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ABSTRACT

Studying the dynamics of three-dimensional (3D) chromatin structure is essential to understand
biological processes in the cell nucleus. Recent publications based on integrative analysis of
multi-omics studies have provided comprehensive and multilevel insights into 3D genome
organization emphasizing its role during transcriptional regulation. While enhancers are
regulatory elements that play a central role in the spatiotemporal control of gene expression,
chromatin looping has been broadly accepted as a means for enhancer-promoter interactions
allowing them to stablish cell-type-specific gene expression signatures. On the other hand, G-
quadruplexes (G4s) are non-canonical DNA secondary structures that are both, enriched at
promoters and related to increased gene expression. However, the role of G4s in promoter-
distal regulatory elements, such as super-enhancers (SE), as well as in 3D genome organization
and chromatin looping mediating long-range enhancer-promoter interactions has remained
elusive. Here we show that mature microRNA 9 (miR-9) is enriched at promoters and SE of
genes that are inducible by tissue growth factor beta 1 (TGFB1) signaling. Further, we found
that nuclear miR-9 is required for chromatin features related to increased transcriptional
activity, such as broad domains of the euchromatin histone mark H3K4me3 (histone 3 tri-
methylated lysine 4) and G4s. Moreover, we show that nuclear miR-9 is required for promoter-
super-enhancer looping. Our study places a nuclear microRNA in the same structural and
functional context with G4s and promoter-enhancer interactions during 3D genome
organization and transcriptional activation induced by TGFB1 signaling, a critical regulator of

proliferation programs in cancer and fibrosis.

KEYWORDS: nuclear miRNA, transcription, miR-9, G-quadruplex, promoter-enhancer

looping, transforming growth factor, TGFB
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INTRODUCTION

The nuclear genome in eukaryotic cells consists of DNA molecules packaged into thread-like
structures known as chromosomes, which are built of chromatin. Thus, chromatin is the
physiological template for biological processes in the nucleus of eukaryotic cells. Studying
how chromatin is folded inside the cell nucleus and its dynamic three-dimensional (3D)
structure is essential to understand these biological processes that comprise transcription,
RNA-splicing, -processing, -editing, DNA-replication, -recombination, and -repair. The
chromatin is hierarchically organized at different levels including chromosomal territories,
compartments, and self-interacting topologically associating domains (TADs) altogether
giving rise to a highly dynamic 3D genome organization % 2. Remarkably, the structure of the
genome is intrinsically associated with its function as shown by extensive correlations between
chromatin condensation and related gene transcription. For example, chromatin shows
condensed regions, referred to as heterochromatin (by convention, transcriptionally
“inactive”), and less condensed regions, referred to as euchromatin (transcriptionally “active”).
Transcriptional regulation directly corresponds to the mechanisms of how chromatin can be
structurally arranged making it accessible for the transcription machinery 2. These mechanisms
regulating chromatin structure and transcription comprise histone modifications, histone
deposition, nucleosome remodeling, DNA methylation, non-coding RNAs (ncRNA), and
secondary structures of nucleic acids, among others #°. In addition, an increasing number of
recent publications based on integrative analysis of multi-omics studies implementing next-
generation sequencing (NGS) technologies, chromosome conformation capture-based
methods, and super-resolution microscopy have provided comprehensive and multilevel

insights into 3D genome organization emphasizing its role during transcriptional regulation °.
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Chromatin structure alone does not determine the functional status of a gene, but it effectively
enables RNA polymerase Il (Poll Il) recruitment to the promoters, as well as binding of
transcription factors, co-activators, co-repressors to DNA sequences that function as regulatory
elements controlling gene expression . A promoter is a sequence of DNA to which proteins
bind to initiate transcription of RNA molecules that are usually complementary to the DNA
sequence that is located 3" of the promoter. On the other hand, enhancers are relatively short
(~100-1000 bp) DNA sequences that are bound by transcription factors and regulate gene
transcription independent of their distance, location, or orientation relative to their cognate
promoter 214 Super-enhancers (SE) have been proposed to be long genomic domains
consisting of clusters of transcriptional enhancers enriched with histone modification markers
(such as histone 3 mono-methylated at lysine 4 or acetylated at lysine 27, H3K4mel and
H3K27ac respectively), cofactors (such as mediator of RNA polymerase Il transcription
subunit 1, MED1, and components of the multimeric protein complex Cohesin), chromatin
modifying proteins (such as E1A Binding Protein P300, EP300) and cell-type-specific
transcription factors '°17. One versatile feature of chromatin is its ability to form a loop,
mediating long-range interactions in which two distant sequences of DNA come to close
physical proximity. Chromatin looping has been broadly accepted as a means for enhancer-

promoter interactions 8 1°,

In addition to the predominant DNA double-helix structure, there are different non-canonical
DNA secondary structures, including G-quadruplex (G4), R-loop, H-DNA, Z-DNA, etc. 6. A
G4 is a stable nucleic acid secondary structure formed by square planes, in which four guanines
located in the same plane stabilized by a monovalent cation 2% 21, While the early work about
G4s mainly focused on their roles in telomeres 22, recent studies demonstrated that G4s are

both, enriched at promoters > 24 and related to increased gene expression 2>2°, On the other
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100  hand, G4s were also located in gene bodies and related to reduced gene expression by inhibiting
101 elongation of RNA polymerase 3 31, All these previous studies characterized the biological
102 function of G4s in promoter or promoter-proximal regions enhancing or reducing gene
103  expression depending on the relative position of G4s. Nevertheless, the role of G4s in
104  promoter-distal regulatory elements, such as SE, as well as in chromatin looping mediating

105  long-range enhancer-promoter interactions remains unclear.
106

107 The majority of the eukaryotic genome is transcribed into ncRNAs including microRNAs
108  (miRNAs, 21-25 nucleotides long) and long non-coding RNAs (IncRNAs, >200 nucleotides
109 long) %. LncRNAs are important regulators of different biological processes in the nucleus 3.
110  Together with other factors, INCRNAs provide a framework for the assembly of defined
111 chromatin structures at specific loci, thereby modulating gene expression, centromere function
112 and silencing of repetitive DNA elements 3336, Although miRNAs are assumed to act primarily
113 inthe cytosol by inhibiting translation 3’, mature miRNAs have been also reported in the nuclei
114  of different cells 34!, Interestingly, a hexanucleotide element has been reported to direct
115  miRNA nuclear import #2, nevertheless, the function of miRNAs in the cell nucleus has been
116  sparsely studied. Here we report on microRNA-9 (miR-9), which even though its nucleotide
117 sequence is highly conserved across species, also shows high diversity in expression patterns
118 and biological functions depending on the cellular context > 44, For example, miR-9 has been
119  reported to target the INcCRNA MALAT1 for degradation in the cell nucleus **. However, it has
120  not been linked to transcription regulation, chromatin structure nor 3D genome organization.
121 Here we propose a mechanism of transcriptional regulation of transforming growth factor beta
122 1 (TGFB1) responsive genes that requires nuclear miR-9 and involves G4s and promoter-SE
123 looping.

124
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125  RESULTS
126 Mature miR-9 is detected in the cell nucleus enriched at promoters and introns.

127 A phylogenetic tree that was generated using the sequences of mature mouse miRNAs and a
128 heat map comparing their sequence similarity showed that miR-9 clustered together with
129  miRNAs that have been functionally characterized in the cell nucleus, such as miR-29b-3p #?,
130 miR-126-5p * and let-7d-5p & (Figure 1a, top). Sequence alignment between mouse miR-126-
131 5p, miR-9 and miR-29b-3p showed that various nucleotides are conserved in a sequence stretch
132 that was reported as nuclear shuttling motif from miR-126-5p “° (Figure 1a, bottom). We called
133 the partially conserved sequence 5 -AKYACCWUUUGRUWA-3" as expanded miRNA
134 nuclear shuttling motif. In addition, we found that the human orthologs of these mature
135 miRNAs, hsa-miR-126-5P, hsa-miR-29B-3P and hsa-miR-9-5P, also contain this expanded
136 miRNA nuclear shuttling motif (Supplementary Figure 1a), showing that it is conserved across
137 species. To confirm the nuclear localization of mature miR-9, we performed expression
138 analysis after cell fraction using TagMan assays specific for mature miR-9 and total RNA
139  isolated from the cytosolic and the nuclear fractions of different cells (Figure 1b and
140  Supplementary Figure 1b), including mouse lung fibroblasts (MLg and MFML4), mouse lung
141 epithelial cells (MLE-12), mouse mammary gland epithelial cells (NMuMG), and primary
142 human lung fibroblasts (hLF). We detected mature miR-9 not only in the cytosolic fraction but
143 also in the nuclear fraction of all cells analyzed. Interestingly, the relative levels of nuclear
144 miR-9 were higher in mouse fibroblasts when compared to epithelial cells. Further, the nuclear
145  localization of miR-9 was confirmed by RNA fluorescence in situ hybridization (FISH) in MLg
146 cells (Figure 1c, top; Supplementary Figure 1c, left), which also showed that specific regions
147 of the nucleus were miR-9 depleted. These results were further validated by loss-of-function
148  (LOF) experiments using unlabeled miR-9-specific antagomiR probes (Figure 1c, bottom;

