the enrichment of Drosha, HP1BP3, and H1.5 cumulative ChIP

signal across all Drosha islands. X-axis represents the distance to island center. Y-axis

represents per base read coverage.

(B) Individual ChIP analysis showing chromatin co-localization of HP1BP3-GFP and
Drosha at the stem-loop regions of seventeen active miRNA loci in HeLa cells (triplicate

samples, data shown as mean + SD).

(C, D) Comprehensive ChIP analysis comparing chromatin co-localization of HP1BP3-GFP
(C) and Drosha-GFP (D) in a 4 kb region surrounding the stem-loop region of the let-7a-1

locus.

(E) Individual ChIP analysis comparing chromatin binding of Drosha at six active miRNA
loci between the control and HP1BP3-depleted HelL a cells (quadruplet samples, data shown
as mean + SD). Paired t-test was used for statistical analysis (*** p< 0.001, ** p <0.01, *

p<0.05).
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Figure 4. HP1BP3 specifically binds pri-miRNA and promotes the Drosha/pri-miRNA
association in vivo

(A) Native gel-shift assays were performed by incubating 5’ radiolabeled pri-let-7a RNA in
buffer alone or with increasing concentration (33, 67, 133, and 266nM) of recombinant
HP1BP3 (lanes 1-5) and H1.5 (lanes 6-10). Arrowhead marks free pri-let-7a RNA substrate
and bracket corresponds to the HP1BP3-bound pri-let-7a RNA.

(B) Native gel-shift assays were performed by incubating 5" radiolabeled pri-let-7a, pre-
let-7a, and let7a/let* duplex RNA in buffer alone, or with increasing concentration (38nM,
75nM, 150nM, and 300nM) of recombinant HP1BP3. Arrowhead marks free RNA substrate,
whereas bracket corresponds to HP1BP3-bound pri-miRNA or pre-miRNA.

(C) Native gel-shift assays were performed by using excess non-radiolabeled pri-let-7a RNA
or dsDNA to compete with binding of radiolabeled pri-let-7a RNA by recombinant HP1BP3.
(D) RNA immuneprecipitation (RIP) assays were performed to measure /n vivo association
of H1.5-GFP and HP1BP3-GFP with endogenous pri-miRNA transcripts (triplicate
experiments, data shown as mean = SD). Paired t-test was used for statistical analysis (***
p< 0.001, ** p <0.01, * p<0.05).
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(E) RIP assays were performed to measure /n vivo association of full-length and various
truncated HP1BP3-GFP constructs with endogenous pri-let-7a in HelLa cells (triplicate
samples, data shown as mean + SD). Paired t-test was used for statistical analysis (*** p<
0.001, ** p <0.01, * p<0.05).

(F) RIP assays were performed to measure /7 vivo association of endogenous Drosha with
pri-miRNAs between the control and HP1BP3-depleted or H1.5-depleted HelL a cells
(triplicate samples, data shown as mean *+ SD). Paired t-test was used for statistical analysis
(*** p< 0.001, ** p <0.01, * p<0.05).

Mol Cell. Author manuscript; available in PMC 2017 August 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liuetal.

Page 23

A B IR
Pri-lin-4 construct Pri-lin-4 Pri-lin-4APA
1.57 M siCtrl siBP3
- @ .%Q,)’ (§ .<§q) o
: & ¥y S =
e o
cmv BGH pA Heiees NN S 10 |
Pri-lin-4APA construct lin-4 m _g
- [}
£ ']'
e
cmv BGH pA ol
1 2 3 4 Pri-lin-4 Pri-lin-4APA
AAAUAAA
E Chromatin fraction F  Nucleoplasm fraction
XD DD
‘g Hela Cells & (,,\CS ng (Qﬁ
ﬁ pri-lin- 4_= pridin-4 [PRT=—

\ ®0 ® Nucleus

@

0

=1
-
wv

2

3 4

Cyclophiin [N  Cycophitn [ Ieem]
1 2 3 4 1

I siCtrl B9 siBP3 3 msiCtrl msiBP3
Z N g g ;
c c T
3 T S
e 10 29
> >
-% Q
©
Chromatin Nucleoplasm ¥ 05 "k 1 L
ﬂ, £ 'I' £
RNA extraction s *E
Tagman gPCR gy . . o 1 o ¢
Pri-lin-4 Pri-lin-4APA Pri-lin-4  Pri-lin-4APA
G Chromatin fraction H Nucleoplasm fraction
1.5 : :
2 I siCtrl siBP3 . 2.5 - Il siCtrl siBP3
(] T ()
(1] © <V I
© ©
c c *%
3 215 T |
O Qo *% 1
© © - T * % *'*
s 210 ki
x < I
£ £os
S ol
0
RIS
& % & N K K QQ’
& ‘\\'@ & \@@\ &°
] T QR F &

Figure 5. HP1BP3 facilitate pri-miRNA processing by enhancing its chromatin retention
(A) A schematic diagram of the Pri-lin-4 and Pri-lin-4ApA constructs (Pawlicki et al., 2008).

(B, C) Semi-quantitative (B, by RT-PCR and agarose gel electrophoresis) and quantitative
(C, by Tagman gqPCR) analysis of the pri-lin-4 and mature lin-4 expression from transfected
Pri-lin-4 and Pri-lin-4ApA constructs between the control and HP1BP3-depleted HelL a cells
(triplicate experiments, data shown as mean + SD). Paired t-test was used for statistical

analysis (*** p< 0.001).

(D) A schematic diagram for the chromatin and nucleoplasm fractionation procedure.
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(E, F) Semi-quantitative RT-PCR (top) and Tagman gPCR (bottom) were performed to
measure the abundance of chromatin-associated (E) and nucleoplasmic (F) pri-lin-4
transcripts expressed from transfected Pri-lin-4 and Pri-lin-4ApA constructs between the
control and HP1BP3-depleted HeLa cells (triplicate samples, data present as mean * SD).
Paired t-test was used for statistical analysis (*** p< 0.001, ** p <0.01, * p<0.05).

(G, H) Tagman gPCR were performed to measure of the relative abundance of endogenous
pri-miRNA and histone H4 transcripts in the chromatin (G) and nucleoplasm (H) fractions
between the control and HP1BP3-depleted HeLa cells (quadruplet samples, data present as
mean + SD). Notably, primers for amplifying the introns of nascent pri-miR-25 and pri-
miR-140 transcripts were used. 18S rRNA was used as a loading control. Paired t-test was
used for statistical analysis (*** p< 0.001, ** p <0.01, * p<0.05).
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Chromatin

A

Figure 6. A working model for co-transcriptional pri-miRNA processing
A schematic diagram showing that HP1BP3 promotes co-transcriptional pri-miRNA

processing through chromatin retention of nascent pri-miRNA transcript.
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