Antagonism between splicing and microprocessor complex
dictates the serum-induced processing of Inc-MIRHG
for efficient cell cycle reentry
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ABSTRACT

Cellular quiescence and cell cycle reentry regulate vital biological processes such as cellular development and tissue ho-
meostasis and are controlled by precise regulation of gene expression. The roles of long noncoding RNAs (IncRNAs) during
these processes remain to be elucidated. By performing genome-wide transcriptome analyses, we identify differential
expression of several hundreds of IncRNAs, including a significant number of the less-characterized class of microRNA-
host-gene (MIRHG) IncRNAs or Inc-MIRHGs, during cellular quiescence and cell cycle reentry in human diploid fibroblasts.
We observe that MIR222HG IncRNA displays serum-stimulated RNA processing due to enhanced splicing of the host na-
scent pri-MIR222HG transcript. The pre-mRNA splicing factor SRSF1 negatively regulates the microprocessor-catalyzed
cleavage of pri-miR-222, thereby increasing the cellular pool of the mature MIR222HG. Association of SRSF1 to pri-
MIR222HG, including to a mini-exon, which partially overlaps with the primary miR-222 precursor, promotes serum-stim-
ulated splicing over microRNA processing of MIR222HG. Further, we observe that the increased levels of spliced
MIR222HG in serum-stimulated cells promote the cell cycle reentry post quiescence in a microRNA-independent manner.
MIR222HG interacts with DNM30OS, another IncRNA whose expression is elevated upon serum-stimulation, and promotes
cell cycle reentry. The double-stranded RNA binding protein ILF3/2 complex facilitates MIR222HG:DNM30OS RNP complex
assembly, thereby promoting DNM3OS RNA stability. Our study identifies a novel mechanism whereby competition be-
tween the splicing and microprocessor machinery modulates the serum-induced RNA processing of MIR222HG, which dic-
tates cell cycle reentry.
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INTRODUCTION (Harashima et al. 2013). Additionally, there exist three
types of nondividing cell states: terminally differentiated,
senescent, and quiescent. Among them, quiescence/GO
is unique due to its reversibility. Cells in quiescence

Cell proliferation is a complex biological process that is
controlled by differential gene and protein expression. A
typical eukaryotic cell cycle consists of four consecutive
stages: G1, S (synthesis), G2, and M (mitotic) phases
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temporarily exit the cell cycle and can resume cell division
capacity by entering back to G1 upon environmental cues
(Coller 2007; So and Cheung 2018). In higher multicellular
organisms, undergoing cellular quiescence is essential for
the regulation of tissue regeneration and homeostasis, im-
mune responses, and aging (Yusuf and Fruman 2003; Liu
et al. 2007; Lemons et al. 2010; Coller 2011; Bainbridge
2013; Yao 2014). In the context of disease, cancer stem
cells remain in quiescent state and resume proliferation
during tumor reoccurrence (Cheung and Rando 2013).
Dysregulation of cellular quiescence is correlated with pro-
liferation-related diseases such as fibrosis, immune disor-
ders, and cancer (Liu et al. 2007; Lemons et al. 2010;
Coller 2011; Yao 2014). A deep understanding of quies-
cence induction and maintenance, and further exit out of
quiescence or cell cycle reentry, will allow the discovery
of therapeutic targets for treating quiescence-related
diseases.

Earlier studies have established the roles of signaling
pathways/protein factors/microRNAs (miRNAs) in quies-
cence maintenance and cell cycle reentry. For instance,
certain metabolic processes are found to be repro-
grammed in quiescent cells (Lemons et al. 2010; Laporte
et al. 2011; Valcourt et al. 2012). Likewise, various signal-
ing pathways are highly regulated during quiescence
(Coller et al. 2006; Lemons et al. 2010; Valcourt et al.
2012; So and Cheung 2018). Several groups have also re-
ported aberrant levels and/or functions of protein-coding
genes and miRNAs during quiescence establishment or
cell cycle reentry (Gos et al. 2005; Coller et al. 2006;
Coller 2007, 2011; Liu et al. 2007; Cheung et al. 2012;
Suh et al. 2012; Cheung and Rando 2013; Polioudakis
etal. 2013; Yao 2014, Martinez et al. 2017). Long noncod-
ing RNAs (IncRNAs) have been shown, by us and others, to
play important roles in cell cycle progression and therefore
have the potential to regulate quiescence and cell cycle re-
entry. However, only few studies so far have reported the
role of IncRNAs in these processes (Venkatraman et al.
2013; Bierhoff et al. 2014).

LncRNAs are noncoding RNAs that are longer than 200
nt, most of which do not code for any proteins or peptides.
They are ubiquitously found in many species from prokary-
otes to eukaryotes and can play diverse roles in multiple bi-
ological events including differentiation, cell cycle
progression, immune response, apoptosis, and diseases
(Kitagawa et al. 2013; Flynn and Chang 2014; Fang and
Fullwood 2016; Li et al. 2016; Schmitt and Chang 2016;
Chen et al. 2017). LncRNAs function in both the nucleus
and the cytoplasm via various mechanisms such as regulat-
ing nuclear structure, chromatin, gene transcription, RNA
stability, or translation, often by interacting with other pro-
tein/RNA/DNA elements (Wang and Chang 2011;
Marchese et al. 2017; Noh et al. 2018; Sun et al. 2018a).
Several IncRNAs can also produce short and functional
peptides (Choi et al. 2019).
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Some IncRNA genes display intriguing genomic struc-
tures wherein they harbor miRNA genes in their gene loci
and are therefore categorized as “microRNA-host-gene
IncRNAs (Inc-MIRHGs).” MiRNAs are ~22 nt noncoding
RNAs that play crucial roles in posttranscriptional regula-
tion of gene expression (Ameres and Zamore 2013). Most
miRNAs are encoded within protein-coding or long non-
coding genes (Berezikov et al. 2007a; Kahl 2009; Monteys
et al. 2010). A significant fraction of miRNAs (17.5%) in hu-
mans are encoded within Inc-MIRHGs (Dhir et al. 2015b).
Earlier studies have reported that Inc-MIRHGs can serve
as diagnosis/prognosis markers and also play regulatory
roles in various cellular processes (Augoff et al. 2012; Mor-
enos et al. 2014; Montes et al. 2015; Kato et al. 2016; Moli-
nari etal. 2016; Su et al. 2018). These studies have brought
crucial insights into the significance of Inc-MIRHGs. How-
ever, most of these studies have focused on their role mere-
ly as a source of miRNA synthesis. On the other hand,
several recent studies, including work from our laboratory,
have provided compelling evidence demonstrating
miRNA-independent roles of the mature and processed
Inc-MIRHGSs (Ng et al. 2013; Tseng et al. 2014; Colombo
et al. 2015; Raveh et al. 2015; Shih et al. 2017; Sun et al.
2018b; Du et al. 2019; Profumo et al. 2019). For instance,
we have demonstrated that IncRNA MIRT00HG, whose
gene locus hosts miR-125-b1 and miR-100, regulates cell
cycle progression by modulating the activity of RNA-bind-
ing protein HuR in a miRNA-independent manner (Sun
et al. 2018b). Two other recent studies described
MIR205HG's role in regulating basal-luminal differentiation
as well as the production of growth hormone and prolactin
(Du et al. 2019; Profumo et al. 2019).

At present, very little is known about the function of Inc-
MIRHGs during quiescence and cell cycle reentry. The
major “road-block” to such studies is the lack of ge-
nome-wide analysis of INcRNA expression, including Inc-
MIRHG, during these processes. Keeping this in mind,
we performed a systematic transcriptome profiling to iden-
tify differentially expressed protein-coding and IncRNA
genes during cellular quiescence and subsequent reentry
into the cell cycle in normal human diploid fibroblasts.
From this, we identified several dynamically regulated
Inc-MIRHGs, and further focused on mechanistic studies
of MIR222HG, which showed enhanced expression during
cell cycle reentry. We found that the spliced (and mature)
MIR222HG levels were significantly elevated in serum-
stimulated cells due to the enhanced processing of pri-
MIR222HG transcripts, mediated by the pre-mRNA splic-
ing factor SRSF1. We further demonstrated that the spliced
MIR222HG facilitated cell cycle reentry in a miRNA-inde-
pendent manner. Mechanistic studies revealed that
MIR222HG forms an RNP (Ribonucleoprotein) complex
along with another IncRNA DNM3OS and ILF3/ILF2 com-
plex to stabilize DNM3OS, which in turn is instrumental in
modulating serum-stimulated cell cycle reentry.
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RESULTS

Transcriptome profiling of quiescent and serum-
stimulated cells reveals differential expression
of both protein- and noncoding genes

Cellular quiescence can be induced experimentally via se-
rum deprivation, loss of adhesion, or cell contact inhibition
(Coller et al. 2006). In the present study, we triggered cel-
lular quiescence in normal human diploid lung fetal fibro-
blast WI-38 cells by serum starvation (Fig. 1A). WI-38 cells
become quiescent after 72-h of serum starvation, reflected
by the almost undetectable populations of S-phase or G2/
M phase cells (Fig. 1B). Quiescent WI-38 cells reenter the
cell cycle upon serum stimulation that results in increase
in S and G2/M phase populations (Fig. 1B).

