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Epithelial cells-enriched IncRNA SNHG8 regulates chromatin
condensation by binding to Histone H1s
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Linker histone H1 proteins contain many variants in mammalian and can stabilize the condensed state of chromatin by binding to
nucleosomes and promoting a more inaccessible structure of DNA. However, it is poorly understood how the binding of histone
H1s to chromatin DNA is regulated. Screened as one of a collection of epithelial cells-enriched long non-coding RNAs (IncRNAs),
here we found that small nucleolar RNA host gene 8 (SNHG8) is a chromatin-localized IncRNA and presents strong interaction and
phase separation with histone H1 variants. Moreover, SNHG8 presents stronger ability to bind H1s than linker DNA, and
outcompetes linker DNA for H1 binding. Consequently, loss of SNHG8 increases the amount of H1s that bind to chromatin,
promotes chromatin condensation, and induces an epithelial differentiation-associated gene expression pattern. Collectively, our
results propose that the highly abundant SNHG8 in epithelial cells keeps histone H1 variants out of nucleosome and its loss

contributes to epithelial cell differentiation.

Cell Death & Differentiation (2022) 29:1569-1581; https://doi.org/10.1038/541418-022-00944-x

INTRODUCTION

Long non-coding RNAs (IncRNAs), a class of non-coding RNAs
longer than 200 nucleotides, can exert their functions via various
mechanisms from regulating gene expression to impacting mRNA
and protein stability [1, 2]. Although IncRNAs have been found to
play roles in almost all biological processes including cell
differentiation and organ development [3-6], only a few IncRNAs
have been characterized to date. In order to find and characterize
functionally important IncRNAs, the high-throughput screening
technologies including genome-wide CRISPR interference and
CRISPR activation were developed and have greatly advanced the
field in the past years [7-10]. Compared to the large number of
IncRNAs, however, these methods are time-consuming and
laborious. On the other hand, there are enormous RNA-seq data
deposited in public database. Especially, INcRNAs present striking
tissue- and cell type-specific expression patterns, and a great part
of those public data could be classified according to tissue and cell
type origin [11, 12]. These features would make IncRNAs especially
suitable for bioinformatic screening.

Eukaryotic genomic DNA is highly compacted into chromatin,
with nucleosome as its basic unit [13]. The occupancy and
topological organization of nucleosomes as well as other
chromatin-binding factors that occlude access to DNA determines
chromatin accessibility [14]. Linker histone H1 proteins are the
most abundant chromatin-binding proteins. There are eleven H1

variants (H1s) in mammalian, including the somatic variants H1.0
—H1.5, H1.x and four germ cell-specific H1s. All these variants have
the same general structure consisting of a central globular domain
(GD), a short N-terminal tail, and a longer C-terminal domain (CTD)
[15]. H1s have been known to stabilize the condensed state of
chromatin by binding to nucleosomes and promoting a more
inaccessible structure of DNA [16, 17]. H1s-mediated chromatin
compaction and transcriptional repression have been proposed to
play a critical role in human stem cell differentiation [18, 19].
However, it is poorly understood how the binding ability of H1s to
chromatin DNA is regulated. Especially, it remains unknown
whether IncRNAs play a role in this process.

Herein, we identify the epithelial cells-enriched small nucleolar
RNA host gene 8 (SNHGB8) as a histone H1-binding IncRNA that
regulates chromatin accessibility and contributes to epithelial
differentiation.

MATERIALS AND METHODS

Cell-type specific score (CTSS)

According to the tree structure of cell lines based on Cell Ontology
annotation, we supposed the cell line ontology tree has a number of
nodes, and a score at each tree node for each gene was firstly calculated.
This score is a measure of the degree to which a gene is up-regulated or
down-regulated in a particular node of the tree, and was calculated
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according the formula as followed:
j=1:n
Score; = Z log, (FoldChange;;)

J#i

Then, the specificity scores of a gene in each cell type was summed up
according to the tree structure and node scores. For any node in the tree
and the subtree rooted at that node, these subtree p nodes in total. For a
gene, its specificity scores the maximum value in the vector of p node
scores.

Gene Set Enrichment Analysis (GSEA) [20] was applied to the rankings of
epithelial signature genes and RNA-seq data defined by the t-statistic of
the differential expression analysis. Genesets for analysis were derived
from the MsigDB or previous publication [21]. GSEA was performed on
each of these gene set collections separately.

The Gene Ontology analysis in the current study was performed using
the PANTHER 15.0 and P value smaller than 5% indicated a significant
difference.