149  Supplementary Figure 1c, right). All these results suggest that miR-9 has a function in the cell
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150  nucleus. To investigate the role of miR-9 in the cell nucleus we performed a sequencing
151  experiment after chromatin isolation by miRNA purification (ChIRP-seq, Figure 1d and
152 Supplementary Figure 1d) using chromatin from MLg cells and control (Ctrl) or miR-9-specific
153  biotinylated antisense oligonucleotides for the precipitation of endogenous mature miR-9 along
154  with the chromatin bound to it. The genome-wide binding profile analysis of miR-9 (Figure 1d)
155  revealed over twofold increase in the number of miR-9 peaks at promoters and intronic regions
156  compared to the annotated promoters and intronic regions in the mouse genome. The loci of
157  these putative miR-9 targets were distributed on all chromosomes (n =2,637; Supplementary
158  Figure le-f). From the miR-9 ChIRP-seq results we selected putative miR-9 target genes
159  (Zdhhc5, Ncl, Lzts2 and Hdac7) for further analysis. Visualization of the loci of these putative
160  miR-9 target genes using the integrative genomic viewer (IGV) (Figure 1e) showed miR-9
161  enrichment at the promoters, whereas no miR-9 enrichment was detected at the promoter of the
162  negative control Prapl. These results were confirmed by quantitative PCR after ChIRP using
163 promoter-specific primers, chromatin from MLg cells and Ctrl or miR-9-specific biotinylated
164  antisense oligonucleotides for the precipitation of endogenous miR-9-chromatin complexes
165  (Figure 1f). Our results together demonstrate that mature miR-9 is in the cell nucleus and
166  directly binds to promoters of putative miR-9-target genes suggesting a potential role in

167  transcription regulation.
168

169  MiR-9 is required for H3K4me3 broad domains, high basal transcriptional activity, and

170  G-quadruplex formation at promoters.

171 To further investigate a potential role of nuclear miR-9 in transcription regulation, we
172 performed a sequencing experiment after chromatin immunoprecipitation assay (ChIP-seq,
173 Figure 2a, Supplementary Figure 2a) using antibodies specific for the euchromatin histone
174 mark, tri-methylated lysine 4 of histone 3 (H3K4me3), and chromatin from MLg cells that

7
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175  were transiently transfected with Ctrl or miR9-specific antagomiR to induce a miR-9-LOF.
176  Interestingly, miR-9-LOF significantly reduced the broad domains of H3K4me3 from 55% in
177 Ctrl transfected cells to 27% after miR-9-LOF (P < 0.01), whereas medium and narrow
178 H3K4me3 domains increased. The reduction of H3K4me3 broad domains after miR-9-LOF
179 was confirmed by confocal microscopy after H3K4me3-specific immunostaining in Ctrl- and
180  miR-9-antagomiR transfected MLg cells (Supplementary Figure 2b). Since broad domains of
181 H3K4me3 have been associated with increased transcription elongation “6, we analyzed the
182  transcriptome of MLg cells after miR-9-LOF by total RNA sequencing (RNA-seq, Figure 2b-
183 ¢, Supplementary Figure 2c). Remarkably, from the transcripts that were significantly affected
184  after miR-9-LOF (n = 3,320), only a minority (n =881; 26.5%) showed increased expression
185  after miR-9-LOF, whereas 73.5% (n = 2,439) showed reduced expression with a median of
186  1.03 log2 RPKM and an interquartile range (IQR) of 1.51 log2 RPKM (P = 5.34E-36), when
187 compared to 1.50 log2 RPKM (IQR = 1.81 log2 RPKM) in Ctrl antagomiR transfected cells
188  (Figure 2c, top). The expression of genes without miR-9-enrichment (non-targets) as
189  determined by miR-9 ChIRP-seq (Figure 1d-e and Supplementary Figure 1d) was non-
190  significantly affected after miR-9-LOF (Figure 2c, bottom) supporting the specificity of the
191  miR9-specific antagomiR. These results indicate that miR-9 is required for high basal
192  transcriptional activity of its target genes. This interpretation was supported by ChIP-seq in
193  mouse embryonic fibroblasts (MEF) using antibodies specific for total RNA polymerase Il (Pol
194 1) and serine 5 phosphorylated Pol 11 (Pol 11 S5p, ®) showing transcription initiation. Heat maps
195  representing the results of the miR-9 ChIRP-seq (Figure 2d), Pol 11 and Pol Il S5p ChlP-seq
196  (Figure 2e) revealed that Pol Il and Poll 1l S5p were enriched at the transcription start sites
197 (TSS) of the genes coding for the transcripts that were significantly affected after miR-9-LOF
198  (further referred to as miR-9 target genes). Moreover, genome-wide precision nuclear run-on

199  assay (PRO-seq) 4’ and global run-on sequencing (GRO-seq) 8, both in MEF, showed nascent
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200 RNAs at the TSS of the miR-9 target genes demonstrating their basal transcriptional activity
201 (Figure 2f). Correlating with these results, we also observed at the TSS of the miR-9 target
202  genes increased chromatin accessibility and increased H3K4me3 levels by assay for
203  transposase-accessible chromatin with sequencing (ATAC-seq) and ChlP-seq, respectively
204  (Figure 2g). To gain further insights into these results, we performed a motif analysis of the
205  miR-9 target genes and identified significant enrichment of nucleotides motifs with high G
206  content (Figure 2h), as the ones that favor the formation of G4 © 2°. Remarkably, we found
207 similar motifs significantly enriched in loci that form G4 as determined by G4 ChlP-seq.
208 Further, since G4 has been shown to cooperate with transcription factors at gene promoters 2"
209 28, we analyzed publicly available NGS data that were generated implementing different
210  methods for the assessment of G4 formation (Figure 2i). On one hand, we analyzed ChIP-seq
211  data that were generated using an artificial 6.7 kDa G4 probe (G4P) protein, which binds G4s
212 with high affinity and specificity 2. On the other hand, we analyzed NGS data that were
213 generated by G4access, which is an antibody-independent method that relies on moderate
214 nuclease digestion of chromatinized DNA 2. Remarkably, we found by both approaches
215  enrichment of G4 at the TSS of the miR-9 target gene (Figure 2i). Our results demonstrate that
216  the TSS of miR-9 target genes show (1) reduced nucleosome density, (2) increased levels of
217  the euchromatin histone mark H3K4me3, (3) enrichment of G4, miR-9 and transcription

218 initiating Poll Il S5p, and (4) nascent RNAs.
219

220  Loci visualization of selected miR-9 target genes (Zdhhc5, Ncl, Lzts2, Hdac7, Gata6 and
221 Ep300) using the IGV genome browser (Figure 3a top and Supplementary Figure 3) showed
222 enrichment of the euchromatin histone mark H3K4me3 at the promoters, which was reduced
223 after miR-9-LOF. We also observed at the same loci nascent RNA, supporting basal

224 transcriptional activity, and G4 enrichment. Interestingly, a zoom in to the loci revealed G-rich
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225  sequences that favor the formation of G4 © 2 (Figure 3a, bottom, and Supplementary Figure
226 3). These results were confirmed by promoter analysis of Zdhhc5, Ncl and Lzts2 by ChIP using
227 H3K4me3- or G4- specific antibodies and chromatin from MLg cells that were transiently
228  transfected with Ctrl or miR9-specific antagomiR probes (Figure 3b). We detected H3K4me3
229  and G4 enrichment at the promoters of all analyzed miR-9 target genes in Ctrl antagomiR-
230  transfected cells, which was significantly reduced after miR-9-LOF. Our results demonstrate
231  that the promoters of miR-9 target genes are enriched with H3K4me3 and G4, correlating with
232 the basal transcriptional activity detected by RNA-seq (Figure 2b-c), in a miR-9-dependent

233 manner.
234
235  Nuclear miR-9 is enriched at super-enhancers and is required for G-quadruplexes.