To understand the roles of IncRNAs in cellular quies-
cence and cell cycle reentry, we performed RNA-seq
from asynchronous, quiescent, and serum-stimulated
(3 and 6 h of serum-stimulation post quiescence) WI-38
cells. We reasoned that genes that play vital roles in cell cy-
cle reentry would show differential expression during the
early time points of serum stimulation. Hence, we chose
3 and 6 h of serum stimulation as time points for RNA iso-
lation. The polyA™ paired-end RNA-seq was performed in
biological duplicates with high-quality, high-depth, and
high reproducibility between replicates (Supplemental
Fig. STA,B). We detected the expression of 17,640 genes
including 13,574 protein-coding and 4066 noncoding
genes, in which 3889 genes were annotated as IncRNAs
(Supplemental Fig. S1C; Supplemental Table S1). We ob-
served dramatic changes in both complete transcriptome
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FIGURE 1. Transcriptome landscape of human lung fibroblasts during quiescence and cell cycle reentry. (A) Schematic of inducing WI-38 cellular
quiescence and cell cycle reentry using serum starvation and serum stimulation method. (B) PI-flow cytometry analyses in WI-38 during cellular
quiescence and cell cycle reentry. A: asynchronous; Q: quiescent; 3 h/6 h/24 h/48 h: corresponding serum stimulation time postserum-starvation.
(C) Heatmaps showing the relative expression levels of 3889 IncRNAs detected from RNA-seq. Biological duplicates from four time points are
represented. Genes (rows of heatmap) are hierarchically clustered using average-linkage clustering method. (D) Table representing the number
of differentially expressed genes (DEGs) detected from multiple comparisons between RNA-seq samples. Detailed DEG information is available
in Supplemental Table S2. (E) Gene ontology (GO) analyses showing the top enriched biological processes of (a) up-regulated DEGs and

(b) down-regulated DEGs from asynchronous to quiescence, as well as
to 6 h serum stimulation. Nodes represent the gene size in each biolog
cesses. Full GO analyses results are listed in Supplemental Table S3.

(c) up-regulated DEGs and (d) down-regulated DEGs from quiescence
ical process, edges represent the overlapping of genes in different pro-
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profile (17,640 genes) and IncRNA transcriptome profile
(3889 genes) of quiescent and serum-stimulated fibro-
blasts (Fig. 1C; Supplemental Fig. S1D).

We then performed statistical analyses to identify differ-
entially expressed genes (DEGs; |log, (fold change)| > 1
and FDR < 0.05) by comparing different RNA-seq samples,
including asynchronous (A) to quiescence (Q) (A to Q), qui-
escence to serum stimulation (SS) (Qto 3h SS, Qto 6 h SS),
and 3 h SS to 6 h SS. We identified the differential expres-
sion of ~1000 to ~3000 genes during these cell cycle tran-
sitions (968 DEGs from Ato Q, 2679 from Qto 3 h SS, 3340
fromQto6hSS, 1662 from3hto6hSS), inwhich ~20%-—
30% of them were IncRNAs (226 between A to Q, 831 be-
tween Qto 3hSS, 1020 between Qto 6 h SS, 493 between
3 hto 6hSS)(Fig. 1D; Supplemental Table S2). The differ-
ential expression of a significant number of IncRNAs dur-
ing quiescence or cell cycle reentry implies that IncRNAs
play vital roles during such cell cycle transitions.

To understand the biological processes that are in-
volved in cellular quiescence and subsequent cell cycle re-
entry, we performed gene set enrichment analysis (GSEA)
and gene ontology (GO) analyses. GSEA showed that
multiple quiescence-associated processes were regulated
between asynchronous (A) to quiescent (Q) states, exem-
plified by reduced rRNA processing (Supplemental Fig.
S1Ea; Supplemental Table S3). We then performed GO
analysis by stratifying DEGs into up-regulated and down-
regulated groups. During A to Q transition, several key
metabolic processes were found to be activated (Fig.
1Ea; Supplemental Table S3). On the contrary, genes con-
trolling cell cycle-/cell division-related events showed con-
sistent down-regulation in quiescent cells (Fig. 1Eb;
Supplemental Table S3). Pathway analyses also revealed
key pathways that were affected during quiescence estab-
lishment, including the cell cycle (Supplemental Fig. S1Fa;
Supplemental Table S3). Similarly, serum-stimulated cells
exhibited enhanced levels of processes such as rRNA pro-
cessing, MAPK cascade, and extracellular matrix organiza-
tion (Supplemental Fig. S1Eb-d; Supplemental Table S3).
In addition, up-regulated DEGs in serum-stimulated cells
(Q to 6 h SS) participate in biological processes such as
chemotaxis and angiogenesis, whereas genes controlling
morphogenesis and development seem to be down-regu-
lated during serum stimulation (Fig. 1Ec,d; Supplemental
Table S3). We also observed that pathways controlling
cell growth, metabolism, and development (MAPK/Ras/
Hippo/PI3K-Akt pathways) showed significant changes
during early serum response (Supplemental Fig. ST1Fb,c;
Supplemental Table S3).

The genome-wide transcriptome landscape analyses re-
vealed that cells undergo complex, precise, and rapid
changes in gene expression during both quiescence in-
duction and exit out of quiescence. However, the role of
IncRNAs during such processes is least understood. The
large number of differentially expressed IncRNAs identi-
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fied in this study hence serves as a useful resource for fur-
ther mechanistic studies.

Genome-wide analysis of miRNA host genes
identifies potential Inc-MIRHGs as regulators
for cell cycle reentry

Earlier studies have uncovered the role of miRNAs in pro-
moting/repressing quiescence (Cheung et al. 2012; Suh
et al. 2012; Cheung and Rando 2013; Polioudakis et al.
2013). However, very little is known about the function of
IncRNAs that are processed from miRNA-host gene loci
(termed as Inc-MIRHGs), during quiescence and serum
stimulation. To identify the Inc-MIRHG repertoire in the hu-
man genome, we performed a genome-wide screen to
categorize the miRNAs and MIRHGs in the recent version
of the human genome assembly GRCh38 (p12.v94). We
classified miRNAs based on their relative location to the
host genes (Fig. 2A). Our genomic analyses revealed that
~2/3 of human miRNAs (1263 out of 1879) were “intragen-
ic miRs” and are encoded within 1149 host genes
(MIRHGs), out of which 224 are composed of IncRNAs
(Inc-MIRHGS). Furthermore, we found that most of the in-
tragenic miRNAs (72%, 907 out of 1263) reside within
the introns of MIRHGs ("intronic-miRs”), and 17% were lo-
cated in the exonic regions (“exonic-miRs"). Interestingly,
~5% (57 out of 1263) of miRNAs were located at exon—in-
tron junctions of protein-coding or IncRNA genes (Fig. 2B,
C; Supplemental Tables S4, S5). Such miRNAs were previ-
ously identified as “SO-miRs"” (splice site overlapping
miRNAs), so we kept the same nomenclature (Mattioli
etal. 2013, 2014; Pianigiani et al. 2018). Finally, the major-
ity of MIRHGs (1028 out of 1149) host one miRNA and a
small fraction of them contains multiple mMiRNAs
(Supplemental Fig. S2A; Supplemental Table S5).

Eight hundred and seventy-five MIRHGs were ex-
pressed in WI-38 cells, wherein 91 belonged to the Inc-
MIRHG repertoire (Fig. 2D; Supplemental Fig. S2B). We
examined the differential expression (DE) of MIRHGs dur-
ing quiescence and serum stimulation and further focused
on the differentially expressed Inc-MIRHGs (DE-Inc-
MIRHGs) (Fig. 2E; Supplemental Table S5). By this, we
identified six DE-Inc-MIRHGs from asynchronous to quies-
cent transition, 18 DE-Inc-MIRHGs from quiescence to 3 h
serum stimulation, 20 DE-Inc-MIRHGs from quiescence to
6 h serum stimulation (SS), and 8 DE-Inc-MIRHGs from 3 h
SS to 6 h SS (Fig. 2E,F; Supplemental Fig. S2C).