Cell lines, transfection and lentiviral infection

Human cell lines including MCF10A, RWPE-1 and HEK-293T cells were
purchased from the Cell Bank of the Chinese Academy of Sciences in
Shanghai (http://www.cellbank.org.cn/). HaCaT was obtained from Zhigang
Zhang's Lab, Shanghai Cancer institute. MCF10A cells were maintained in a
1:1 mixture of Dulbecco’s modified Eagle’s medium and F12 medium
(DMEM/F12, 11320033, Gibco, Grand Island, NY) supplemented with 5%
horse serum (Gibco, 16050122), hydrocortisone (0.5 pg/mL, 803146, Sigma-
Aldrich, Germany), insulin (10 ug/mL, 10305000, Sigma-Aldrich), epidermal
growth factor (20 ng/mL, AF-100-15, PeproTech, USA), Cholera toxin (100
ng/mL, C8052, Sigma-Aldrich). HaCaT and HEK-293T cells were cultured in
DMEM with 10% fetal bovine serum. RWPE-1 cells were maintained in
Keratinocyte-SFM (Gibco). To induce cell differentiation, RWPE-1 cells were
grown for 36 h in Keratinocyte-SFM supplemented with 1 mM calcium
chloride. Lentivirus was produced by co-transfecting HEK-293T cells with
the lentiviral construct pCMV-dR8.91 (A8.9) plasmid, containing the genes
gag, pol and rev, and the pMDG envelope-expressing plasmid, using
X-treme GENE 9 DNA Transfection Reagent (06366244001, Roche, Basel,
Switzerland). Viral supernatant was harvested at 24-48 h post-transfection,
passed through a 0.45 um filter, diluted 2:3 with fresh medium containing
8 ug/mL polybrene, and used to infect the target cells at 40% confluence.

RNA isolation, quantitative real time PCR (qRT-PCR) and
Northern blot

Total RNA from indicated cells was extracted with Trizol Reagent (15596-
026 Thermo, USA) according to the manufacturer’s protocol. Indicated total
RNAs were subjected to RNA-seq analysis. Details of qRT-PCR have been
described previously [22]. The primers used for qRT-PCR are listed in the
Supplementary Table S1A.

Northern blot was carried out according to the manufacturer’s protocol
(Northern Max-Gly Kit, Invitrogen). RNA was loaded on denatured SDS-
PAGE gels. Biotin-labeled antisense probes and positive control SNHG8 (T1-
T5) viariants were generated using T7 RNA polymerase by in vitro
transcription with the Ribo MAX Large Scale RNA Production System
(Promega). Primers used for in vitro transcription are listed in the
Supplementary Table S1B.

Plasmids

The oligonucleotides for shRNAs targeting SNHG8 were cloned into
pLKO.1-puro vectors. The empty pLKO.1-puro vector was used as a
negative control. Two pairs of shRNA against SNHG8 (shG8#1 and shG8#2)
produced the best knockdown efficiency. The target sequences of shG8#1
and #2 were listed in the Supplementary Table S1C.

For overexpression of SNHGS, the full-length of SNHG8 were synthesized
by Sagon Biotech, and inserted into pLVX-puro expression vector. For RNA-
pulldown assays, the full-length of 4xSTm were synthesized by Shanghai
Qihe Biotech and inserted into pcDNA3.1(+) vector using EcoR | and Xba I.
For 4xSTm-SNHG8 and its truncations, the PCR products containing the
full-length of SNHG8 or truncations were inserted into the pcDNA 3.1
(+)-S1m vectors using Xba | and Apa |, and primers used for constructing
these plasmids were listed in the Supplementary Table S1B. For Flag-
tagged RIP assays, the Full-length of H1.0, H1.2, H1.3, H1.5 and HP1a were
synthesized by Shanghai TsingKe Biotech and inserted into pQCXIN vector
using BamH | and EcoR | with Flag tag on their N-terminal, primers used for
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constructing these plasmids were listed in the Supplementary Table S1D.
All of the pLVX-puro vectors contain the H1 subtypes with C-terminal
domain were purchased from Shanghai Qihe Biotech. For MS2-MCP (MS2
coated protein) living cell imaging assay, the full-length of SNHG8 and
MCP were inserted into the pLVX-12xMS2 and pLVX-mCherry vectors
respectively, and all these plasmids were purchased from Shanghai
TsingKe Biotech.

For prokaryotic expression and purification of the His-tagged H1.3
protein, the coding sequence of H1.3 was amplified from pQCXIN-H1.3
plasmid, and inserted into pGEX-6p-1 vector using BamH | and Xho | with
6xHis tag on its C-terminal. See the Supplementary Table S1E for all of
these primers.

In vitro transcription/translation

In vitro translation assay was performed using the TnT Quick Coupled
Transcription/Translation System (L1171, Promega, Wisconsin, USA),
according to the manufacturer’s instructions. Reactions were carried out
using 1 mM transcend biotin-lysyl-tRNA. The eventual labeled translation
products were then separated on SDS-PAGE gels, transferred onto
nitrocellulose  membrane  and  visualized by  binding  of
streptavidin-horseradish peroxidase, followed by chemiluminescent detec-
tion. pcDNA3.1(+) vector containing the full length of SNHG8 was used to
examine the coding potential of SNHG8. pcDNA3.1(+)-MYC/HA-UHRF1/
NKILA were used as positive control for the experiment.

Immunoblotting

Details of immunoblotting have been described previously [22]. The
antibodies used in these experiments are listed in the Supplementary
Table S2.

CRISPR/Cas9

A pair of complementary oligos sgRNA1 and sgRNA2, for each CRISPR
targeting sgRNA was annealed with 5’ overhangs of ‘ACCG’ and ‘AAAC'.
The annealed DNA is inserted into a Bsa | linearized pGL3 vector with the
U6 promoter [23]. Individual clones were obtained by electroporation of
the plasmid containing gRNA and Cas9 into MCF10A cells, followed by
selection by puromycin (2 pg/mL) before plating. Genomic DNA of selected
single clones were extracted either for the genotyping validation with
appropriate sets of primer listed in the Supplementary Table S1C. For
depletion of histone H1 subtypes, lentiCRISPRv2 plasmids were con-
structed to target corresponding H1 subtype, the guide RNA targeted
sequences were listed in the Supplementary Table S1C.