236 Alluvial plot implementing the data from miR-9 ChIRP-seq and G4P ChIP-seq 2* showed
237 enrichment of miR-9 and G4 at loci that are also enriched with markers of active SE, such as
238 MED1 and H3K27Ac *°%° (Figure 4a). Furthermore, a Venn diagram using the same data sets
239 together with the data from a GRO-seq experiment “8 showed 3,583 common loci (Figure 4b)
240  suggesting transcriptional activity from these loci. Remarkably, 95.5% (n = 3,423) of these
241  transcripts were found in the animal eRNA database °! as enhancer RNAs (eRNA) (Figure 4c).
242 Moreover, mapping the miR-9 ChIRP-seq data to known loci of typical enhancer (TE) or SE
243 showed that miR-9 is significantly enriched at SE (Figure 4d). These results were confirmed
244 by further analysis of the miR-9 ChIRP-seq data together with publicly available ChIP-seq data
245  of proteins that have been related to SE (Figure 4e). Aggregate plots showed enrichment of
246 miR-9 specifically at SE together with MED1, MYC, H3K27Ac, KLF4, MEIS1, EP300,
247  HDAC1, SMAD3, BRG1, HDAC2, EST1 and RAD21. In addition, we also observed
248 enrichment of CHD4 and SMARCADS at the same SE as miR-9. Supporting these observations,
249  we found that miR-9 pulled down endogenous CHD4 and SMARCAS5 by miRNA pulldown

10
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250 (miR-Pd) followed by Western Blot (Supplementary Figure 4a), whereas both proteins
251 precipitated endogenous miR-9 by chromatin-RNA immunoprecipitation (Ch-RIP) followed
252 by miR-9-specific TagMan assays (Supplementary Figure 4b). Our results suggest CHD4 and
253  SMARCADS5 as components of SE. Remarkably, aggregate plots using G4-specific ChiP-seq
254 data 2* showed G4 enrichment at the same SE as miR-9 in mouse lung fibroblasts (MLg cells)

255  and adenocarcinoma human alveolar basal epithelial cells (A549 cells) (Figure 4f).
256

257 Loci visualization of selected SE with miR-9 enrichment using the IGV genome browser
258  (Figure 5a top and Supplementary Figure 5) confirmed the enrichment of G4 at the same loci,
259  as well as of MED1, KLF4 and H3K27Ac “*°, which are markers of active SE. Interestingly,
260 azoom in to the loci revealed G-rich sequences that favor the formation of G4 & 20 (Figure 5a,
261  bottom, and Supplementary Figure 5). These results were confirmed by analysis of the loci of
262  these SE by ChIP followed by gPCR using H3K4me3- or G4-specific antibodies and chromatin
263  from MLg cells that were transiently transfected with Ctrl or miR9-specific antagomiR probes
264  (Figure 5b). We detected H3K4me3 and G4 enrichment at the loci of all analyzed SE in Ctrl
265  antagomiR-transfected cells, which was significantly reduced after miR-9-LOF. Our results
266 demonstrate that SE with miR-9 enrichment are also enriched with H3K4me3 and G4 in a miR-

267  9-dependent manner.
268
269  Promoter-super-enhancer looping of TGFB1-responsive genes requires miR-9.

270  To further elucidate the biological relevance of our findings we performed gene set enrichment
271 analysis (GSEA) *2 of the loci with miR-9 enrichment and nascent RNA as determined by miR-
272 9 ChIRP-seq and GRO-seq, respectively (Figure 6a-b). We found significant enrichment of

273 genes related to the categories “TGFB cell response” (P = 7.55E-09), “TGFB” (P = 2.61E-08),

11
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274 “Cell proliferation” (P = 4.66E-08) and “Fibroblasts proliferation” (P = 1.61E-07), suggesting
275 an involvement of the loci with miR-9 enrichment and nascent RNA in these biological
276 processes. To link this observation with our results showing reduction of H3K4me3 after miR-
277 9-LOF at specific promoters (Figure 3b) and SE (Figure 5b) we did ChlP-seq using H3K4me3-
278  specific antibodies and chromatin from MLg cells that were transiently transfected with Ctrl or
279  miR9-specific antagomiR probes, and non-treated or treated with TGFB1 (Figure 6¢ and
280  Supplementary Figure 6a-b). Loci visualization of the selected miR-9 target genes (Zdhhc5,
281  Ncl, Lzts2, Hdac7, Gata6 and Ep300) using the IGV genome browser showed H3K4me3
282  enrichment at the promoters in non-treated, and Ctrl antagomiR transfected MLg cells that
283  increased after TGFB1 treatment. However, a combination of TGFB1 treatment and miR9-
284  specific antagomiR transfection showed that miR-9-LOF counteracted the effect caused by
285  TGFB1 demonstrating the requirement of miR-9 for the chromatin changes induced by TGFB1

286  and suggesting its requirement for TGFB1-inducibility of the analyzed genes, as shown below.
287

288  Since we observed enrichment of miR-9, H3K4me3 and G4 not only at promoters of miR-9
289  target genes (Figures 1-3), but also in specific SE (Figures 4-5), we decided to analyze the
290  genome-wide effect of TGFB1 on chromatin conformation by a technique that consists of an
291 in situ Hi-C library preparation followed by a chromatin immunoprecipitation (HiChIP). For
292  this HiChIP-seq we used H3K4me3-specific antibodies to precipitate active SE and chromatin
293 from MLg cells that were transiently transfected with Ctrl or miR9-specific antagomiR probes,
294  and non-treated or treated with TGFB1 (Figure 6d and Supplementary Figure 7). Analysis of
295  the H3K4me3-specific HiIChlIP-seq data by k-means clustering revealed four clusters. We
296  focused on clusters 1 and 3 since we observed in these two clusters an increase of chromatin
297  interactions in response to TGFB1 treatment in a miR-9-dependent manner, since miR-9-LOF

298  reduced the effect caused by TGFBL. Interestingly, in these two clusters we found the loci of
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299  the miR-9 targets (Zdhhc5, Ncl, Lzts2 and Hdac7) that were selected based on our miR-9
300 ChIRP-seq (Figure 1c-e). Further, we generated IGV genome browser snapshots to visualize
301  the enrichment of miR-9, G4, MED1, KLF4 and H3K27ac at the loci of promoters of miR-9
302  target genes and SE with miR-9 enrichment (Figure 7a, top). In the same snapshots we
303  presented the results of the H3K4me3-specific HiChIP-seq (Figure 7a, bottom) showing
304  chromatin loops between the promoters of miR-9 target genes and SE with miR-9 enrichment
305 in Ctrl antagomiR-transfected cells. Strikingly, these promoter-SE-loops increased in TGFB1
306 treated cells in a miR-9-dependent manner, since miR-9-LOF counteracted the effect caused by
307 TGFB1. To correlate the results from H3K4me3-specific HiChlP-seq with changes in
308  chromatin, we analyzed the promoters and SE with miR-9 enrichment by ChIP gPCR using
309 H3K4me3- and G4-specific antibodies and chromatin from MLg cells that were transfected
310  with Ctrl or miR-9-specific antagomiRs, and non-treated or treated with TGFB1 (Figure 7b).
311  TGFBL1 treatment significantly increased H3K4me3 and G4 levels at the analyzed promoters
312 and SE. Further, miR-9-LOF significantly reduced the effect caused by TGFB1 treatment,
313  whereas miR-9-LOF alone significantly reduced H3K4me3 and G4 levels when compared to
314  Ctrl antagomiR transfected cells. To correlate these changes in chromatin structure with gene
315  expression, we analyzed the expression of miR-9 target genes by qRT-PCR in MLg cells under
316  the same conditions as specified above (Figure 8a). The expression of all analyzed miR-9 target
317  genes significantly increased after TGFB1 treatment in miR-9-dependent manner, correlating
318  with our chromatin structure analysis (Figures 6¢ and 7b). Further, miR-9-LOF alone
319  significantly reduced the basal transcription levels of the analyzed miR-9 target genes when
320 compared to Ctrl antagomiR transfected cells confirming our RNA-seq results (Figure 2b-c
321 and Supplementary Figure 2¢). Summarizing, our results support a model (Figure 8b), in which
322 G4s are formed in a miR-9-dependent manner at both, promoters of TGFB1-responsive genes,

323 as well as SE with which these promoters form loops (left). Further, H3K4me3, G4 and
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324  promoter-SE looping increased after TGFB1 treatment allowing these two regulatory elements
325  to come to close physical proximity and enhance transcription of the corresponding genes
326 (middle) also in miR-9-dependent manner (right).

327
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328  DISCUSSION

329  Our study places a nuclear microRNA in the same structural and functional context with non-
330 canonical DNA secondary structures and 3D genome organization during transcription
331 activation. We uncovered a mechanism of transcriptional regulation of TFGB1-responsive
332 genes that requires nuclear miR-9 and involves G4s and promoter-SE looping. VVarious aspects
333  of the model proposed here are novel. For example, nuclear miR-9 had not been related to
334  transcription regulation nor chromatin structure prior to our study, even though miR-9
335  participates in a wide spectrum of biological functions including AGO2-dependent degradation
336 of the INCRNA MALATL in the cell nucleus ** ** %4, Previously, we have shown that other
337 nuclear miRNA, lethal 7d (Mirlet7d, also known as let-7d), is part of the ncRNA-protein
338 complex MICEE that mediates epigenetic silencing of bidirectionally transcribed genes and
339 nucleolar organization 3. In this context, nuclear Mirlet7d binds ncRNAs expressed from
340  these genes, and mediates their degradation by the RNA exosome complex. It will be the scope
341 of future work to determine whether nuclear miR-9 also binds to ncRNA expressed from the
342  miR-9 target loci and mediates their degradation by a similar mechanism. Following this line
343 of ideas, it has been reported that G4s are found in genomic regions containing R-loops °* %,
344  which are three-stranded nucleic acid structures consisting of a DNA-RNA hybrid and the
345  associated non-template single-stranded DNA 6. Supporting this line of ideas, we have
346  previously reported that R-loops regulate transcription in response to TGFB1 signaling °.
347 Interestingly, when a G4 is formed opposite to the R-loop on the associated single-stranded
348 DNA, a so called a G-loop structure is generated %’. Sato and colleagues recently reported a
349  mechanism involving G-loop structures, in which the transcripts stabilizing the R-loops are
350 relevant for the controlled resolution of the Gd4s, thereby preventing mutagenic G4s and