LncRNA MIR222HG is induced during cell cycle
reentry post cellular quiescence

Based on the existing knowledge in the case of protein-
coding genes, we hypothesized that early serum-induced
IncRNA genes play crucial roles in regulating cell cycle re-
entry. Among the several up-regulated DE-Inc-MIRHGs
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FIGURE 2. MIRHGs show dynamic expression during cellular quiescence and upon cell cycle reentry. (A) Schematic showing different types of
miRNAs (miRs) categorized in this study. Detailed listis available in Supplemental Table S4. (B) Categorization of miRNAs (miRs) in human genome
GRCh38 version in terms of their relative locations to host genes (MIRHGs). Detailed list is shown in Supplemental Table S4. (C) Categorization of
all identified miRNA host genes (MIRHGs) in human genome GRCh38 version. Detailed list is shown in Supplemental Table S5. (D) Heatmap
showing the relative expression levels of 875 MIRHGs that are expressed in WI-38 RNA-seq. Duplicates are represented. Genes (rows of heatmap)
are hierarchically clustered using average-linkage clustering method. (E) Table representing the number of differentially expressed MIRHGs (DE-
MIRHGs) detected from multiple comparisons between RNA-seq samples. Detailed DE-MIRHG information is available in Supplemental Table
S5. (F) Fold change (logy scale) of 18 DE-Inc-MIRHGs from quiescent to 3-h serum stimulation. Numbers in the parentheses refer to the number of
miRNAs encoded within each Inc-MIRHG. See Supplemental Table S5 for detailed DE-Inc-MIRHGs information.

from quiescence to 3 h serum stimulation, we focused
our investigations on MIR222HG for several reasons.
MIR222HG (ENSG00000270069 from Ensembl, Inc-
CXorf36-46:7 from LNCipedia) is transcribed from the
X-chromosome and it is up-regulated upon 3 h and 6 h
of serum stimulation (Fig. 2F; Supplemental Fig. S2Cb;
Supplemental Table S5). The MIR222HG gene locus en-
codes two miRNAs, miR-221 and miR-222 (Fig. 3A), both
of which were previously reported to play roles in cell pro-
liferation and cancer progression (Felli et al. 2005; Medina
et al. 2008; Cardinali et al. 2009; Chun-Zhi et al. 2010;
Garofalo et al. 2012; Li et al. 2014). In addition, IncRNA
MIR222HG was also reported to play a pro-tumorigenic
role (Sun et al. 2018c), further implying that its induction
during serum stimulation could promote cell proliferation.
The existing Ensembl gene annotation indicates that
MIR222HG contains two exons and a long intron, within
which both miR-221 and 222 reside (Fig. 3A, ENSG
00000270069, GENCODE track). RNA-seq revealed signif-
icant number of reads from the 3’ end of the last intron,

spanning miR-221 and miR-222 (Supplemental Fig. S3A),
implying intron retention. Our high-depth RNA-seq
(~100 million paired reads/sample) analyses revealed
that the spliced (and mature) MIR222HG expressed in
WI-38 cells contained an unannotated 44 bp mini-exon,
which partially overlapped with the 5" end of the primary
precursor of miR-222 (Fig. 3A; Supplemental Fig. S3Ba,
b). The 10 bp at the 3’ end of the 44 bp exon is located
just upstream of the lower stem of the pri-miR-222 hairpin
structure and formed imperfect complementarity with the
3’ end of the pri-miR-222 sequence (Fig. 3B).

This observation indicates that in WI-38 cells, miR-222 is
expressed as a SO-miRNA instead of an intronic miRNA. In
support of this, an earlier study had categorized miR-222
as a SO-miRNA in the Bos tauros genome (Melamed
et al. 2013). In addition, we have identified the transcrip-
tion start site of MIR222HG isoform in WI-38 cells. The
5 end of MIR222HG (based on RNA-seq reads and
5" RACE), which is different from the current GENCODE/
Ensembl annotation, is located ~24 kb upstream of
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FIGURE 3. MIR222HG is induced during the cell cycle reentry post cellular quiescence. (A) UCSC genomic browser view of MIR222HG genomic
locus and RNA-seq coverage tracks in WI-38 cells. Y-axis displays the reverse strand of BigWig (bw) files. Max value of y-axis is set at 100 for a
better visualization of exons 1-3 of MIR222HG. Full display of the last exon’s signal is shown in Supplemental Figure S3A. H3K4Me3 and
H3K27Ac mark tracks contain all of the seven ENCODE cell lines. Conservation track presents Vertebrate Multiz Alignment & Conservation
(100 Species). Schematic of the ~1.3 kb MIR222HG isoform expressed in WI-38 is drawn on the top to represent its genomic location; regions
spanning the last two exons and last intron are presented in detail. The genomic positions of miRs are shown as yellow rectangles.
(B) Schematic of the 44 bp mini-exon genomic position with respect to the hairpin structure of primary miR-222. Nucleotide sequence of the
44 bp mini-exon is highlighted in yellow. The 5GU and 3'AG spliced site on either side of the mini-exon are highlighted in green. Sequences
in red represent the miRNA duplex of miR-222. Primary miR-222 structure is obtained from miRbase database (http://www.mirbase.org/cgi-
bin/mirna_entry.pl?acc=MI0000299). (C) Relative levels of MIR222HG (pri- and mature forms) and miR-222 (TagMan assay) in WI-38s during qui-
escence and various time points (h/hours) postserum stimulation. (D) Northern blot to detect human miR-221 and miR-222 from asynchronous,
quiescent, and 6-h postserum-stimulated WI-38 cells. U6 is used as loading control. Relative levels of miR-221 and miR-222 are included below the
blots, by normalization to U6 levels and comparison to asynchronous sample. Quantification is performed using ImageJ. (E) Northern blot to
detect MIR222HG using polyA™ RNA from quiescent and 6-h serum-stimulated WI-38 cells. GAPDH is used as loading control. MIR222HG con-
struct used for probe preparation contains sequence from exons 2-4; please see cloning primer position in Supplemental Figure S3D. (F) RNA
stability analyses of mature and pri-MIR222HG. RNA is extracted from WI-38s treated by actinomycin D for different time points. The levels of
MIR222HG RNA (pri-MIR222HG as well as mature MIR222HG) are quantified via RT-qPCR and compared to 0 h time point to calculate the re-
maining levels of RNA. (G) Single molecule RNA-FISH (smRNA-FISH) to detect MIR222HG in quiescent and serum stimulated WI-38 cells.
DNA is counterstained with DAPI. Contour represents the nuclei location. The magnification bar represents 5 pm. White arrows indicate transcrip-
tion site and red arrows indicate Barr body. (*) P<0.05, (**) P<0.01, (***) P<0.001, (****) P<0.0001 by two-tailed Student's t-test, n= 3 for all
figures. Error bars represent standard deviation.

miR-222 and the promoter of MIR222HG is decorated with
chromatin marks (H3K4Me3 and H3K27Ac) associated
with active transcription (Fig. 3A). We confirmed the
5" and 3’ ends of MIR222HG by RACE experiment, and
the full-length of the annotated spliced/mature
MIR222HG was ~1.3 kb (please see the full sequence in
Supplemental File). The PhyloCSF score and ribosome

1608 RNA (2020) Vol. 26, No. 11

footprint from ribo-seq signals indicated that MIR222HG
did not code for any protein (Supplemental Fig. S3A).
Further, ribosome fractionation followed by RT-gPCR anal-
yses showed that MIR222HG was majorly associated with
the monosome fraction, whereas the protein-coding
GAPDH mRNA showed a strong association with heavy
polysome fractions (Supplemental Fig. S3C). In summary,
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MIR222HG is a multiexonic Inc-MIRHG containing a 44 bp
mini-exon partially overlapping with the primary precursor
of miR-222.

We next performed RT-gPCR to quantitate the relative
levels of both nascent and mature MIR222HG using prim-
ers from exonic or inronic regions or exon-intron or
exon-exon junctions of MIR222HG (Supplemental Fig.
S3D). The pri-MIR222HG transcript, detected by the
exon—intron junction primer, showed moderate up-regula-
tion (approximately twofold) from quiescence to 3-h serum
stimulation (Fig. 3C, blue line) and the levels remained sta-
ble afterward. Primers detecting either the intronic or exon-
ic regions of MIR222HG also displayed similar patterns
(Supplemental Fig. S3D,E). However, the spliced, mature
MIR222HG was strongly up-regulated in serum-stimulated
cells (eightfold from Q to 3 h SS, 15-fold from Q to 6 h SS),
as detected by two distinct sets of exon-exon junction
primers (Fig. 3C, red line, Supplemental Fig. S3D,E). This
data implies that the addition of serum only moderately
enhanced the transcription of MIR222HG but dramati-
cally elicited the posttranscriptional processing of pri-
MIR222HG to produce spliced MIR222HG. Since both
miR-221 and miR-222, encoded in the MIR222HG, are
known to play broad functions in multiple cellular processes
including cell proliferation and quiescence (Felli et al. 2005;
Medina et al. 2008; Cardinali et al. 2009; Chun-Zhi et al.
2010; Mayoral et al. 2011; Garofalo et al. 2012; Li et al.
2014), we examined if they show altered expression during
serum stimulation. Both quantitative TagMan assay and
Northern blot analyses showed that miR-221 and miR-222
levels remained unchanged among asynchronous, quies-
cent, and serum-stimulated samples, suggesting that their
levels were not coregulated with the mature MIR222HG
(Fig. 3C green line, Fig. 3D). Northern blot using poly(A)*
RNA detected two discrete bands at ~1.5 kb and <3 kb of
MIR222HG in both quiescent and 6 h SS WI-38 cells (Fig.
3E). We reasoned that the 1.5 kb RNA coded for the mature
poly-adenylated MIR222HG, whereas the <3 kb band most
likely corresponded to the miRNA-bearing intron 3-
retained isoform of MIR222HG. Both isoforms displayed
enhanced expression in serum-stimulated cells (Fig. 3E).
Northern blot data further supported the RT-gPCR analyses
that showed increased levels of spliced/mature and not the
pri-MIR222HG transcripts upon serum stimulation.