Three-dimensional culture and immunofluorescence
Three-dimensional cell culture was performed as previously described [24].
Briefly, 5000 indicated cells were suspended in 400pL of medium
containing 2% GFR Matrigel and then seeded onto a GFR Matrigel
(356230, BD, New Jersey, USA) pre-coated eight-well chambers (80826,
IBIDI, Germany). Cells were maintained at 37 °C and 5% CO, and the culture
medium was changed every two days. Images of mammospheres were
collected using a Zeiss LSM 880 microscope. Luminal filling was examined
and scored as described previously [25]. Acini were scored as clear
(90-100% of luminal space was clear), mostly clear (50-90% clear), mostly
filled (10-50% clear), and filled (0-10% clear).

RNA pull-down assay

4xSTm RNA pull-down assays were carried out as described [26] with
modifications. SNHGS8 full-length or indicated truncations were cloned into
pcDNA3.1(+) plasmid with the 4xS1m tag at their 5/ end. RNA products
were in vitro transcribed using the T7 Ribo MAX Large-Scale RNA
Production System (Promega). 10 ug per reaction of synthetic RNAs were
denatured for 5 min at 65 °C in RNA Structure buffer (10 mM HEPES pH 7.0,
10 mM MgCl,) and slowly cooled down to room temperature. Then, folded
RNAs were incubated with 50 uL of streptavidin Dynabeads (11205D,
Invitrogen, USA) for 20 min at 4°C in the presence of 2U/mL RNase
inhibitor (2313 A, TAKARA, China). MCF10A and HaCaT cells (1 x 108) were
harvested and re-suspended in 10 mL of lysis buffer (10 mM HEPES pH 7.0,
200 mM NaCl, 1 mM DTT, 1% Triton X-100, protease inhibitor cocktail)
followed by sonication for 6 x 20 s with an interval of 2 min on ice and then
centrifuged at 13,000 rpm for 10 min at 4 °C. The supernatant was pre-
cleared with 50 pL of streptavidin Dynabeads for 20 min at 4 °C followed by
the addition of 20pug/mL yeast tRNA for 20min at 4°C. Then the
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pre-cleared lysate was added to folded RNAs and incubated for 3.5 h at
4°C followed by washing 5x 10 min with wash buffer [10 mM HEPES
pH 7.0, 400mM NaCl, 1mM DTT, 1% Triton X-100, protease inhibitor
cocktail (Roche), 1 mM PMSF]. To harvest the protein complex, 50 yL of
1xSDS loading buffer was added and boiled for 15 min at 100 °C. Retrieved
proteins were analyzed by immunoblotting.

Coomassie blue staining and mass spectrometry

After 4xSTm RNA pull-down, equal amounts of proteins were loaded on
NuPAGE 4-12 % Bis-Tris Gel (Invitrogen).Then the gel was stained using
Coomassie Brilliant Blue G250 (Thermo) for liquid chromatography
—tandem mass spectrometry (LC —MS/MS) analysis according to the
manufacturer’s instructions. After coomassie blue staining, specific bands
were cut and sent to the Core Facility of Basic Medical Sciences (Shanghai
Jiao Tong University College of Basic Medical Science, Shanghai) for mass
spectrometry analysis.

RNA-protein complex immunoprecipitation

Indicated MCF10A or MCF10A stable cell lines and then 1x10° each stable
cells were harvested, re-suspended in 3 mL lysis buffer [50 mM Tris-HCI pH
7.4, 150 mM NaCl, 0.5% NP-40, 1 mM PMSF, protease inhibitor cocktail
(04693116001, Roche)] followed by sonication for 6 x 20 s with an interval
of 2min on ice. After centrifuging at 13,000 rpm for 10 min at 4°C, the
supernatant was pre-cleared with 25 pL Protein A/G agarose beads (26159,
Thermo). 80 uL Protein A/G agarose beads were suspended with lysis
buffer and washed twice. The beads were divided into two parts and
incubated with 5 pg anti-mouse IgG or anti-Flag antibody (or anti-pan H1
antibody) for 45 min at room temperature and then washed twice with
lysis buffer, and then blocked with 1% BSA and 20 pug/mL yeast tRNA
(Thermo).The beads were then incubated with previously pre-cleared
lysates for 3 h at 4 °C and followed by washing 5 x 10 min with wash buffer
[50 mM Tris-HCl pH 7.4, 300 mM NaCl, 0.05% Sodium Deoxycholate, 0.5%
NP-40, 1 mM PMSF, protease inhibitor cocktail (Roche)]. The RNA-protein
complex was eluted with 100 pL elution buffer (100 mM Tris-HCl PH 6.8, 4%
SDS) at room temperature for 15 min. For immunoblotting, 10 uL each
eluted samples were added with 10 uL of 1xSDS loading buffer was and
boiled for 15 min at 100 °C and analyzed by immunoblotting. For gRT-PCR,
each eluted sample was treated with Trizol (Invitrogen) and RNA purified
according to manufactory’s instruction then reverse transcription was
performed with MMLV system (M1701, Promega) with random primers
followed by gRT-PCR analysis. Primers are listed in the Supplementary
Table S1A.