351  supporting genomic stability °”. We will investigate in a future project whether nuclear miR-9
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352 is involved in a similar mechanism targeting the ncRNAs in the R-loops and promoting

353  controlled G4 resolution during transcription initiation.
354

355  Another interesting aspect of the model proposed here is the participation of G4s in 3D genome
356  organization during transcription activation. DNA G4s are stable four-stranded non-canonical
357  structures that are highly related to promoters and transcription activation 226, Further, a recent
358  publication based on integrative analysis of multi-omics studies have provided comprehensive
359  mechanistic insights into the function of G4s as promoter elements that reduce nucleosome
360  density, increase the levels of active histone marks (H3K4me3 and H3K27ac), generate
361  nucleosome arrays by positioning nucleosomes at a periodic distance to each other and
362 facilitate pause release of Poll Il into effective RNA production resulting in enhanced
363  transcriptional activity 2. Even though similar chromatin features were described to be induced
364 by G4s at promoter-distal regulatory elements, such as SE %8, no mechanistic insights were
365  provided prior to our study elucidating the role of G4s in chromatin looping mediating long-
366  range enhancer-promoter interactions. We found that G4s are formed in a miR-9-dependent
367 manner at both, promoters of TGFB1-responsive genes, as well as SE with which these
368  promoters form loops (Figure 7a-b). Moreover, our results showed promoter-SE looping
369 increase after TGFB1 treatment allowing these two regulatory elements to come to close
370  physical proximity and enhance transcription of the corresponding genes (Figure 8a). One can
371 hypothesize that G4 could stabilize the interaction between these two regulatory elements
372 allowing the increase of transcription. We will investigate this hypothesis in a future project

373 and whether the G4 are formed with DNA strands from the promoter and from the SE.

374
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375  Our miR-9-LOF experiments showed that miR-9 is required for H3K4me3 broad domains
376  (Figure 2a), basal transcriptional activity (Figure 2b-c) and TGFB1-inducibility (Figure 7c) of
377  miR-9 target genes. H3K4me3 is a well-characterized euchromatin histone mark related to
378  genes with high transcriptional activity, probably contributing to release of Poll Il pausing into
379  elongation # >, Furthermore, it has been shown that genes with broad domains of H3K4me3
380  are transcriptionally more active than genes with narrow domains #6 %, which is consistent with
381  our findings. Interestingly, H3K4me3 broad domains have been linked to genes that are critical
382 to cellular identity and differentiation %% %52, Moreover, H3K4me3 broad domains are
383  associated with increased transcription elongation and enhancer activity, which together lead
384  to exceptionally high expression of tumor suppressor genes, including TP53 and PTEN “6. On
385 the other hand, TGFB signaling is one of the prominent pathways implicated in
386 hyperproliferative disorders, including cancer 3% %3 8385 |n early stages of cancer, TGFB
387  signaling exhibits tumor suppressive effects by inhibiting cell cycle progression and promoting
388  apoptosis. However, in late stages, TGFB signaling exerts tumor promoting effects, increasing
389  tumor invasiveness, and metastasis. It will be the scope of our future work to determine the
390 clinical relevance of the model of transcription regulation proposed here within the context of

391  hyperproliferative disorders with special attention on carcinogenesis.

392
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393 MATERIALS AND METHODS

394

395  Cell culture

396 Mouse lung fibroblast cells MLg (ATCC CCL-206) and MFML4 ® were cultured in complete
397 DMEM (4.5 g/L glucose, 10% FCS, 1% Penn-strep, 2 mM I-glutamine) at 37 °C in 5% COa.
398  Mouse lung epithelial cells MLE-12 (ATCC CRL-2110) were cultured in complete
399  DMEMI/F12 (5% FCS, 1% Penn-strep) at 37°C in 5% CO2. Mouse mammary gland epithelial
400 cells NMuMG (ATCC CRL-1636) were cultured in complete DMEM (4.5 g/L glucose,
401 10mcg/mL insulin (90%), 10% FCS, 1% Penn-strep) at 37 °C in 5% CO2. Human primary lung
402  fibroblasts from control donors were cultured in complete MCDB131 medium (8% fetal calf
403 serum (FCS), 1% L-glutamine, penicillin 100 U/ml, streptomycin 0.1 mg/ml, epidermal growth
404  factor 0.5 ng/ml, basic fibroblast growth factor 2 ng/ml, and insulin 5 pg/ml)) at 37°C in 5%
405  CO2. During subculturing, cells were 1x PBS washed, trypsinized with 0.25% (w/v) Trypsin
406  and split at the ratio of 1:5 to 1:10. The cell lines used in this paper were mycoplasma free.
407 They were regularly tested for mycoplasma contamination. In addition, they are not listed in
408  the database of commonly misidentified cell lines maintained by ICLAC.

409

410  Cell transfection, treatment and antagomiR-mediated miR-9 loss-function

411  Cells were transfected with antagomiR probes (Ambion) using Lipofectamine 2000
412 (Invitrogen) following the manufacturer’s instructions, and harvested 24 h later for further
413 analysis. Anti-hsa-miR-Mir9-5p (Ambion, #17000), and Anti-miR negative control (Ambion,
414  #17010) were transfected at 60 nM final concentrations. Following 20 h after transfection,
415  TGFB1 signaling was induced with 5 ng/ml final concentration of human recombinant TGFB1
416  (Sigma-Aldrich) for 4 h.

417
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418  Bacterial culture and cloning

419  For cloning experiments, chemically competent E. coli TOP10 (ThermoFisher Scientific) were
420  used for plasmid transformation. TOP10 strains were grown in Luria broth (LB) at 37°C with
421 shaking at 180rpm for 16h or on LB agar at 37°C overnight.

422

423 RNA isolation, reverse transcription, quantitative PCR and TagMan assay

424  Expression analysis by qRT-PCR were performed as previously described ®'. Briefly, total
425  RNA from cell lines was isolated using the RNeasy Mini kit (Qiagen) and quantified using a
426 Nanodrop Spectrophotometer (ThermoFisher Scientific). Synthesis of complementary DNA
427 was performed using 1-2 pg total RNA and the High Capacity cDNA Reverse Transcription
428 kit (Applied Biosystems). Quantitative real-time PCR reactions were performed using SYBR®
429  Green on the Step One plus Real-time PCR system (Applied Biosystems). Housekeeping gene
430  Gapdh was used to normalize gene expression. Primer pairs used for gene expression analysis

431  are described in the following table:

Transcript Primer sequence (5°=2>3’)
Forward | AGGTGCGAATGAAATGGTGT
Zdhhc5
Reverse | TTTACCCAAGGGCAGTGATG
Forward | TGTTGTGGATGTCAGAACTGGT
Ncl
Reverse | GCTCCAAGGCCTTTTCTAGG
Forward | GCTGTGCCACTTTTGAACG
Lzts2
Reverse | TGAGATTCCTTCAGTTGCTGC
Forward | AGCTGGCTGAAGTGATCC
Hdac7
Reverse | TCACCATCAGCCTCTGAG
Prapl Forward | TGGGACCACTCAGCTACAAG
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Reverse | CCAGTTCTAAGACCTGCCC

432

433 For miR-9 expression analysis, total RNA was isolated with Trizol (Invitrogen), quantified
434 using a Nanodrop Spectrophotometer (ThermoFisher Scientific), 0.5-2 pg total RNA was used
435  for reverse transcription (High-Capacity cDNA Reverse Transcription Kit, ThermoFisher
436 Scientific) and subsequently miR-9-specific TagMan assay (Applied Biosystems) in the Step
437 One plus Real-time PCR system (Applied Biosystems).

438

439  MIRNA fluorescence in situ hybridization

440  MIRNA Fluorescence in situ hybridization (MiRNA-FISH) was performed as described earlier
441 ®with minor adaptations. Briefly, cells were fixed with 4% PFA, dehydrated with 70% ethanol
442  and incubated with pre-hybridization buffer (50% formamide, 5X SSC, 5X Denhardt’s
443 solution, 200 pg/ml yeast RNA, 500 pg/ml salmon sperm DNA and 2% Roche blocking reagent
444  in DEPC treated water). Incubation with pre-hybridization buffer was carried out during 4h at
445  room temperature. Pre-hybridization buffer was replaced with denaturizing hybridization
446 buffer (10% CHAPS, 20% Tween, 50% formamide, 5X SSC, 5X Denhardt’s, 200 pg/ml yeast
447  RNA, 500 pg/ml salmon sperm DNA and 2% Roche blocking reagent in DEPC treated water)
448  containing biotin and/or digoxin labeled Locked Nucleic Acid (LNATM) probes (Exigon)
449  specific to mature miR-9 and/or miR control respectively to a final concentration of 20 pM and
450  incubated at 55°C overnight. Next day, cells were briefly washed with 5X SSC buffer pre-
451 warmed to 60°C and then incubated with 0.2X SSC at 60°C for 1 h. Later, cells were incubated
452 with B1 solution (0.1 M Tris pH 7.5, 0.15 M NacCl) at room temperature for 10 min. B1 solution
453  was then replaced with blocking solution (10% FCS, 0.1 M Tris pH 7.5, 0.15 M NaCl) and

454 incubated for 1 h at RT. Cells were then incubated with FITC labeled rabbit anti-Biotin
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455  (Abcam) antibody overnight at 4°C. DAPI was used as nuclear dye. Cells were examined with
456  a fluorescence microscope (Leica).