Earlier studies have reported Drosha-mediated tran-
scription termination of noncoding MIRHGs in human cells
(Dhiretal. 2015a; Pianigiani et al. 2018). In such a scenario,
cleavage of pri-MIRHG by Drosha results in the generation
of poly(A)™ and unstable MIRHG transcripts of no apparent
function. Unlike the other Inc-MIRHG transcripts that were
identified in earlier studies, MIR222HG contains a discrete
poly(A)" tail. We further determined the stability of
MIR222HG by transcription inhibition followed by a chase
experiment. We observed that spliced MIR222HG consti-
tuted a very stable pool compared to the nascent form of

MIR222HG, pri-MIR222HG (Fig. 3F). Pri-MIR222HG is rela-
tively abundant, present at 300-500 copies/cell and pre-
dominantly localized in the nucleus, whereas the low-
abundant spliced MIR222HG was localized in both nuclear
and cytoplasmic compartments (Supplemental Fig. S3F,G).
We next performed single-molecule fluorescence RNA in
situ hybridization (smRNA-FISH) to determine the cellular
localization of MIR222HG in quiescent and serum-stimulat-
ed cells. smRNA-FISH revealed that MIR222HG was ex-
pressed only from the active X-chromosome, as observed
by a single prominent locus, reminiscent of the transcrip-
tion site (Fig. 3G; white arrow). No smRNA-FISH signal
was observed on the DAPI-rich inactive-X-chromosome
(Barrbody) (Fig. 3G, red arrows). In the quiescent cell nucle-
us, most of MIR222HG RNA decorated at the transcription
site, and this fraction of RNA could represent the nascent
transcripts, pri-MIR222HG. In serum-stimulated cells, we
continued to see enrichment of MIR222HG RNA at its tran-
scription site. In addition, we observed 20-30 bright RNA
spots in the nucleoplasm, located in proximity to the
MIR222HG transcription site (Fig. 3G; Supplemental Fig.
S3H). Since RNA splicing is predominantly a cotranscrip-
tional event, we concluded that the RNA spots that were
dispersed in the nucleoplasm represent spliced and mature
MIR222HG. Thus, the smRNA-FISH results further con-
firmed our molecular analyses (RNA-seq and RT-qPCR)
that serum stimulation enhanced the RNA splicing of
MIR222HG. Both smRNA-FISH (Supplemental Fig. S3H)
and RT-gPCR (Fig. 3C) results showed reduced expression
of mature MIR222HG post 12 h serum stimulation (com-
pared to 6 h). This result implies that serum stimulation en-
hances the splicing of pri-MIR222HG that are concentrated
at its site of transcription, whereas the spliced, mature
MIR222HG diffuse into the nucleoplasm.

SRSF1 antagonizes Drosha/DGCR8 for spliced
MIR222HG biogenesis upon serum stimulation

Increased levels of spliced MIR222HG in serum-stimulated
cells indicate serum-responsive posttranscriptional pro-
cessing of pri-MIR222HG. An earlier study reported that
pre-mRNA splicing factor SRSF1 (Serine/arginine-rich
splicing factors) promotes the Drosha-mediated cleavage
of miR-222 in Hela cells (Wu et al. 2010). SRSFs constitute
a conserved family of essential pre-mRNA splicing factors,
which bind to the exonic regions on pre-mRNAs by recog-
nizing exonic splicing enhancers (ESEs) (Busch and Hertel
2012). RBPmap prediction analyses identified a consensus
SRSF1 binding site (ugrwgvh/ugcugga) within the 44 bp
mini-exon (Paz et al. 2014). The publicly available eCLIP
data set from human HepG2 cells (ENCODE project
ENCSR?89VIY) displayed significant binding of SRSF1 at
the 44 bp mini-exon (Fig. 4A). We therefore hypothesized
that the increased binding of SRSF1 on the mini-exon in se-
rum-stimulated cells could facilitate the recruitment of the
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FIGURE 4. Mature spliced MIR222HG IncRNA is processed via the competition between SRSF1 and microprocessor complex. (A) SRSF1 eCLIP
signal from HepG2 cells at the 44 bp mini-exon position. The peak at the 44 bp mini-exon is zoomed in and displayed at the bottom. A red line is
drawn under the nucleotide sequence to represent the position of the 44 bp mini-exon. Pink peak represents the SRSF1 eCLIP signal.
(B) Schematic of hairpin structure of miR-221 primary precursor and the 44 bp mini-exon from MIR222HG. Yellow box represents the mature
21 ntmiR-222 position. Arrows indicate the binding sites of splicing factor SRSF1 and microprocessor (Drosha/DGCR8). (C) SRSF1 RIP in quiescent
and 6-h serum-stimulated (SS) WI-38 cells followed by RT-gPCR to quantify the levels of MIR222HG, using primers detecting the 44 bp mini-exon
region. (D) RNA stability analysis of pri-MIR222HG in control (gl3), Drosha-depleted, and DRCR8-depleted WI-38 cells treated by actinomycin D
for indicated time points. Remaining levels of RNA are measured via RT-gPCR. (E) RT-gPCR to quantify the levels of spliced MIR222HG in control
(g13), Drosha-depleted, and DRCR8-depleted WI-38 cells. (F) Schematic figures showing the position of MOEs used in this study: (a) MOE51 and
MOES3, block hairpin formation within primary miR-222, and (b) MOE60 blocks SRSF1 binding to the 44 bp mini-exon of MIR222HG. (G) RT-qPCR
to quantify the levels of spliced MIR222HG in scramble and MOE-treated WI-38 cells. (H) RT-gPCR to quantify the levels of pre-miR-222 levels in
scrambled and MOE-treated WI-38 cells, under both control (pYFP transfected) and MIR222HG minigene overexpressed backgrounds. (*) P<
0.05, (**) P<0.01, (***) P<0.001, (****) P<0.0001 by two-tailed Student’s t-test, n=3 for all figures. Error bars represent standard deviation.

microprocessor complex (Fig. 4B). In support of this,
SRSF1 RNA-IP- (RIP) followed by RT-qPCR using primers
that amplify the 44 bp mini-exon region displayed en-
hanced association of SRSF1 to MIR222HG in serum-stim-
ulated cells (Fig. 4C; Supplemental Figs. S3D, S4A).
Serum-stimulated increase in the association of SRSF1
was not observed at the intronic region of MIR222HG
(Supplemental Fig. S4Ba), nor other known SRSF1 target
RNAs such as MALATT IncRNA (Supplemental Fig.
S4Bb), implying the specificity of the interaction. Serum-
stimulated cells did not show any significant change in
the cellular levels of SRSF1, indicating that differential
binding of SRSF1 to MIR222HG mini-exon is a regulated
event (Supplemental Fig. S4C). Finally, stable depletion
of SRSF1 in WI-38 cells led to the skipping of the 44 bp
mini-exon (Supplemental Fig. S4D,E). Based on this, we
concluded that SRSF1 showed enhanced association to
an exonic region within MIR222HG, which partially over-
lapped with the pri-miR-222, during serum stimulation, re-
sulting in increased pri-MIR222HG splicing.