Chromatin isolation by RNA purification (ChIRP)

ChIRP was performed using MCF10A cells adapting the protocols
described previously [27] with minor modifications. Briefly, a set of 20-
mer antisense DNA probes targeting SNHG8 and Lac Z specific regions
were designed using the online probe designer http://www.
singlemoleculefish.com/designer.html as listed in the Supplementary Table
S1F. MCF10A cells were crosslinked with 1% formaldehyde for 10 min at
room temperature. Crosslinking was stopped by the addition of glycine to
a final concentration of 0.25M, followed by incubation at room
temperature for 5min. The cross-linked chromatin was incubated with
the biotinylated DNA probes, subjected to streptavidin magnetic beads
capturing and subsequent wash/elution steps essentially performed as
described [27]. The eluted RNA fragments and chromatin were analyzed by
gRT-PCR and immunoblotting. Primers and antibodies are listed in the
Supplementary Table S1A and the Supplementary Table S2, respectively.

RNA fluorescence in situ hybridization (FISH)

To detect the subcellular localization of SNHG8, RNA FISH was carried out
as previously described [28] with in vitro transcribed Dig-labeled antisense
probe (Supplementary Table S1G). Briefly, cells were fixed with 3.6% PFA
and 10% acetic acid for 15 min, followed by permeabilization with 0.5%
Triton X-100 for 5 min on ice. Then cells were subjected to incubation with
denatured Dig-labeled FISH probes in hybridization buffer (50% formamide
in 2xSSC) at 50 °C for 16 h. After hybridization, anti-Dig primary antibody
and fluorescent secondary antibody were sequentially added to visualize
signal with Zeiss LSM 880 confocal microscope. The nuclei were
counterstained with DAPI. For co-localization, RNA FISH assays were
performed in MCF10A and HaCaT cells with stable expression of GFP-
tagged H1.3.
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Subcellular fractionation

Isolation of cell nucleus and cytoplasm in MCF10A cells was performed as
previously described [29]. The RNA and protein were extracted from the
cytoplasm, nucleoplasm and chromatin according to the number of cells.
RNAs were extracted by TRIzol and proteins were lysed by 1xSDS loading
buffer. The isolated RNAs were used for cDNA synthesis and gRT-PCR
analysis. Primers are listed in the Supplementary Table S1A.

MS2-MCP living cell imaging and Fluorescence recovery after
photobleaching assay (FRAP)

SNHG8-12xMS2 or 12xMS2 was overexpressed in MCF10A cells which
stably expressed GFP-tagged H1.3 and mCherry-tagged MCP (MS2 coated
protein). For live-cell imaging, cell density of 2 x 10* cells/mL were plated
on a confocal imaging dish (JET BIOFIL, Guangzhou, China) and incubated
for two days at 37 °C and under 5% CO, before imaging. FRAP experiments
were performed as previously described [30].

Micrococcal nuclease (MNase) digestion and salt extraction
analysis

MNase digestion and salt extraction analyses were performed as described
previously [30]. Briefly, 4 x 10° indicated cells for MNase digestion were
suspended in 100 pL of buffer A [(0.32 M sucrose, 15 mM HEPES-NaOH (pH
7.9), 60 mM KCl, 2 mM EDTA, 0.5 mM EGTA, 0.5% bovine serum albumin (w/
v), 0.5mM spermidine, 0.15mM spermine and 0.5mM dithiothreitol)],
layered on a cushion of 100 pL buffer A containing 30% sucrose (w/v) and
centrifuged at 3000 x g for 5 min at 4 °C. For MNase digestion analysis, the
nuclear pellet was suspended in 100 pL of buffer C [(20 mM Tris-HCI (pH
7.5), 70 mM NaCl, 20 mM MgCl,, 3 mM CaCl,, 0.5 mM spermidine, 0.15 mM
spermine and 0.5 mM dithiothreitol)] and digested with MNase (Thermo) at
37 °C for indicated time. For salt extraction analysis, pelleted nuclei were
resuspended in buffer B [(15 mM HEPES-NaOH (pH 7.9), 60 mM KCl, 15 mM
NaCl, 0.34 mM sucrose, 10% glycerol (v/v)] and incubated at 4 °C for 30 min
with indicated concentrations of NaCl. The mixtures were then centrifuged
at 15,000xg for 5min at 4°C, and the resulting supernatants were
subjected to immunoblotting. Image J software was used for immunoblot-
ting band quantification.

Assay for Transposase-Accessible Chromatin with high-
throughput sequencing (ATAC-seq)

ATAC-seq was performed as previously described [31]. Briefly, 7500
indicated cells were washed with cold PBS, collected by centrifugation
then re-suspended in resuspension buffer (10 mM Tris-HCl, pH 7.4, 10 mM
NaCl, 3 mM MgCl,). After collection, cells were lysed in lysis buffer (10 mM
Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.2% NP-40) and collected
before incubating in transposition mix containing Tn5 transposase
(Vazyme). Purified DNA was then ligated with adapters, amplified and
size selected for sequencing. Library DNA was sequenced with paired end
42 bp reads.

RNA-seq and ATAC-seq data analysis

ATAC-seq and RNA-Seq was performed by Novogene. For RNA-seq
analysis, reads were mapped to Human Genome Assembly GRC38 by
STAR version 2.5. Gene and isoform expression quantification were called
by RSEM version 1.2 with default parameters on the GENCODE human v28
gene annotation file. Differential expression analysis was performed using
the Bioconductor package edgeR (version 3.18.1). Significant differentially
expressed genes were chosen according to two criteria: (1) a significance
level FDR < 0.05; and (2) expression-level average fragments per kilobase of
transcript per million mapped reads values >1 in either the treatment or
the control groups.