457

458  Immunofluorescence and confocal microscopy

459  Immunostaining was performed as previously described 3. Briefly, cells were grown on
460  coverslips, fixed with 4% PFA for 10min at RT and permeabilized with 0.4% Triton-
461  X100/1xPBS for 10min at RT. During immunostaining procedure, all incubations and washes
462  were performed with histobuffer containing 3% bovine serum albumin (BSA) and 0.2% Triton
463  X-100in 1xPBS, pH7.4. Non-specific binding was blocked by incubating with BSA 5% serum
464  in 1x PBS, pH 7.4. Cells were then incubated with primary antibodies overnight at 4°C. After
465 3 washes with histobuffer (15 min each), secondary antibody was incubated at room
466  temperature for 1h followed by DAPI nuclear staining (Sigma, Germany). Immunostainings
467  were examined with an immunofluorescence microscope (Leica). Antibodies used were
468  specific anti-H3K4me3 (Abcam, ab8580). Alexa 488 or Alexa 594 tagged secondary antibodies
469  (Invitrogen, Germany, dilution 1:1000) were used. DAPI (Sigma, Germany) was used as
470  nuclear dye.

471

472 Chromatin isolation by miRNA purification and sequencing

473 Chromatin isolation by miRNA purification (ChIRP) was performed as described %8, with slight
474  modifications. Briefly, MLE-12 cells were cross-linked by 1% formaldehyde for 10min, lysed,
475  and sonicated with a Diagenode Bioruptor to disrupt and fragment genomic DNA. After
476  centrifugation, chromatin was incubated with 150 pmol of biotin-labeled anti-sense LNA
477 probes (Exigon) specific to mature Mirlet7d, or control, at 37 °C for 4h. Streptavidin-magnetic
478  C1 beads (Invitrogen) were blocked with 500ng/puL yeast total RNA and 1mg/mL BSA for 1h

479  at room temperature, and washed three times in nuclear lysis buffer (2mM Tris-HCI, pH 7.0,
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480  250mM NaCl, 2mM EDTA, 2mM EGTA, 1% Triton X-100, 0.2mM DTT, 20mM NaF, 20mM
481  Na3VO04, 40ug/mL phenylmethylsulfonyl fluoride, protease inhibitor, and RNase inhibitor in
482  DEPC-treated water) and resuspended in its original volume. We added 100 pL of
483  washed/blocked C1 beads per 100 pmol of probes, and the whole reaction was mixed for
484  another 30min at 37 °C. Beads:biotinprobes:RNA:chromatin adducts were captured by
485  magnets (Invitrogen) and washed five times with 40xbead volume of wash buffer. DNA was
486  eluted with a cocktail of 100pg/mL RNase A (ThermoFisher Scientific). Chromatin was
487  reverse cross-linked at 65 °C overnight. Later, DNA was purified using the QlAquick PCR
488  Purification Kit (Qiagen) according to manufacturer’s instructions and used for single gene
489  promoter analysis by gPCR and for sequencing. Primer pairs used for qPCR analysis are
490  described in in the sub-section “Chromatin immunoprecipitation” below. ChIRP-seq was
491 performed by single-end sequencing on an Illumina HiSeq2500 machine at the Max Planck-
492  Genome-Centre Cologne. Raw reads were trimmed using Trimmomatic-0.36 with the
493  parameters  (ILLUMINACLIP:${ADAPTERS}:2:30:10 LEADING:3  TRAILING:3
494  SLIDINGWINDOW:4:15 MINLEN:20 CROP:70 HEADCROP:10
495  (https://doi.org/10.1093/bioinformatics/btul70). Trimmed reads were mapped to mouse
496  genome mm10 using Bowtie2 (default settings) ®°. Next, PCR duplicates were removed from
497  the BAM files using the MarkDuplicates.jar tool from Picard (version 1.119). MCAS14 "® was
498  used (macsl4 -t ChIRP -c Inp -f BAM -p le-3 -g 1.87€9 --nomodel --shiftsize 30 -n; and -p le-
499 3 -g 1.87€9 --nomodel --shiftsize 100) with the aim to capture genome areas with miR-9
500 enrichement. Both peak results were merged with bedtools merge (bedtools merge -d 100 -i
501  cat PEAKS s 2.bed) with different annotation with annotatePeaks.pl from homer "X, Bam
502  files were converted to bigwig files by the help of bamCoverage from deptools (-bs 20 --
503  smoothLength 40 -p max --normalizeUsing RPKM -e 150) 2. The cis-regulatory element

504  annotation system (CEAS) 73 was used to determine the distribution of the peaks from miR-9
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505  ChIRP-seq in different genomic areas (intron, exon, 5' UTR, 3’ UTR, promoter, intergenic, and
506  downstream).

507

508  Motif analysis of ChIRP and G4-ChlP-seq data

509 MEME Suite (Motif-based sequence analysis tools) * was used for de-novo DNA motif.
510  search analysis. The miR-9 ChIRP-seq data file containing peaks annotated near the promoter
511 of the genes was used for the motif search. The G4 ChIP-seq ?* file containing peaks annotated
512 near the promoter of the genes was used for the motif search was used for the motif search
513  analysis. The settings in the de-novo DNA motifs search were: (1) a normal enrichment mode
514  to search the motif, (2) length of the motifs allow between 10 and 25bp widths, (3) motif site
515  distribution of any time of repetition on the fasta file and (4) three maximum motifs to report.
516

517 Enhancer areas enriched with miR-9

518  To determine the potential super enhancer marked or not marked by miR-9, we crossed the
519 miR-9 ChiRP-seq peaks list with the results from the peak list from H3K27ac peaks from
520 (GSM2417093) determined using the following parameters: findPeaks H3K27ac_maketaglib
521  -i Inp_makeTaglib -region -size 500 -minDist 20000 -fdr 0.05 -F 2 -style super -typical
522 output_enh -superSlope -1000 > OUPUT}_SE.txt.

523  Those significant SE with more than 100 normalized reads were further crossed with the miR-
524 9 ChIRP-seq peak by the help of bedtools intersecpt (setings -wa). Those H3K27ac peaks not
525  overlapping the SE list and not overlapping the miR-9 peaks were considered TE. All ChiP-seq
526 and miR-9 ChIRP-seq were quantified from the center of both Peak list by the help of
527  annotatePeaks from homer with the settings: annotatePeaks.pl list.bed mm10 -size 4000 -norm

528 1000000 -hist 10 -d maketagLib_Samples > output_quanty.txt. The results of this command
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520  was used as input in a custom R-script to produce the aggregate plots
530  (https://github.com/jcorder316/001MIr9_G4 3D _STRUC).

531

532  Chromatin immunoprecipitation (ChlIP)

533  ChIP analysis was performed as described earlier ® "> with minor adaptations. Briefly, cells
534  were cross-linked with 1% methanol-free formaldehyde (ThermoFisher Scientific) lysed, and
535  sonicated with Diagenode Bioruptor to an average DNA length of 300-600 bp. After
536  centrifugation, the soluble chromatin was immunoprecipitated with 3 pg of antibodies specific
537 for anti-H3K4me3 (Abcam, # ab8580), Anti-DNA G-quadruplex structures Antibody, clone
538 BG4 (Millipore, # MABE917), and anti-IgG (Santa Cruz, #sc-2027). Reverse crosslinked
539  immunoprecipitated chromatin was purified using the QIAquick PCR purification kit (Qiagen)
540  and subjected to ChIP-quantitative PCR. The primer pairs used for gene promoter and super-

541  enhancer regions are described in the following table:

Gene Primer sequence (5°23’)
Forward | CCAATCACCGTTAAGCCTTT
Zdhhcbh
Reverse | TTTACCCCACTGACGCTTTC
Forward | CACACCAGGAAGTCACCTCTC
Ncl
Reverse | TTCTTGGCTATGATGCGAGTC
Forward | CGAGCGCTACCGAGCACACAC
Lzts2
Reverse | GCGCAAGTAACCCACGTCACGC
Forward | ACCAGGAAAGTTTGCGAGGG
SE miR-9 Z
Reverse | CTCGAAGGAACAGACGGAGG
Forward | AGTCCCAGTCGCCTTGTTTC
SE miR-9 N
Reverse | AATTCACCTGAGACTCCCGC
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Forward | TTACAGCTTTCCGACCAGGC
SE miR-9 L

Reverse | CCTCTCAAGCCTCTGTCCAC

542

543  Chromatin conformation analysis by in situ Hi-C library preparation followed by
544  chromatin immunoprecipitation (HiChlIP)

545  HiChIP experiments were performed as previously described "® using antibodies specific for
546 H3K4me3 (Abcam, # ab8580) with the following optimizations: 5-10 million cells were
547  crosslinked with 1% formaldehyde for 10 min at room temperature; prior to restriction
548  digestion, sodium dodecyl sulfate treatment at 62°C for 10 min; restriction digestion with Mbol
549  (New England Biolabs France, R0147M) for 2 h at 37°C; prior to fill-in reaction, heat
550  inactivation of Mbol at 62°C for 10 min followed by 2 washing steps of pelleted nuclei with
551 1x fill-in reaction buffer; after fill-in reaction, ligation at 4°C for 16 h.