To test whether SRSF1 regulates the Drosha-mediated
processing of pri-miR-222 during serum stimulation, we
examined the levels of miR-222 in control and SRSF1 over-
expressed or depleted WI-38 cells. To our surprise, unlike
what had been reported previously in Hela cells, both
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overexpression and stable depletion of SRSF1 in serum-
stimulated WI-38 cells did not alter the levels of miR-
222 (Supplemental Fig. S4F,G). These results argue
against the earlier model that SRSF1 facilitates Drosha-me-
diated miR-222 synthesis (Wu et al. 2010). The disparate
expression patterns of miR-221/miR-222 and spliced
MIR222HG during serum stimulation indicate that miRNA
biogenesis and splicing of MIR222HG, both using pri-
MIR222HG as substrate, are regulated independently.
Earlier studies have reported that, during the processing
of SO-miRNA-host transcripts, differential splicing versus
Drosha-mediated cleavage dictates the levels of spliced
host gene transcripts versus miRNAs (Mattioli et al. 2013;
Melamed et al. 2013; Agranat-Tamir et al. 2014,
Pianigiani et al. 2018). In such a situation, we hypothesized
that SRSF1-mediated splicing of the mini-exon in serum-
stimulated cells negatively regulates the Drosha-mediated
cleavage. Depletion of members of the microprocessor
complex (Drosha or DRCRS) stabilized pri-MIR222HG
and significantly increased the cellular level of spliced ma-
ture MIR222HG (Fig. 4D,E; Supplemental Fig. S4H,1), im-
plying that Drosha-mediated cleavage negatively
regulates the levels of mature MIR222HG. To further inves-
tigate the crosstalk between miR-221/222 miRNA biogen-
esis and MIR222HG splicing, we blocked the binding of
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the microprocessor or SRSF1 to the pri-miR-222 hairpin or
to the mini-exon, respectively, by using independent 2’-O-
methoxyethyl-modified antisense oligonucleotides (MOE)
(see schematic in Fig. 4F). Transfection of MOEs (MOE51
and 53) that disrupt the binding of the microprocessor ro-
bustly increased the levels of spliced MIR222HG (Fig. 4G).
Next, we designed another MOE (MOE60) that binds to
the 44 bp mini-exon of MIR222HG and inhibits the exon in-
clusion by preventing the binding of the splicing factor at
the mini-exon. MOE&0 transfection inhibited the inclusion
of the 44 bp mini-exon of MIR222HG, confirming that it
successfully blocked splicing factor activity (Supplemental
Fig. S4J). Next, we tested whether MOEG60 treatment influ-
ences miR-222 synthesis. We performed the splicing
blockage experiment using MOE60 together with a
MIR222HG minigene. Specifically, the minigene construct
contained key elements of the MIR222HG gene (see sche-
matic in Supplemental Fig. S4K) and could be efficiently
spliced upon overexpression (data not shown). We ob-
served that MOE60O-transfected cells, which also ex-
pressed the minigene, showed a significantly increased
level of pre-miR-222 (Scr vs MOE&0 under minigene back-
ground, Fig. 4H), implying that reduced binding of the
splicing factor at the mini-exon facilitated miR-222 synthe-
sis. Based on these, we speculate that Drosha/DGCR8
competes with SRSF1 on the pri-MIR222HG, which hosts
SO-miRNA miR-222. Upon serum stimulation, enhanced
SRSF1 binding on pri-MIR222HG leads to the increased
synthesis of the mature, spliced MIR222HG.

Spliced mature MIR222HG facilitates the cell cycle
reentry post quiescence in a microRNA-independent
manner

Increased levels of spliced MIR222HG in serum-stimulated
cells prompted us to investigate whether it plays any role in
cell cycle reentry. By transiently transducing WI-38 cells
with two independent lentiviral shRNAs, we preferentially
depleted the nuclear and cytoplasmic pool of only the ma-
ture spliced MIR222HG (Fig. 5Aa; Supplemental Fig. S5A),
but not pri-MIR222HG (Fig. 5Ab), nor miR-222 (Fig. 5Ac).
We then analyzed the ability for control or mature
MIR222HG-depleted quiescent cells to reenter the cell cy-
cle upon serum stimulation. Pl (Propidium lodide)-flow cy-
tometry analyses revealed that mature MIR222HG-
depleted cells showed a defect in cell cycle reentry, re-
flected by the pronounced G1 arrest and a concomitant re-
duction of S-phase and G2/M-phase populations (Fig. 5B).
BrdU incorporation assays (45 min pulse; 24-h postserum
stimulation) also revealed a reduced percentage of S-
phase cells upon mature MIR222HG-depletion (Fig. 5C).
Reduced levels of phosphorylated Retinoblastoma (pRb;
S780) and Cyclin A in mature MIR222HG-depleted se-
rum-stimulated cells further supported the defects in cell
cycle reentry (Fig. 5D). Finally, we observed increased lev-

els of Cyclin D1 and p27 in serum-stimulated MIR222HG-
depleted WI-38 cells, implying that mature MIR222HG-de-
pleted cells failed to enter into S-phase of the cell cycle,
consistent with the reduced Cyclin A and BrdU incorpora-
tion (Fig. 5D).

To capture the changes of the transcriptome upon
MIR222HG knockdown, we performed RNA-seq using
control and mature MIR222HG-depleted WI-38 cells in
both quiescence and 6-h serum stimulation conditions.
Our analyses identified 398 genes whose expression levels
were significantly altered upon knockdown by both
MIR222HG shRNAs (Fig. 5E; Supplemental Table S6).
Gene ontology analysis showed that the top biological
processes, represented by those 398 genes, formed three
clusters: cell proliferation, extracellular matrix organiza-
tion, and cell adhesion (Fig. 5F). Pathway analysis showed
that these genes were enriched in pathways including
adherens, focal adhesion, Ras signaling pathway, and
MAPK pathway (Supplemental Fig. S5B). All these
events/pathways play crucial roles for quiescent cells to re-
sume proliferation upon serum stimulation. Based on all
these data, we concluded that the increased levels of
spliced mature MIR222HG during serum stimulation pro-
motes cell cycle reentry post quiescence.

Spliced MIR222HG depletion did not alter the levels of
miR-222 (Fig. 5Ac). In addition, the levels of known canon-
ical miR-221/222 target genes, including CDKN1B (p27),
KIT, and PTEN (Felli et al. 2005; Cardinali et al. 2009;
Chun-Zhi et al. 2010; Li et al. 2014), remained unchanged
in mature MIR222HG-depleted cells (Supplemental Table
Sé). Finally, we examined the activity of miR-221/222 by
performing a luciferase reporter assay using a reporter
plasmid containing the 3’-UTR of the CDKN1B gene. We
observed that the luciferase signals remained unchanged
upon MIR222HG knockdown (Supplemental Fig. S5C),
suggesting that the activity of both miRNAs were not af-
fected. These results indicate that the cell cycle phenotype
observed in MIR222HG-depleted cells is not due to al-
tered levels or activity of MIR222HG-encoded miRNAs,
implying that spliced MIR222HG and miR-221/222 have
independent functions.

MIR222HG forms an RNP complex with ILF3/2
and other RNAs

Several IncRNAs, by interacting with proteins/RNA/DNA
elements, act as a “scaffold” to modulate RNA-protein,
RNA-RNA, or RNA-DNA interactions (Wang and Chang
2011; Kopp and Mendell 2018). In order to determine
the molecular function of MIR222HG during cell cycle re-
entry, we investigated the MIR222HG-interacting proteins
and RNAs. We performed streptavidin pulldown in WI-38
cell lysate using in vitro transcribed biotinylated full-length
spliced MIR222HG or biotinylated YFP (as negative con-
trol), followed by mass spectrometry. From the protein
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FIGURE5. Spliced mature MIR222HG facilitates cell cycle reentry post quiescence in a micro-RNA independent manner. (A) RT-gPCR to quantify
the levels of (a) spliced MIR222HG, (b) pri-MIR222HG, and (c) mature miR-222 (TagMan assay), in control and MIR222HG shRNA treated WI-38
cells. (B) (a) Pl-flow cytometry analyses in control and MIR222HG-depleted WI-38 cells at 24 h postserum stimulation. (b) Percentage of cells at a
specific cell cycle stage in control and MIR222HG-depleted cells. Data obtained from biological triplicates. Quantification is performed using FCS
Express. (C) Percentage of BrdU-incorporated cells in control and MIR222HG-depleted WI-38s at 24 h postserum stimulation. (D) Immunoblot to
detect the levels of several cell cycle marker proteins in control and MIR222HG-depleted asynchronous, quiescent, and serum-stimulated (12 h)
WI-38 cells. a-Tubulin is used as loading control. Quantification was performed with Image J. Relative protein levels were calculated by normal-
izing with GAPDH, followed by comparing to the asynchronous control sample. Values are labeled on the bottom of each blot. (E) Heatmaps
showing the relative expression of 398 differentially expressed genes in control and MIR222HG-depleted cells during quiescence and é-h serum
stimulation, obtained by RNA-seq. Biological duplicates are represented. Genes (rows of heatmap) are hierarchically clustered using average-link-
age clustering method. Detailed DEG information is available in Supplemental Table Sé. (F) Gene ontology (GO) analyses showing the top
enriched biological processes that show changes in MIR222HG-depleted cells. (*) P<0.05, (**) P<0.01, (***) P<0.001, (****) P<0.0001 by
two-tailed Student'’s t-test, n= 3 for all figures. Error bars represent standard deviation.

interactome of MIR222HG, we identified two proteins, stranded RNA structure with other cellular RNAs, and if
ILF3 (Interleukin Enhancer Binding Factor 3, or NF90) such RNA-RNA structure is stabilized by the ILF3/2 com-
and ILF2 (Interleukin Enhancer Binding Factor 2, or plex. To test this, we performed a genome-wide bioinfor-
NF45), as the top hits in all the three biological replicates ~ matic prediction to identify RNAs that display sequence
(Supplemental Table S7). We validated the MIR222HG-  complementarity with MIR222HG. RNA complementarity
ILF3/ILF2 interaction by immunoblotting in the biotin  analysis revealed that EIF4E mRNA and DNM3OS
RNA pulldown samples (Fig. 6A). Furthermore, ILF3 RIP IncRNA contained multiple stretches of sequence ele-
confirmed the interaction between endogenous ILF3 and ~ ments that shared sequence complementarity with differ-
MIR222HG (Fig. 6B; Supplemental Fig. S6A). ent regions of MIR222HG (Supplemental Table S8).