For ATAC-seq the sequencing reads were filtered by Trimmomatic (0.35)
and Cutadapt (1.13), and then mapped to human reference sequence for
hg38 using Bowtie2 with parameters “-X 2000 -local”. Mapped reads were
then sorted and deduplicated using Samtools (1.8) with parameters, and
Picard tools Mark Duplicates (1.90). We performed peak calling using the
MACS2 (2.1.0) callpeak module with parameters “-p 0.01 -no model
—extsize 150 -B -SPMR -keep-dup all —call-summits” on pooled replicates.
Tracks of signal were computed using MACS2 bdgcmp module with
parameter “-m ppois”. Signal density was computed using compute Matrix
and Bedtools (2.25.0). ChIP peak Anno (3.16.1) was used for identifying
nearby genes from the peaks obtained from MACS. MergePeaks software
was used to identify the same peaks between different groups with peaks
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submits within 500 bp. Differential genes were computed according to
signal density using DESeq2 (1.22.2) and then defined these closed and
opened genes with fold changes =2 and P < 0.05.

Protein expression and purification

The pGEX-6p-1-H1.3-6xHis plasmid was transformed into Escherichia coli
Rosetta 2 (DE3). After induction for 18 h with 0.1 mM IPTG at 20 °C, the cells
were harvested by centrifugation and the pellets were re-suspended in
lysis buffer (25 mM Tris-HCI, pH 7.5, T M NaCl, 500 mM Urea, 10% glycerol,
1mM PMSF, 5mM benzamidine, 1pg/mL leupeptin and 1 pug/mL
pepstatin). The cells were then lysed by sonication and the cell debris
was removed by ultracentrifugation. The supernatant was mixed with
glutathione Sepharose-4B beads (GE healthcare) and rocked for 2 h at 4 °C
before elution with 20 mM reduced glutathione (Sigma). Pre-Scission
protease (GE healthcare) was then added to remove the N-terminal GST
tags. The proteins were further mixed with Ni-NTA agarose beads (QIAGEN)
and rocked for 2h at 4°C before elution with 300 mM imidazole. The
proteins were further purified by gel-filtration chromatography equili-
brated with 25 mM Tris-HCI, pH 7.5, 150 mM NaCl. The H1.3 were labeled
by Alexa Fluor 647 protein labeling system (A20006, Invitrogen) according
to manufactory’s instruction. The purified proteins were concentrated by
centrifugal filtrations (Millipore), then stored in aliquots at —80 °C.

SNHGS8 and p601 DNA array labeling

SNHG8 was in vitro transcribed using the T7 Ribo MAX Large-Scale RNA
Production System (P1320, Promega) with or without fluorescein-12-UTP
(134367-01-4, Roche) labeling. And in vitro transcribed SNHG8 was purified
by chromatography and fractions were loaded on and a natural SDS-PAGE
gel and staining by Gelred dye for quality control. 2xp601 arrays were
prepared according to a previous description [32] and the purified 2xp601
was labeled by Alexa Fluor 594 Nucleic Acid Labeling Kit (Invitrogen)
according to manufactory’s instruction. Labeled p601 fragments were
purified by a NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel).

Droplet assembly

Phase-separated droplets of H1.3 or H1.3 truncations with SNHG8 or
4xp601 arrays were formed by a quick dilution of the purified H.3 and
SNHG8 or 4xp601 arrays [(protein: RNA/DNA) molar ratio, 5:1] into a
reaction buffer containing NacCl and Tris-HCl and adjusted the concentra-
tion to 20 mM Tris-HCl (pH 7.5), 150 mM NaCl. The phase-separated droplet
solution was incubated for 30 min to 4 h at room temperature. Droplets
were imaged immediately to 4 h using Zeiss LSM 880 confocal microscope
with DIC or fluorescence mode.

Electrophoretic mobility shifts assay (EMSA)

The in vitro transcribed SNHG8 and 2xp601 was mixed with or without
H1.3 at molecular ratio 1:1 in the buffer (25 mM Tris-HCI, pH 7.5, 150 mM
NacCl, 10 mM MgCl,) at 25 °C for 10 min. For preparation of the competitive
sample, 2xp601 mixed with H1.3 and then added SNHGS8 into the p601
—H1.3 mixture. The reactions were quenched by adding the loading dye.
The samples were then loaded into a 6% de-natural polyacrylamide gel
with 0.5XTBE buffer and stained with Gelred dye.

Quantification and statistical analysis

The statistical analyses are described in the figure legends. Multiple t-test is
corrected by Bonferroni-Dumn method. Differences were considered
significant at P < 0.05. The experiments were repeated independently for at
least 3 times with similar results.