552

553  ChlIP sequencing, HiChIP sequencing and data analysis

554  HiChlP-seq paired-end reads were aligned to the mm10 genome, duplicate reads were
555  removed, reads were assigned to Mbol restriction fragments, filtered into valid interactions,
556 and the interaction matrices were generated using the HiC-Pro pipeline default settings ”’. The
557 contig file of the HiC-Pro was set to allow validPairs at any distance from each other. HiC-Pro
558  valid interaction reads were then used to detect significant interactions using: (1) Maketag
559  libraries were made as  followed (makeTagDirectory ~ output PCA_ucsc
560 smaple_R1 _mm10.bwt2merged.bam,sample_R2_mm10.bwt2merged.bam -tbp 1 -genome
561 mm10 -checkGC -restrictionSite GATC. (2) We used (runHiCpca.pl sample_mer25 50
562  sample_PCA_ucsc -res 25000 -superRes 50000 -genome mm10 -cpu 16) to find the Principal
563  component analysis (PCA) of the data. (3) We used analyzeHiC as followed (analyzeHiC

564  sample_PCA_ucsc -res 1000000 -interactions sample_significantInteractions.txt -nomatrix ).
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565  Only Interaction looping between the H3K4me3 peaks and the TSS (+/-2kb) from miR-9
566  candidate genes were considered. The settings were (annotatelnteractions.pl Sample_significan
567 mml10  Sample_output_filterk4m9  -filter =~ H3k4me3_HICHIP-seq_peaks  -filter2
568  TSS2kb_fMir9_genes -cpu 16 -washu -pvalue 0.01). (4) The mapped merge bam files ouput
569  from HiC-pro was processed as ChiP-seq to perform Peak calling, using (peak_call -i bam_file
570 -0 ouput_peak -r Mbol_mmi10.txt -f 0.01 -a mml0_chr_size -w 8) from
571 (https://github.com/ChenfuShi/HiChIP_peaks).

572 To calculate the broadness of H3K4me3 peaks, we first performed summary statistics of the
573  peak size from the merged peak list. If the size of a peak was equal to or higher than the top 75
574 % of peaks quantile 3 (Q3) was consider wide (> 2.7kb). If the peak was between Q3 and Q2
575  was consider medium size peak (> 2 kb and < 2.7 kb). The narrow Hek4me3 peaks were in the
576  bottom 25% peaks, Q1 or less (< 2kb).

577

578  Meta-analysis of ChlP-seq, PRO-seq and GRO-seq

579  All published data from ChlP-seq, PRO-seq, GRO-seq and ATAC-seq used in this manuscript
580  were listed in the Supplementary Table 1. All these NGS data were downloaded and processed
581  according to the description in their respective publications. Briefly, PRO-seq, GRO-seq and
582  ChlP-seq were processed according to (https://doi.org/10.1038/s41588-018-0139-3). ATAC-
583  seq, G4 ChlP-seq and Gd4access were processed using Bowtie2 (default settings) and all
584  mapped bam files were converted to bigwig files using the same parameters as for the ChIRP-
585  seq mentioned above.

586  The enrichment of the factors and nascent RNAs (PRO-seq and GRO-seq) on the TSS of the
587  Down-regularted genes after miR-9-LOF were performed by the help of the library from R
588  profileplyr

589  (https://www.bioconductor.org/packages/devel/bioc/vignettes/profileplyr/inst/doc/profileplyr.
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590  html) adapting to a custom R-script
591  (https://github.com/jcorder316/001MIr9_G4 3D _STRUC).

592

593  MicroRNA pulldown

594  For microRNA pulldown (miR-pd), MLE-12 cells were transfected with Biotinylated mmu-
595  miR-9-5p-RNA (Exiqon) or Biotinylated Mirctrl (Exiqon), at a final concentration of 20 nM.
596  After 48 hours, cells were fixed with 1% glutaraldehyde (Sigma-Aldrich) to preserve RNA-
597 Chromatin interactions. After washing three times with PBS, cell pellets were resuspended in
598 2 ml hypotonic cell lysis buffer (10 mM Tris-HCI (pH 7.4), 1.5 mM MgCI2, 10 mM KCI, 1
599 mM DTT, 25 mM NaF, 0.5 mM Na3VO04, 40 ug/ml phenylmethylsulfonyl fluoride, protease
600  inhibitor (Calbiochem) and RNase inhibitor (Promega) in DEPC treated water) on ice for 10
601 min and then spun down at 700 g for 10 min at 4°C. Nuclear pellets were resuspended in 300
602  uL of nuclear lysis buffer (50 mM Tris-HCI (pH 7.4), 170 mM NacCl, 20% glycerol, 15 mM
603 EDTA, 0.1% (v/v) Triton X-100, 0.2 mM DTT, 20 mM NaF, 20 mM Na3VO04, 40 ug/ml
604  phenylmethylsulfonyl fluoride, protease inhibitor, RNase inhibitor in DEPC treated water).
605  Nuclear fraction was sonicated (Bioruptor NextGen, Diagenode) at high amplitude for 10
606  cycles of 30 sec (on/off) pulses. M280 streptavidin magnetic beads (ThermoFisher Scientific)
607  were blocked for 1 h at 4°C in blocking buffer (10 mM Tris-HCI pH 6.5, 1 mM EDTA, and 1
608  mg/ml BSA) and washed twice with 1 ml washing buffer (10 mM Tris-HCI (pH 7.0), 1 mM
609 EDTA, 0.5 M NaCl, 0.1% (v/v) Triton X-100, RNAase inhibitor and protease inhibitor). Beads
610  were resuspended in 0.5 ml washing buffer. The nuclear extract was then added to the beads
611  and incubated for 1 h at 4°C with slow rotation. The beads were then washed five times with 1
612  ml washing buffer. RNA bound to the beads (pulled down RNA) and from 10% of the extract

613  (input RNA) was isolated using Trizol reagent LS (Invitrogen) after DNase 1 (NEB) treatment.
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614  For miRNA-protein interaction analysis, nuclear protein extract after DNasel treatment
615  incubated with 500 pMol Biotinylated miR-9 or Biotinylated Mirctrl for 1 h with shaking at
616  4°C. M280 streptavidin magnetic beads (ThermoFisher Scientific) were used for pulldown.
617  Protein bound to the beads (miR-Pd), was incubated with 30 ul 2x SDS samples loading buffer,
618  boiled at 95°C for 5min, spun down and loaded on SDS-PAGE for western blot analysis and/or
619  processed for proteomic analysis by mass spectrometry.

620

621  Chromatin RNA immunoprecipitation

622  Chromatin RNA immunoprecipitation (Ch-RIP) analysis was performed as described & with
623  minor adaptations. Briefly, cells were cross-linked by 1% formaldehyde for 10 min, lysed, and
624  sonicated with Diagenode Bioruptor to disrupt and fragment genomic DNA. After
625  centrifugation, the soluble chromatin was immunoprecipitated using antibodies. Precipitated
626  chromatin complexes were removed from the beads by incubating with 50 ul of 1% SDS with
627 0.1 M NaHCO3 for 15 min, vortexing every 5 min and followed by treatment with DNasel.
628  The collected material was immunoprecipitated using IgG or an HA-specific antibody (Santa
629  Cruz, CatNo. 805). Reverse cross-linked immunoprecipitated materials were used for RNA
630 isolation by Trizol (Invitrogen). Isolated RNA was subjected to cDNA synthesis and further
631  for TagMan assay specific for mature miR-9 (Applied Biosystems, Cat. No. 4427975).