ILF3/ILF2 is an RNA-binding-protein (RBP) complex that Therefore, we performed RNA pull-down using in vitro
specifically binds to double-stranded RNAs (dsRNA) and transcribed biotinylated full-length spliced MIR222HG in
regulates RNA stabilization or translation or even ADAR-  total cell extracts and successfully validated its interaction
mediated A-to-l editing (Kuwano et al. 2010; Castella with endogenous EIF4E mRNA and DNM3OS (Fig. 6C).
etal. 2015; Jiang et al. 2017; Freund et al. 2020). We exam- Interestingly, both EIF4E and DNM3OS RNAs were previ-
ined whether MIR222HG forms intermolecular double  ously identified as ILF3 interacting RNAs (Kuwano et al.
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FIGURE 6. MIR222HG forms RNP complex containing ILF3/2 protein and other RNAs. (A) In vitro biotin-RNA pull-down followed by immuno-
blotting to detect the interaction between MIR222HG and ILF3/ILF2. YFP RNA is used as negative RNA control. a-Tubulin is used as negative
protein control. (B) ILF3 RIP followed by RT-gPCR to quantify the interaction between ILF3 and MIR222HG or EIF4E (3'-UTR region) or
DNM3OS IncRNA in WI-38 cells. GAPDH is used as negative control. (C) In vitro biotin-RNA pull-down followed by RT-gPCR to determine
the interaction between MIR222HG and ILF3/2-target RNAs in WI-38 cells. Relative fold enrichment of EIFAE mRNA and DNM3OS IncRNA
are calculated by comparing to biotin-YFP. GAPDH is used as negative control. (D) RT-gPCR to quantify the levels of DNM3OS IncRNA in control
and MIR222HG-depleted WI-38 cells in quiescent and é-h post-serum-stimulated WI-38 cells. (E) RT-gPCR to quantify the levels of DNM3OS in
control and ILF3-depleted WI-38 cells post 6-h serum-stimulation. (F) RNA stability analyses of DNM3OS in control and MIR222HG-depleted WI-
38 cells. RNA is extracted from cells incubated with actinomycin D for indicated time points (min). Relative levels of RNA are measured via RT-
gPCR. (G) In vitro biotin-RNA pull-down followed by RT-qPCR to determine the interaction between MIR222HG and DNM3OS in control and
ILF3-depleted serum-stimulated WI-38 cells. Relative fold enrichment of DNM3OS IncRNA is calculated by comparing to biotin-YFP. GAPDH
is used as negative control. (H) Schematic of ILF3/2-MIR222HG-DNM30S RNP complex. (*) P<0.05, (**) P<0.01, (***) P<0.001, (****) P<
0.0001 by two-tailed Student's t-test, n= 3 for all figures. Error bars represent standard deviation.

2010; Das et al. 2018). We further confirmed the interac-  that the loss of MIR222HG did not cause a biologically sig-
tion between ILF3 and EIF4E and DNM30OS in WI-38 cells  nificant change in the interaction between IL3 and ILF2
by RIP experiment (Fig. 6B). Our results indicate that  (Supplemental Fig. S6C). We then investigated whether
MIR222HG along with ILF3/2 form a ribonucleoprotein MIR222HG regulates the expression or stability of RNAs
(RNP) complex and interacts with several of the known that interact with both MIR222HG and IL3/2 complex.
ILF3/2-interacting mRNAs and IncRNAs. DNM3OS (Dynamin-3 opposite strand) is one such candi-

We then sought to investigate whether MIR222HG hasa  date IncRNA that is transcribed from the intron of the
role in regulating the levels or complex assembly of ILF3 ~ DNM3 (Dynamin-3) gene and is conserved across mam-
and ILF2. Spliced MIR222HG-depleted cells did not mals. DNM3QOS is also a Inc-MIRHG, which encodes miR-
show changes in the total cellular levels of ILF2 or bothiso- ~ 199a-2 and miR-214. We observed that DNM3OS interacts
forms of ILF3 (NF90 and NF110) (Supplemental Fig. S6B). with both MIR222HG and ILF3 (Fig. 6B,C). Our genome-
By performing Proximity Ligation Assay (PLA), we found = wide transcriptome analyses revealed that, similar to
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MIR222HG, the level of DNM3OS was also significantly el-
evated during Q to SS transition (Fig. 2F; Supplemental
Table S2). RT-gPCR results also confirmed serum-stimulat-
ed induction of DNM3OS in WI-38 cells (Fig. 6D).
Furthermore, RNA-seq as well as RT-qPCR results revealed
that MIR222HG-depleted cells, upon serum stimulation,
failed to induce DNM3OS levels (Fig. 6D; Supplemental
Table S6). These results imply that both MIR222HG and
DNM3OS are induced upon serum stimulation, and
MIR222HG positively regulates the levels of DNM3OS.
On the other hand, EIF4E mRNA and protein levels were
not changed in MIR222HG-depleted cells (Supplemental
Fig. S6B,D).

Several recent studies have reported the role of
DNM3OS in epithelial-mesenchymal transition (EMT), cell
proliferation, and inflammation, and identified DNM3OS
as a positive regulator of cell proliferation (Watanabe
et al. 2008; Mitra et al. 2017; Das et al. 2018; Ai and Yu
2019). DNM3OS-depleted WI-38 cells showed defects in
cell cycle reentry postserum stimulation (Supplemental
Fig. S6E,F), supporting its role as a mediator of pro-prolifer-
ation. Finally, MIR222HG depletion not only decreased
DNM3OS levels but also reduced the level of miR-214,
an exonic MiRNA generated from the last exon of
DNM3OS (Supplemental Fig. S6G). In summary, our data
suggested a possibility that MIR222HG-DNM3QOS axis
could promote the cell cycle reentry of quiescent cells
upon serum stimulation.

We focused our initial efforts on understanding the in-
volvement of MIR222HG in regulating DNM3OS levels.
We found that ILF3-depleted cells showed defects in the
serum-stimulated induction of DNM3OS (Fig. 6E; Supple-
mental Fig. S6H). Reduced levels of DNM3OS in both
MIR222HG- (Fig. 6D) and ILF3-depleted cells (Fig. 6E) sug-
gest that ILF3/2-MIR222HG RNP complex could synergis-
tically regulate the levels of DNM3OS. RNA stability assay
showed that DNM3OS stability was significantly reduced
upon MIR222HG knockdown (Fig. 6F), suggesting that
MIR222HG facilitates the stability of DNM3OS RNA. We
examined whether MIR222HG regulates DNM3OS stabil-
ity by modulating the interaction between ILF3 and
DNM3OS. Control and MIR222HG-depleted cells did
not show any significant difference in the interaction be-
tween ILF3 and DNM3OS, as observed by ILF3 RIP fol-
lowed by RT-gPCR (Supplemental Fig. Sél). Next, we
asked whether the ILF3/2 complex facilitates the interac-
tion between MIR222HG and DNM3OS. MIR222HG bio-
tin-RNA pull-down followed by RT-gPCR in control and
ILF3-depleted serum-stimulated cell extracts revealed re-
duced interactions between MIR222HG and DNM3OS
upon ILF3 depletion (Fig. 6G). Based on our results, we
speculate that during serum stimulation, MIR222HG along
with IL3/2 form an RNP complex to stabilize DNM3OS (Fig.
6H), thereby promoting cell cycle reentry post cellular
quiescence.