RESULTS

Epithelial cells-enriched SNHG8 expression

A total of 258 RNA-seq data from 73 cell lines of different origins
were deposited in Encyclopedia of DNA Elements (ENCODE)
project [33, 34], and these cell lines can be classified into
7 annotated cell types according to their Cell Ontology annota-
tions [35] (Fig. 1A, Supplementary Data Set 1). To identify
functional IncRNAs in epithelial cells from these resources, we
designed a bioinformatic screening pipeline named the CTSS.
A workflow illustrating the screening process is shown in Fig. 1A.
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The screening generated a collection of 6123 epithelial cells-
enriched genes consisting of 4064 coding genes and 2059 non-
coding genes including 536 long non-coding genes (Supplemen-
tary Data Set 2). Some known epithelia-associated IncRNAs, such
as MALAT1 [36], NEAT1 [37] and TINCR [38], were also included. To
obtain the most probably functional IncRNAs, the list of epithelial
cells-enriched genes was further narrowed down according to
their correlations with the prototypical epithelial marker cadherin
1 (CDH1), GSEA with an epithelial signature [39] and their
abundances, referred to as reads per kilobase per million mapped
reads (RPKM). A final list of 416 genes was yielded, including 406
coding genes and 10 IncRNAs (Fig. 1A, B, Supplementary Data
Set 3). The CTSSs of these genes in each cell type from a to g were
calculated and normalized by Z-score, followed by ranking based
on the normalized CTSSs in epithelial cells (Fig. 1B). Of note,
protein coding genes were also included throughout the whole
screening process because most of them had defined functions
and could be used as positive controls. As revealed by GO analysis,
the identified 406 protein-coding genes were predominantly
involved in epithelia-specific processes (Fig. 1C). Among the
identified 10 IncRNAs (Fig. 1D), miR-205 host gene (MIR205HG)
with high abundance was previously reported to be mainly
expressed in the basal layer of prostate epithelium and capable of
regulating basal-luminal differentiation [40]. Besides MIR205HG, all
other 9 IncRNAs showed an epithelia-enriched feature, although
their expressional patterns in individual epithelial tissue were
different (Fig. 1E and Supplementary Fig. S1). Considering that the
functions of these 9 IncRNAs in epithelial cells were unknown, we
focused on SNHG8 for further evaluation because of its similar
abundance/RPKM to MIR205HG (Fig. 1D) and its homology
between human and mouse (Fig. 1F, G).

Characterization of SNHG8 in epithelial cells
Although SNHG8 had been reported to play a role in carcinogen-
esis [41, 42], the molecular and cellular characterization of SNHG8
is absent to date. According to the Ensembl annotation, SNHG8
gene encodes five transcripts (Fig. 2A). To validate their
expressions in epithelial cells, we performed Northern blot in
CRISPR-Cas9 system-generated SNHG8-knockout (MCF10A-AGS)
and non-specific knockout (MCF10A-ANS) clones from the human
mammary epithelial cell line MCF10A (Fig. 2B) with a probe
targeting all five transcripts (Fig. 2A), in which in vitro transcribed
five putative SNHG8 transcripts were used as positive controls
(Fig. 2C). The results showed that SNHG8 mainly encoded
transcript T4 (ENST00000602573.1) in MCF10A-ANS cells, which
could be completely knocked out in MCF10A-AG8 (Fig. 2C). Of
note, a minor band was also detected upon long exposure, whose
length was most close to that of transcript TI1
(ENST00000602414.6) (Fig. 2A). According to Ensembl database,
T4 is the only transcript conserved with the mouse homology
Snhg8. Hereafter, T4 was used to represent SNHG8. Considering
that SNHGs are a group of IncRNAs with introns and exons in their
sequences and generate small nucleolar RNAs through alternative
splicing [43], and the small nucleolar RNA SNORA24 is included in
SNHG8 (Fig. 2D), we examined whether SNHG8 gene is also
processed into SNORA24 in MCF10A cells. Northern blot assay
using a probe to target both SNORA24 and SNHGS8 (Fig. 2D)
revealed that hepatocellular carcinoma Huh7 cells expressed
SNORA24 [44] and SNHG8. However, MCF10A cells predominantly
expressed SNHG8 with almost undetectable SNORA24 expression
(Fig. 2D). By the way, prediction with the Coding Potential
Assessment Tool (CPAT) (Supplementary Fig. S2A) and in vitro
transcription/translation assay with MYC, UHRF1 and IncRNA
NKILA respectively as coding (Supplementary Fig. S2B) and non-
coding controls also confirmed the non-coding nature of SNHGS.
gRT-PCR analyses showed that, like TINCR but not the muscle
cell-enriched IncRNA LincMD1 [45], the copy of SNHG8 was
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Fig. 1 CTSS-based screening of epithelial cell-enriched IncRNAs. A Scheme of the screening process of epithelia-specific IncRNAs. The 73
cell lines recorded by ENCODE are classified into 7 cell types as indicated by a-g according to their cell ontology annotations. The numbers of
cell lines and corresponding RNA-seq data in each cell type are shown in the parentheses. Following the CTSS screening of cell-type enriched
genes, the resultant 6123 epithelia-enriched genes were further filtered by the correlation with CDH1 (Pearson R > 0.4), GSEA analysis with
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group a-g like panel A. Genes are ranked based on the normalized CTSSs in epithelial cells. C Top 20 GO biological processes enriched by the
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applicable. G The homology sequence analysis depiction of SNHG8 and its conserved analog in mouse. The green regions are highly
conserved.