632

633  Western blot

634  Nuclear protein extracts from MLg cells were prepared by cell lysis and nuclei isolation.
635  Briefly, MLg cells were spooled down and washed with PBS. cell pellets were resuspended in
636 2 ml hypotonic cell lysis buffer (10 mM Tris-HCI (pH 7.4), 1.5 mM MgCI2, 10 mM KCI, 1
637 mM DTT, 25 mM NaF, 0.5 mM Na3VO04, 40 pg/ml phenylmethylsulfonyl fluoride, protease

638  inhibitor (Calbiochem) and RNase inhibitor (Promega) in DEPC treated water) on ice for 10
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639  min and then spun down at 700 g for 10 min at 4°C. Nuclear pellets were resuspended in 300
640  uL of nuclear lysis buffer (50 mM Tris-HCI (pH 7.4), 170 mM NacCl, 20% glycerol, 15 mM
641 EDTA, 0.1% (v/v) Triton X-100, 0.2 mM DTT, 20 mM NaF, 20 mM Na3VO04, 40 pg/ml
642  phenylmethylsulfonyl fluoride, protease inhibitor, RNase inhibitor in DEPC treated water).
643  Nuclear fraction was sonicated (Bioruptor NextGen, Diagenode) at high amplitude for 10
644 cycles of 30 sec (on/off) pulses. Detergent-insoluble material was precipitated by
645  centrifugation at 14,000 rpm for 30 min at 4 °C. The supernatant was transferred to a fresh tube
646  and stored at -20 °C. Protein concentration was estimated using Bradford assay, using serum
647  albumin as standard. 5 pl of serial dilutions of standard protein and samples were mixed with
648 250 pl of Bradford reagent (500-0205, BIO-RAD Quick Start™),

649  Western blotting was performed using standard methods and antibodies specific for
650 SMARCAGS (Invitrogen, MA5-35378), LMNB1 (Santa Cruz, sc-374015), CHD4 (Abcam,
651  70469), RAD21 (Abcam, ab992), GAPDH (Sigma, MFCD01322099). Immunoreactive
652  proteins were visualized with the corresponding HRP-conjugated secondary antibodies (Santa
653  Cruz) using the Super Signal West Femto detection solutions (ThermoFisher Scientific).
654  Signals were detected and analyzed with Luminescent Image Analyzer (Las 4000, Fujifilm).
655

656  RNA sequencing and data analysis

657  RNA sequencing data for this paper were generated as previously described 8 %3, Briefly, total
658 RNA from MLg cells that were transfected with control or miR-9-specific antagomiR was
659 isolated using the Trizol method. RNA was treated with DNase (DNase-Free DNase Set,
660  Qiagen) and repurified using the RNeasy micro plus Kit (Qiagen). Total RNA and library
661 integrity were verified on LabChip Gx Touch 24 (Perkin Elmer). Sequencing was performed
662  on the NextSeq500 instrument (Illumina) using v2 chemistry with 1x75bp single end setup.

663  Raw reads were visualized by FastQC to determine the quality of the sequencing. Trimming
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664  was performed using trimmomatic with the following parameters: LEADING:3 TRAILING:3
665 SLIDINGWINDOW:4:15 MINLEN:15 CROP:60 HEADCROP:15. High quality reads were
666  mapped to mm10 uscs genome using with bowtie2 , settings (-D 15-R3-N0-L 20 -i S,1,0.56
667 -k 1). Tag libraries were obtained with MakeTaglibrary from HOMER (default setting).
668  Samples were quantified by using analyzeRepeats.pl with the parameters: mm10 —count exons
669  —strand both —noad. Gene expression was quantified in reads per kilo base million (RPKM) by
670  the help of rpkm.default from EdgeR. Down-regulated genes after miR-9-LOF were those
671  genes with a Log2fc (LOF/Ctr)<=-0.58 and Up-regulated those genes with a log2FC >= 0.58.
672

673  Statistical Analysis

674  Depending on the data, different tests were performed to determine the statistical significance
675  of the results. The values of the statistical tests used in the different experiments can be found
676  in Source Data file 01. Further details of statistical analysis in different experiments are
677  included in the figures and figure legends. Briefly, one set of ChIRP, RNA, ChIP and HiChIP
678  samples were analyzed by deep sequencing. For the rest of the experiments presented here,
679  samples were analyzed at least in triplicates and experiments were performed three times.
680  Statistical analysis was performed using Excel Solver and Prism9. Data in bar plots are
681  represented as mean + standard error (mean £ s.e.m.). Two-tailed t-tests were used to determine
682  the levels of difference between the groups and P-values for significance. P-values after two-
683  tailed t-test, *P < 0.05; **P < 0.01, and ***P < 0.001.

684

685  Data availability

686  The data that support this study are available from the corresponding author upon reasonable
687  request. The source data are provided with this paper as a Source Data file 01. In addition,

688  sequencing data of ChIRP, HiChIP and RNA have been deposited in NCBI’s Gene Expression
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689  Omnibus "® and is accessible through SRA Sequence Read Archives NCBI with accession
690  number GSE244952. In addition, we retrieved and used publicly available datasets to aid
691  analysis of our data. Supplementary Table 1 contains all data sets used in this study. The model
692  in Figure 8b was Created with BioRender.com.

693
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917 FIGURE LEGENDS

918  Figure 1: Mature miR-9 is detected in the cell nucleus enriched at promoters and introns.
919 (@) Phylogenetic tree (left) and a heat map (right) that were generated using the sequences of
920  the indicated mature mouse miRNAs. Numbers indicate distance score. Bottom, sequence
921 alignment of the indicated mature mouse miRNAs highlighting the published miR-126 nuclear
922  shuttling motif (magenta) and the expanded miRNA nuclear shuttling motif (green square)
923  using the IUPAC nucleotide code. Pink letters are conserved among all sequences. Golden
924  letters are conserved in at least 2 sequences. Blue letters indicate conserved type of base (either
925  purine or pyrimidine). (b) Mature miR-9-specific TagMan assay after cellular fractionation
926  (Supplementary Figure 1b) of indicated cell lines. Data are shown as means+s.e.m. (n = 3
927  independent experiments). (c) Fluorescence microscopy of MLg cells after RNA FISH
928  confirmed nuclear localization of endogenous miR-9. Cells were transiently transfected with
929  control (top) or miR-9-specific antagomiR probes (bottom) to induce a miR-9 loss-of-function
930 (LOF). Representative images from three independent experiments. Squares are shown at
931 higher magnification. DAPI, nucleus. Scale bars, 10 um. (d) Genome-wide distribution of miR-
932 9 peaks relative to gene structures by ChlRP-seq in MLg cells. Square on right shows miR-9
933  enrichment in different gene structure as Log2 ratios. TTS, transcription termination sites;
934  3'UTR, 3untraslated regions. (e) Visualization of selected miR-9 target genes using IGV
935  genome browser showing miR-9 enrichment in MLg cells. ChIRP-seq reads were normalized
936 using reads per kilobase per million (RPKM) measure and are represented as log2 enrichment
937  over their corresponding inputs. Images show the indicated gene loci with their genomic
938  coordinates. Arrows, direction of the genes; blue boxes, exons; red line, regions selected for
939  single gene analysis in f. (f) Analysis of selected miR-9 target genes by ChIRP using chromatin
940  from MLg cells and control (Ctrl) or miR-9-specific biotinylated antisense oligonucleotides for

941  the precipitation of endogenous mature miR-9 along with the chromatin bound to it. Bar plots
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942  presenting data as means; error bars, s.e.m (n = 3 biologically independent experiments);
943  asterisks, P-values after two-tailed t-test, ***P < 0.001; **P < 0.01; *P < 0.05. See also

944  Supplementary Figure 1. Source data are provided as a Source Data file 0O1.
945

946  Figure 2: MiR-9 is required for H3K4me3 broad domains, high basal transcriptional
947  activity, and G-quadruplex formation at promoters. (a) Genome-wide distribution of
948  H3K4me3 peaks relative to broad (> 2.7 kb), medium (> 2 kb and < 2.7 kb) narrow (< 2 kb)
949  H3K4me3 domains in MLg cells that were transiently transfected with control (Ctrl) or miR-
950  9-specific antagomiR probes to induce miR-9 loss-of-function (LOF). Square on right shows
951  H3K4me3 enrichment in different domains as Log?2 ratios of MLg cells after miR-9-LOF versus
952  Ctrl transfected cells. Asterisks, P-values after two-tailed t-test, **P < 0.01. See also
953  Supplementary Figure 2. (b) RNA-seq using total RNA from MLg cells that were transfected
954  as in a. Pie chart shows the distribution of transcripts with significantly altered expression
955  levels (n = 3,320) between both conditions tested in decreased transcripts (n = 2,439) and
956 increased transcripts (n = 881) after miR-9-LOF. P-values after two-tailed t-test. (c) Box plots
957  of RNA-seq-based expression analysis of transcripts with significantly decreased levels after
958  mIiR-9-LOF (miR-9 targets; n = 2,439) and with non-significantly (ns) changed levels (non-
959  targets; n = 881) after miR-9-LOF. VValues were normalized using reads per kilobase per million
960 (RPKM) and represented as log2 RPKM. Box plots indicate median (middle line), 25th, 75th
961  percentile (box) and 5th and 95th percentile (whiskers); P-values after two-tailed t-test. Source
962  data are provided as Source Data file 01. (d) Heat map for miR-9 enrichment at the TSS + 2 kb
963  of miR-9 target genes as determined by RNA-seq in b and c. (e-g) Heat maps for enrichment
964  of total Pol Il and Pol 11 S5p (e), nascent RNA by precision nuclear run-on assay (PRO-seq)
965 and global run-on sequencing (GRO-seq) (f), chromatin accessibility by ATAC-seq and