1614 RNA (2020) Vol. 26, No. 11

DISCUSSION

In the present study, we focus on understanding the role of
IncRNAs during cell cycle reentry. Within the IncRNA rep-
ertoire, Inc-MIRHGs (microRNA-host-gene IncRNAs) con-
stitute an understudied family because they are often
considered as primary miRNA transcripts, without addi-
tional functions. In support of this argument, studies
have reported that several pri-MIRHGs are cleaved by Dro-
sha to make unproductive transcripts (Dhir et al. 2015a;
Pianigiani et al. 2018). However, earlier independent stud-
ies from our laboratory as well as other groups have docu-
mented miRNA-independent roles of Inc-MIRHGs (Ng
etal. 2013; Tseng et al. 2014; Colombo et al. 2015; Raveh
et al. 2015; Shih et al. 2017; Sun et al. 2018b; Du et al.
2019; Profumo et al. 2019). In the present study, we sys-
tematically annotated the role of human MIR222HG in
cell cycle reentry. These examples strongly support the
idea that it is not an uncommon but a rather general geno-
mic mechanism for a single gene locus to generate two
classes of independently functional noncoding RNAs.
From our RNA-seq analyses, we identified several differ-
entially expressed Inc-MIRHGs (DE-Inc-MIRHGSs) during
the course of quiescence onset and cell cycle reentry.
The up-regulated DE-Inc-MIRHGs during serum stimula-
tion have the potential to facilitate the quiescence exit/
cell cycle reentry, which is an event strongly associated
with tumor reoccurrence. Hence, it is not surprising that
some of the up-regulated DE-Inc-MIRHGs that we identi-
fied in our study (MIR3THG, MIR22HG, and MIR17HG)
were previously recognized as cancer biomarkers or regu-
lators of cancer progression (Montes et al. 2015; Shih et al.
2017; Su et al. 2018; Xu et al. 2019; Yuan et al. 2019). For
instance, MIR17HG can promote tumorigenesis and me-
tastasis of colorectal cancer and gastric cancer (Xu et al.
2019; Yuan et al. 2019). MIR3THG has been shown to
play roles in senescence modulation (Montes et al.
2015), MIR31HG has also been shown to play miR-31-inde-
pendent functions in regulating the HIF-1 transcriptional
network to drive oral cancer progression (Shih et al.
2017). These studies have substantiated the biological sig-
nificance of the DE-Inc-MIRHGs identified in our study.
Previous studies have reported coregulated or indepen-
dent expression patterns of miRNAs and their host genes
(Baskerville and Bartel 2005; Lutter et al. 2010; Budach
et al. 2016; Liu et al. 2018; Steiman-Shimony et al. 2018).
For example, DLEUZ2, which is down-regulated in pediatric
acute myeloid leukemia, was shown to express indepen-
dently from miR-15a/16-1, which are encoded within
DLEUZ (Morenos et al. 2014). Also, we previously demon-
strated that MIR1T00HG was up-regulated in G1 phase of
the cell cycle, independently of its encoded miRNAs,
such as miR-100 (Sun et al. 2018b). Similarly, in the present
study, we showed that spliced MIR222HG, but not miR-
221 or miR-222, was dramatically up-regulated during
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serum stimulation, implying that the mature MIR222HG
and miR-221/222 display independent expression pat-
terns. We also demonstrated that the major inciting factor
for the induction of mature MIR222HG upon serum stimu-
lation was the increased splicing efficiency of pri-
MIR222HG, due to enhanced SRSF1 binding. Our findings
suggest that transcriptional and posttranscriptional regula-
tions cooperate to fine-tune the levels of mature Inc-
MIRHGs and the miRNAs that are encoded within the
MIRHGs. It is not yet known how the association of
SRSF1 to MIR222HG is being regulated. We speculate
that SRSF1 binding could be modulated by serum-in-
duced posttranslational modifications of SRSF1 (i.e., phos-
phorylation). Alternatively, serum induction probably
could promote the recruitment of SRSF1-interacting fac-
tors to MIR222HG, which stabilizes the association of
SRSF1 to the MIR222HG transcript.

During the processing of SO-miRNAs, the crosstalk be-
tween the splicing factors and microprocessor proteins
dictates the relationship between miRNA biogenesis and
host gene RNA splicing. This falls under two general mod-
els: “synergic” and “competitive,” as described by several
previous studies (Wu et al. 2010; Janas et al. 2011; West-
holm and Lai 2011; Mattioli et al. 2013, 2014; Melamed
et al. 2013; Agranat-Tamir et al. 2014, Pianigiani et al.
2018). Synergic cases are exemplified by a type of intronic
miRNAs “mirtrons” whose production depends on the
splicing of their host gene (Berezikov et al. 2007b; West-
holm and Lai 2011). On the other hand, MCM7 and
MIR202HG, which host miR-106b-25 and miR-202, respec-
tively, identify examples of the competitive model (Mel-
amed et al. 2013; Agranat-Tamir et al. 2014). Notably,
both miR-106b-25 and miR-202 are splice site overlapping
miRNAs (SO-miRNAs) (Mattioli et al. 2014). We defined
miR-222 as a SO-miRNA in light of the newly identified
44 bp mini-exon that partially overlaps with pri-miR-222.
We concluded that the splicing and microprocessor ma-
chinery compete to process the pri-MIR222HG transcripts
during serum stimulation, reflected by the observation that
Drosha/DGCR8 complex antagonizes the access of SRSF1
to pri-MIR222HG. In this context, an earlier study reported
that SRSF1, instead of playing its canonical role as a splic-
ing factor, facilitated Drosha-mediated processing of pre-
miRNAs (Wu et al. 2010). The authors reported that the
overexpression of SRSF1 in Hela cells caused increased
levels of several miRNAs, including miR-7, miR-221, and
miR-222. In addition to the mature miRNA levels, SRSF1
overexpression also increased the levels of pre-miRNAs
when cells expressed minigenes containing miRNA pre-
cursors. Based on this, the authors claimed that SRSF1 pro-
motes the Drosha cleavage step of pri-miRNA processing,
resulting in enhanced syntheses of multiple miRNAs, in-
cluding miR-222/221. However, in WI-38 diploid fibro-
blasts, overexpression or knockdown of SRSF1 did not
affect the levels of miR-222. One possible explanation

for the discrepancy in results could be the fact that the
two studies utilized different cell lines and physiological
conditions (serum-stimulated WI-38 diploid fibroblasts
versus asynchronous Hela cancer cell line). LncRNA genes
are shown to generate a variety of isoforms in different cell
lines/tissues/species/biological scenarios (Ziegler and
Kretz 2017). We speculate that Hela cells might not ex-
press the serum-responsive MIR222HG isoform that con-
tains the 44 bp mini-exon. In such a scenario, miR-222
would behave as an intronic miRNA and could rely on
splicing for its biogenesis. In summary, these observations
indicate that MIR222HG gene expression is regulated by
differential splicing and intragenic miRNA biogenesis in
a cell type-specific manner.

LncRNAs can modulate transcription, pre-mRNA splic-
ing, RNA stability, and protein translation by regulating
the recruitment of proteins to chromatin and/or RNA
(Wang and Chang 2011; Noh et al. 2018; Sun et al.
2018a; He et al. 2019). We found that spliced MIR222HG
associated with the ILF3/2 complex. ILF3/2 heterodimeric
protein complex regulates both transcription and posttran-
scriptional events, such as RNA stability and translation
(Kuwano et al. 2010; Hu et al. 2013; Castella et al. 2015;
Nakadai et al. 2015; Jiang et al. 2017; Wu et al. 2018). Ear-
lier studies demonstrated the involvement of the ILF3/2
complex in modulating IncRNA functions. For example,
INcRNA LincIN-ILF3 complex regulates breast cancer me-
tastasis by inhibiting p21 translation (Jiang et al. 2017),
and ILF3-SALNR IncRNA complex modulates miRNA bio-
genesis (Wu et al. 2015). Our data indicated that
MIR222HG, DNM3OS, and ILF3/2 form RNP complex,
and MIR222HG/ILF3 complex positively regulate the
stability of DNM3OS IncRNA. Furthermore, we demon-
strated that ILF3/2-facilitates the interaction between
MIR222HG and DNM3OS. Hence, we hypothesize that
ILF3/2, with theirinherent ability to bind to double-stranded
RNAs, act as a “scaffold” to promote MIR222HG-DNM30S
duplex formation, and thereby stabilize DNM3OS. A similar
mechanism has been previously identified in the case of
HOTAIR-hnRNP B1 complex (Meredith et al. 2016; Nguyen
et al. 2018). HNRNP B1, by forming an RNP-complex with
HOTAIR facilitates RNA-RNA interactions between HOTAIR
and several target RNAs to initiate the heterochromatiniza-
tion. We therefore speculate that, ILF3, like hnRNP B1, func-
tions as an “RNA matchmaker protein.”

We found that DNM3OS-depleted WI-38 cells dis-
played defects in cell proliferation post quiescence, which
suggests that DNM3OS could be one of the downstream
effectors of MIR222HG-ILF3/2 axis. DNM3OS has been
previously shown to be involved in cell growth/prolifera-
tion (Watanabe et al. 2008; Mitra et al. 2017; Ai and Yu
2019). In human chondrocyte cells, DNM3OS enhanced
cell proliferation (Ai and Yu 2019). In mice, DNM3OS was
found to be essential for normal growth, based on a study
that showed its depletion caused defects in birth and/or
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development (Watanabe et al. 2008). DNM3OS is also
known to facilitate the mesenchymal-to-epithelial transi-
tion, cancer cell migration, and invasion; and elevated lev-
els of DNM3OS in patients were associated with poor
survival (Mitra et al. 2017). In this particular study, the au-
thors have reported that depletion of DNM3OS altered
multiple pathways including cytoskeleton regulation,
adherens junction, focal adhesion, and MAPK signaling
pathways. Interestingly, MIR222HG-depleted cells also
displayed defects in similar events/pathways (Fig. 5F; Sup-
plemental Fig. S5B), implying the involvement of
MIR222HG-DNM3OS axis in influencing crucial pathways
that regulate cell cycle reentry. Based on this, we speculate
that MIR222HG depletion caused cell cycle defects by re-
ducing the cellular level of another pro-proliferative Inc-
MIRHG, DNM3QOS. Future studies will focus on the molec-
ular mechanism by which MIR222HG controls DNM30OS
activity.