abundant in MCF10A cells, prostate epithelial cell line RWPE-1 and SNHG8 binds to linker histone H1 family members

human keratinocyte cell line HaCaT (Fig. 2E). To define the The chromatin localization of SNHG8 inspired us to ask whether
subcellular localization of SNHG8, we performed RNA FISH, and SNHG8 binds to chromatin modulators to exert biological
found that SNHG8 was almost exclusively localized in the nucleus functions. To explore the binding partners of SNHG8 in epithelial
like U6 snRNA rather than 18S RNA, the latter being in cytoplasm cells, in vitro transcribed 4-fold repeat of a modified streptavidin-
(Fig. 2F). Specifically, subcellular fractionation followed by qRT-PCR binding RNA aptamer termed S1m (4xS1m) and 4xS1m-fused full-
revealed that SNHG8 was mainly detected in the chromatin of length SNHG8 (4xS1Tm—SNHGS8, Fig. 3A) were incubated with
MCF10A and HaCaT cells like non-coding RNA XIST [46] and MCF10A cell lysates, followed by pulldown with streptavidin
MALAT1 [47] (Fig. 2G). magnetic beads. The bound proteins were separated by SDS-PAGE
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Fig. 2 Characterization of SNHGS in epithelial cells. A Schematic diagram of putative SNHG8 transcripts (data from Ensembl database), with
the SNHG8 probe for Northern blot indicated. B Schematic diagram of guide RNAs (sgRNA1 and sgRNA2) targeting SNHG8 gene loci and
electrophoresis of the SNHG8 genomic PCR products. € Northern blots with SNHG8 probe in total RNA extracts from MCF10A-ANS and
MCF10A-AGS8 cells, with 1 ng in vitro transcribed putative SNHG8 transcripts (T1-T5) used as positive controls, and 285/18S used as total RNA
loading controls. D Schematic diagram of SNHG8 (T4), with SNORA24 and the SNORA24 probe indicated (top). Northern blots with SNORA24
probe in total RNA extracts from MCF10A and Huh7 cells, with 0.3 ng in vitro transcribed putative SNHG8 (T4) and SNORA24 transcripts used
as positive controls, and 285/18S used as total RNA loading controls (bottom). E The average copy numbers of SNHGS8, TINCR and LincMD1 per
cell in MCF10A, RWPE-1 and HaCaT cells as quantified by absolute gRT-PCR. F Schematic diagram of SNHG8 with probes used for DIG-labeled
RNA-FISH assay indicated (Top). Representative confocal microscopy images of SNHG8 detected by Digoxin-labeled RNA-FISH assay with
U6 snRNA and 18S RNA respectively as nuclear and cytoplasm RNA controls in MCF10A-ANS and MCF10A-AG8 cells. Scale bar, 20 pm. G
MCF10A and HaCaT cells were fractionated and subjected to immunoblotting (top) and gRT-PCR (bottom) for the indicated proteins and
RNAs. For immunoblotting, p-tubulin, Nucleolin, and H2B were respectively used as cytoplasm, non-chromatin, and chromatin markers; for
qRT-PCR, XIST and MALAT1 were used as chromatin markers, and p-actin mRNA (ACTB) as cytoplasm marker. Data in panels E and G are the
mean = SD (n = 3), and all experiments were repeated for three times with similar results.

and the differential bands were analyzed by LC — MS/MS. Two
differential bands at 35 and 70 kD were identified as linker histone
H1 family members H1.0/H1.5/H1x and heterochromatin protein 1
binding protein 3 (HP1BP3), respectively (Fig. 3A, Supplementary
Data Set 4), the latter being evolutionarily and structurally related
to the H1s [48]. Interestingly, H1F0 (coding H1.0) and H1X (coding
H1x) were also present in the epithelia-enriched gene list after
CTSS screening (Fig. 3A, Supplementary Data Set 2).

We continued to validate whether SNHG8 interacted with H1s.
As shown in Fig. 3B, in vitro transcribed SNHG8 pulled down
histone H1 variants detected in MCF10A and HaCaT cells,
including H1.0, H1.2, H1.3 and H1.5, as well as HP1BP3, but not
chromatin associated proteins heterochromatin protein 1a (HP1a)
as well as core histones H2A and H2B. We also performed ChIRP
assay to verify whether endogenous SNHG8 could pull down
endogenous H1s, in which a set of probes to target the Lac Z
mRNA, normally absent from human cells [49], were used as
negative control. As depicted in Fig. 3C, SNHG8 probes specifically

SPRINGER NATURE

enriched endogenous SNHG8 but not 185 RNA or ACTB mRNA,
and efficiently pulled down endogenous histone H1.0, H1.2, H1.3
and H1.5. Reciprocally, Flag-tagged histone H1s but not Flag-
tagged HP1a abundantly immunoprecipitated endogenous
SNHG8 rather than 18S RNA in MCF10A cells (Supplementary
Fig. S3). Similarly, antibody against pan-H1s but not HP1a
immunoprecipitated endogenous SNHG8 but not 185 RNA or
ACTB mRNA (Fig. 3D). Additionally, RNA FISH assay also showed
co-localization of SNHG8 with GFP-tagged H1.3 in MCF10A and
HaCaT cells (Fig. 3E). Cumulatively, our results propose that
histone H1s are endogenous binding partners for SNHGS.