966  H3K4me3 by ChIP-seq (g), at the TSS + 5 kb of miR-9 target genes as determined by RNA-
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967  seq in b and c. (h) Motif analysis of the miR-9 target genes showed significant enrichment of
968  nucleotide motifs that are similar to the motifs found in loci that form G4 as determined by
969  G4P ChIP-seq. (i) Heat maps for G4 enrichment at the TSS + 5 kb of the miR-9 target genes
970 by G4P ChlIP-seq (left) or G4access (right). See also Supplementary Figure 2. Source data are

971 provided as a Source Data file 01.
972

973  Figure 3: H3K4me3, nascent RNA and G4 are enriched at promoters of selected miR-9
974  target genes. (a) Visualization of selected miR-9 target genes using IGV genome browser
975  showing enrichment of miR-9 by ChIRP-seq (green), H3K4me3 by ChlP-seq in Ctrl and miR-
976  9-specifc antagomiR transfected MLg cells (black), nascent RNA by GRO-seq (brown) and G4
977 by G4P ChIP-seq (blue). Reads were normalized using reads per kilobase per million (RPKM)
978  after bamCoverage. Images show the indicated gene loci with their genomic coordinates.
979  Arrows, direction of the genes; blue boxes, exons; red lines, regions selected for single gene
980  analysis in b; green squares, regions with enrichment of miR-9, H3K4me3, nascent RNA and
981 G4, dotted lines, regions shown at the bottom with high G content. (b) Analysis of the promoter
982  of selected miR-9 target genes by ChIP using chromatin from MLg cells transfected with
983  control (Ctrl) or miR-9-specific antagomiR to induce miR-9 loss-of-function (LOF). Bar plots
984  presenting data as means; error bars, s.e.m (n = 3 biologically independent experiments);
985  asterisks, P-values after two-tailed t-test, **P < 0.01; *P < 0.05. See also Supplementary Figure

986 3. Source data are provided as a Source Data file 01.
987

988  Figure 4: Nuclear miR-9 is enriched at super-enhancers. (a) Alluvial plot showing the
989  proportion of loci with miR-9 enrichment by ChIRP-seq (green) also with enrichment of G4 by

990  GA4P ChlP-seq and the SE markers MED1 and H3K27Ac by ChlP-seq. No-miR-9, loci without
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991  miR-9 enrichment. (b) Venn diagram showing the number of common loci (n = 3,583) with
992  enrichment of miR-9 by ChIRP-seq (green), H3K27ac (purple) and MED1 (turquoise) by ChlP-
993  seq and nascent RNA (blue) by GRO-seq. (c) Venn diagram showing that 3,423 (95.5%) of the
994  transcripts related to the common loci in b were found in a database as enhancer RNAs. (d)
995  Genome-wide distribution of miR-9 peaks by ChIRP-seq in MLg cells relative to super-
996  enhancers (SE) and typical enhancers (TE). (e) Aggregate plots showing at SE (green lines)
997  and TE (grey lines) £ 2 kb the enrichment of miR-9 by ChIRP-seq and the indicated proteins
998 by ChIP-seq, which have been previously related to SE in various murine cells. Reads were
999  normalized using reads per kilobase per million (RPKM) measure. (f) Aggregate plots showing
1000  at SE (magenta and blue lines) and TE (grey lines) + 2 kb the enrichment of G4 by ChlP-seq
1001 in mouse MLg and human A549 cells. Reads were normalized using RPKM. See also
1002  Supplementary Figure 4. Source data are provided as a Source Data file 01. Supplementary

1003  Table 1 contains all data sets used in this study.
1004

1005  Figure 5: Nuclear miR-9 is enriched at super-enhancers and is required for G-
1006  quadruplexes. (a) Visualization of selected SE with miR-9 enrichment using IGV genome
1007 browser showing enrichment miR-9 by ChIRP-seq (green), G4 by G4P ChiP-seq (blue), MED1
1008  (turquoise), KLF4 (magenta) and H3K27Ac (purple) by ChlIP-seq. Reads were normalized
1009  using reads per kilobase per million (RPKM). Images show the indicated gene loci with their
1010  genomic coordinates. Orange squares, regions with enrichment of miR-9, G4 and SE markers;
1011  red lines, regions selected for single gene analysis in b; dotted lines, regions shown at the
1012 bottom with high G content. (b) Analysis of selected SE with miR-9 enrichment by ChIP using
1013 chromatin from MLg cells transfected with control (Ctrl) or miR-9-specific antagomiR to
1014  induce miR-9 loss-of-function (LOF). Bar plots presenting data as means; error bars, s.e.m (n

1015 = 3 biologically independent experiments); asterisks, P-values after two-tailed t-test, ***P <
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1016  0.001; **P <0.01; *P < 0.05. See also Supplementary Figure 5. Source data are provided as a

1017  Source Data file 01.
1018

1019  Figure 6: Nuclear miR-9 is required for H3K4me3 enrichment and chromatin loops at
1020  promoters of TGFB1-responsive genes. (a) Venn diagram after cross analysis of miR-9
1021 ChIRP-seq and GRO-seq “® showing loci with miR-9 enrichment and nascent RNAs (n =
1022 4,189), in which the selected miR-9 target genes are included (square). (b) Gene set enrichment
1023 analysis (GSEA) of the three loci groups identified in a. Resp, response; prol, proliferation;
1024  trans, transport. P values after two-tailed Fisher’s exact test and represented as Logl10. (c)
1025  Visualization of selected miR-9 target genes using IGV genome browser showing enrichment
1026  H3K4me3 by ChlIP-seq in MLg cells that were transfected with control (Ctrl) or miR-9-specific
1027  antagomiR to induce a loss-of-function (LOF), and non-treated or treated with TGFB1, as
1028 indicated. Images show the indicated loci with their genomic coordinates. Arrows, transcription
1029  direction; green squares, promoter regions; dotted lines, regions selected for single gene
1030  analysis in Figure 3b. (d) Line charts showing the number of significant chromatin interactions
1031  at loci with miR-9 and H3K4me3 enrichment in MLg cells treated as in ¢. Four clusters were
1032  generated using k-means algorithm. Data are represented as Log2 of the ratio relative to Ctrl-
1033  transfected, non-treated cells. See also Supplementary Figure 6 and 7. Source data are provided
1034  as a Source Data file 01.

1035

1036  Figure 7: Promoter-super-enhancer looping of TGFB1-responsive genes requires miR-9.
1037 (@) Visualization of promoters of selected miR-9 target genes (green squares) and SE with miR-
1038 9 enrichment (orange squares) using IGV genome browser showing enrichment miR-9 by
1039  ChlIRP-seq (green), G4 by G4P ChlP-seq (blue), MED1 (turquoise), KLF4 (magenta) and
1040  H3K27Ac (purple) by ChIP-seq. Reads were normalized using reads per kilobase per million
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1041  (RPKM) measure and are represented as log2 enrichment over their corresponding inputs.
1042 Bottom, chromatin loops by HiChlP-seq in MLg cells that were transfected with control (Ctrl)
1043 or miR-9-specific antagomir (miR-9-LOF, loss-of-function), and non-treated or treated with
1044  TGFB1, as indicated. Images show the indicated loci with their genomic coordinates. Arrows,
1045  transcription direction; red lines, regions selected for single gene analysis in b. (b) Analysis of
1046  the promoters and SE highlighted in a by ChIP using the indicated antibodies and chromatin of
1047  MLg cells treated as in a. All bar plots present data as means; error bars, s.e.m (n = 3
1048  biologically independent experiments); asterisks, P-values after two-tailed t-test, ***P <(0.001;
1049  **P <0.01; *P < 0.05; ns, non-significant. See also Supplementary Figure 7. Source data are
1050  provided as a Source Data file 01.

1051

1052  Figure 8: Promoter-super-enhancer looping of TGFB1-responsive genes requires miR-9.
1053 (&) Expression analysis of the selected miR-9 target genes by gRT-PCR in MLg cells that were
1054  transfected with control (Ctrl) or miR-9-specific antagomir (miR-9-LOF, loss-of-function), and
1055  non-treated or treated with TGFB1, as indicated. All bar plots present data as means; error bars,
1056 s.e.m (n = 3 biologically independent experiments); asterisks, P-values after two-tailed t-test,
1057  ***P < (0.001; **P < 0.01; *P < 0.05; ns, non-significant. See also Supplementary Figure 7.
1058  Source data are provided as a Source Data file 01. (b) Model summarizing the results presented
1059  in the manuscript. Left, G4 are formed in miR-9 (red lines) -dependent manner at SE (orange
1060  box) and promoters (green box) of TGFB1-responsive genes (blue box, coding region). Middle,
1061  TGFB1treament increases euchromatin histone mark H3K4me3, G4 and chromatin loops
1062  bringing SE and promoter to close physical proximity, thereby enhancing transcription (arrow)
1063  of the corresponding gene. Right, miR-9-LOF antagonizes the effects induced by TGFB1.

1064  Created with BioRender.com
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