Although, in the current study, we identified the involve-
ment of MIR222HG-ILF3 RNP complex in regulating the
RNA stability of DNM3OS, a cell cycle regulator, we can-
not rule out the possibility that MIR222HG-ILF3 could in
addition engage in other molecular processes. For exam-
ple, ILF3 has been shown, by multiple studies, to have
pro-proliferative roles by serving as transcription factor or
cofactor to facilitate the expression of early serum-respon-
sive genes, including EGR1, MYC, JUN, and FOS (Nakadai
etal. 2015; Wu et al. 2018, 2019). Hence, it might also be
possible that MIR222HG plays additional roles in regulat-
ing transcription via modulating ILF3/ILF2 transcription
factor/cofactor activity.

We have proposed a working model to summarize our
findings about how MIR222HG promotes cell cycle reentry
post quiescence (Fig. 7). We showed that the abundant
and unstable pri-MIR222HG could undergo two mutually
independent processes. The dominant role of pri-
MIR222HG is to act as a substrate for miR-221/222 biogen-
esis. However, upon serum stimulation, a small but signifi-

cant fraction of pri-MIR222HG undergoes splicing, which
is mediated by enhanced SRSF1 binding, resulting in ele-
vated levels of the spliced mature MIR222HG IncRNA. The
mature IncRNA MIR222HG exerts miRNA-independent
functions to facilitate cell cycle reentry. Our preliminary
studies support a model that MIR222HG-ILF3/2 axis as-
sures the success of cell cycle reentry in WI-38 cells.

MATERIALS AND METHODS

Cell culture

WI-38 cells were cultured in 10% FBS + MEM with nonessential
amino acids (NEAA) and sodium pyruvate. To induce cellular qui-
escence, cells were cultured in 0.1% serum for 3 d. Then, serum
reactivation was performed by adding back the regular 10% se-
rum growth medium. For lentivirus packaging, HEK293T cells
were cultured using DMEM containing 10%FBS (heat inactivated).

RNA-seq and bioinformatics analyses

Total RNA was extracted using RNeasy Mini Kit and DNA was re-
moved using DNase | (Qiagen, Cat# 74104). The RNA-seq librar-
ies were prepared with lllumina’s TruSeq Stranded mRNAseq
Sample Prep kit and polyadenylated mRNAs were captured
with oligo(dT) beads. Paired-end, poly(A)* RNA-sequencing was
performed on the lllumina platform (Novaseq 6000, SP flowcell)
at the Roy J. Carver Biotechnology Center at UIUC. Quality of
RNA-seq reads was examined by FASTQC. RNA-seq reads were
aligned to the human reference genome GRCh38 assembly using
HISAT2 (Kim et al. 2015). Transcript assembly and expression as-
sessment was performed using Stringtie (Pertea et al. 2015) to get
the TPM (Transcripts Per Million) values for each gene. Read cov-
erage BigWig (bw) files were generated with RPKM normalization
using bamCoverage in deepTools (Ramirez et al. 2016). Bw files
from two biological replicates were further merged using
bigWigMerge and bedGraghToBigWig. For statistical analyses,
raw gene counts were first analyzed by HTseg-Count (Anders
et al. 2015), then analyzed using edgeR (Robinson et al. 2010).
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FIGURE 7. Schematic of MIR222HG biogenesis and potential mode of action.
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Qualifiable expression was defined by CPM >0.1 in at least two
samples out of total eight samples. Normalization of library size
was performed by calcNormFactors in edgeR with the default
TMM method. For visualization of the transcriptome profile, heat-
maps were plotted using coolmap function from limma package
(Ritchie et al. 2015), with row centering and scaling. Hierarchical
clustering of genes (rows) was performed with average-linkage
method. Differential expression analyses were performed using
exactTest between every two adjacent cell cycle phases.
Differentially expressed genes (DEGs) were defined by |loga(fold
change)|> 1 and FDR <0.05.

Gene ontology analyses and GSEA (gene set enrichment anal-
ysis) were performed using clusterProfiler of Bioconductor (Yu
et al. 2012). Specifically, gene ontology for biological process
was performed using enrichGO function, Kegg pathway analyses
were performed using enrichKEGG. All enrichment analyses in-
clude using a background gene list containing all 17,640 genes
that showed qualifiable expression in the RNA-seq. GSEA analysis
was performed using gseGO function and gene lists were ranked
using logFc values.

MIRHGs, in this study, were defined when the coordinates of a
gene include the coordinates of a miRNA gene. The coordinate
information of the gene/exons was extracted from the GRCh38
assembly GTF file (v94 of Ensembl). Forintragenic miRNA catego-
rization, miRNAs that completely locate within any exon of a
MIRHG were defined as exonic-miRs. MiRs were defined as
intronic miRs when they do not overlap with any exonic regions
of any genes. The rest of intragenic miRNAs were then defined
as spliced site overlapping miRNAs (SO-miRs).

MicroRNA quantification

TagMan assays were performed for measuring the mature
miRNAs as per manufacturer’s instruction. hsa-miR-222 was mea-
sured and normalized to U6 (TagMan, Cat# 4427975 with AssaylD
002276 and 001973, respectively). The method of measuring pre-
cursor miRNA (pre-miRs) was adapted from a previous study
(Kawahara 2012). Small RNAs were isolated using miRVANA
(Ambion, Cat# AM1560). Tug small RNA was then used for 3’ Pol-
yadenylation addition using Poly(A) Polymerase Tailing Kit
(Epicentre, Cat# PAP5104H), followed by DNase | treatment
(Sigma, Cat# AMPD1) and reverse transcription (Applied Biosys-
tems, Cat# 4368814) with a customized RT primer (Customized
Oligo-dT RT primer, see primer table in Supplemental Materials
and Methods). Quantification of pre-miRNAs was performed by
RT-gPCR with customized primers (222-3tail-gPCR-F, U6-3tail-
gPCR-F, 3tail-qpcr-R, see primer table in Supplemental Materials
and Methods). Ué served as loading control.

Single-molecule fluorescence RNA in situ
hybridization (smRNA-FISH)

The MIR222HG smRNA FISH probe set was designed using Stel-
laris Probe Designer, and consisted of 29 20-mer DNA oligonu-
cleotides. Full-length (1.3 kb) MIR222HG sequence was used as
input for probe design. 3'amino group modified oligonucleotides
(LGC Biosearch Technologies) were pooled and coupled with Cy3
Mono NHS Ester (GE Healthcare). WI-38 cells were seeded on
coverslips for serum starvation and release. At harvest, cells

were fixed with 10% neutral buffered formalin (Sigma,
HT501128) for 10 min at room temperature and permeabilized
with 70% ethanol for overnight at —20°C. The coverslips were
then washed with Buffer A (20% Stellaris RNA FISH Wash Buffer
A [Biosearch Technologies, SMF-WA1-60] and 10% formamide
in nuclease-free water) for 5 min at room temperature and incu-
bated with hybridization buffer (90% Stellaris RNA FISH Hybridi-
zation Buffer [Biosearch Technologies, SMF-HB1-10] and 10%
formamide) containing ~125 nM of the Cy3-labeled MIR222HG
smFISH probe in a humidified chamber in the dark at 37°C for
16 h. After hybridization, the coverslips were washed twice with
Buffer A, 30 min for each of the washes, in the dark at 37°C.
DNA were counterstained by DAPI during the second wash.
The coverslips were then washed with Stellaris RNA FISH Wash
Buffer B (Biosearch Technologies, SMF-WB1-20) for 5 min in the
dark at room temperature and mounted onto microscope slides
with VectaShield Antifade Mounting Medium (Vector Laborato-
ries, H-1000). Z-stack images were taken using DeltaVision micro-
scope (GE) equipped with 60x/1.42 NA oil immersion objective
(Olympus) and CoolSNAP-HQ2 camera. Images were then pro-
cessed through deconvolution and maximum intensity projection.

DATA DEPOSITION

RNA-seq files were submitted to GEO. The asynchronous, quies-
cent, and serum stimulated WI-38 RNA-seq files are in
GSE144710. The RNA-seq data of MIR222HG-depletion experi-
ment are in GSE145212. Mass spectrometric data has been sub-
mitted to ProteomeXchange via the PRIDE database
(PXD017585).
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Supplemental material is available for this article.
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