To map the minimal sequence of SNHG8 required to interact
with histone H1s, SNHG8 mutants deleted of the 5/, middle, and 3’
region were individually incubated with MCF10A cell lysates,
followed by RNA pulldown. The results showed that the truncation
of either region completely disrupted the interaction between
SNHG8 and H1s (Fig. 3F). Considering that IncRNAs tend to carry
out interactions through secondary structure rather than linear
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Fig. 3 SNHGS binds to linker histone H1 family members. A 4xS1m and 4xS1m-SNHG8 were constructed and transcribed in vitro, followed
by electrophoresis on formaldehyde-denatured agarose gel (top). In vitro transcribed 4xSTm and 4xS1m-SNHG8 were incubated with
MCF10A cell lysates and subjected to RNA pulldown assay, followed by SDS-PAGE separation and coomassie blue staining of bound proteins.
The red triangles point to two differentially stained bands subjected to LC — MS/MS analysis (middle). CTSSs of H1FX and H1FO from Fig.1A are
shown in the bottom panel. B In vitro transcribed 4xS1m and 4xS1m-SNHG8 were incubated with HaCaT (left) or MCF10A (right) cell lysates,
followed by RNA pulldown and immunoblotting for the indicated proteins. RPD, RNA-pulldown. C Schematic diagram of SNHG8 with probes
used for ChIRP assay indicated (top). qRT-PCR analysis (bottom left) and immunoblotting (bottom right) for the indicated RNAs and proteins
were performed. Lac Z probes were used as negative control. D Endogenous histone H1 or HP1a were respectively purified with anti-pan-H1
(anti-H1s) and anti-HP1a antibodies from MCF10A cells. Immunoblotting (top) and gRT-PCR analysis (bottom) for the indicated proteins and
RNAs were performed. f-actin was used as a negative control for immunoblotting, and 185 RNA and f-actin mRNA (ACTB) were used as
negative controls for gRT-PCR. E Representative confocal microscopy images showing SNHG8 visualized by DIG-labeled RNA-FISH assay and
GFP-tagged H1.3 in MCF10A and HaCaT cells. Scale bar, 7.5 pum. F 4xS1Tm-SNHG8 and its linear sequence-based truncations (top) were
incubated with MCF10A cell lysates and subjected to RNA pulldown, followed by immunoblotting for the indicated proteins (bottom). FL full
length, RPD RNA-pulldown. SNHGS8 and its secondary structure-based truncations (G) were incubated with MCF10A cell lysates and subjected
to RNA pulldown, followed by immunoblotting for the indicated proteins (H). RNA structures were predicted by RNA fold web server (http://
rna.tbi.univie.ac.at). Data in panels C and D are the mean £ SD (n = 3), and P values between SNHG8 and Lac Z (C) or IgG and Anti-H1s (D) were
calculated by multiple T-test corrected by Bonferroni-Dumn method. All experiments except for A were repeated three times with
similar results.

sequence [50], the secondary structure of SNHG8 was predicted [51]. RNA pulldown assay showed that the D1 mutant, which
by RNAfold web server [51] and three structure-based SNHG8 preserves two stem loops of SNHG8 (Fig. 3G), maintained
mutants D1, D2 and D3 were generated (Fig. 3G). Because deletion interaction with histone H1 to a degree (Fig. 3H). In contrast, the
variants are folded into their own stable secondary structures, they other two mutants which largely disrupted the conformation of
are not necessarily complete superimposable to that of SNHG8 SNHG8 abrogated the interaction (Fig. 3G, H).
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Fig.4 SNHG8 competes with DNA for histone H1 binding. A Photographs of tubes containing in vitro-transcribed SNHG8, recombinant H1.3
or SNHG8—H1.3 mixture (top), and images of turbid SNHG8—H1.3 mixture observed by differential interference contrast confocal microscopy
(bottom). Scale bar, 5 pm. B MCF10A cells stably expressing GFP-tagged H1.3 and mcherry-MCP were transfected with MS2 or MS2-SNHG8 and
subjected to living cell imaging under a confocal microscopy. Scale bar, 5 pm. MCP, MS2 coated protein. C Representative confocal microscopy
images of fluorescein-labeled SNHG8 (green) or AF594-labeled p601 DNA (red) mixed with AF647-labeled H1.3 (blue) in 150 mM NaCl by
molecular ratio 1:1. Scale bar, 5pum. D Fluorescein-labeled SNHG8 (green) was added to the pre-mixed AF647 labeled H1.3 (blue)—AF355-
labeled p601 DNA (red) mixture, followed by incubation for 30 min. Representative confocal microscopy images were shown. Scale bar, 5 pm.
E In vitro electrophoretic mobility shift assay showing the competitive relationship between SNHG8 and p601 DNA for H1.3. F Quantification
of salt extraction assays showing the relative intensity of each H1 variant extracted by increasing salt concentrations from MCF10A cells with
and without knockdown of SNHG8. Data are the mean + SD (n = 3), and P values compared with shNC cells were calculated by multiple T-test
corrected by Bonferroni-Dumn method. All experiments were repeated for three times with similar results.

SNHG8 competes with DNA for histone H1 binding

To examine whether SNHG8 and histone H1 are directly
associated with each other, we purified SNHG8 and H1.3 in vitro
(Supplementary Figs. S4A and S4B). Upon mixing them in
physiological salt, a turbid solution was unexpectedly observed
(Fig. 4A). Under a microscope, the turbid material revealed liquid
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droplets, which fused with each other into larger ones over time
(Fig. 4A; Supplementary Videos 1, 2), indicative of liquid-liquid
phase separation (LLPS), a characteristic of proteins with
intrinsically disordered regions and the capacity for multivalency
[52, 53]. Indeed, both the N- and C-terminal regions of Hls
are intrinsically disordered [32, 54] (Supplementary Fig. S4C).
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SNHG8—H1.3 phase separation required the full-length of H1.3, as
the CTD of H1.3 greatly compromised the formation of droplets,
and the GD failed to form droplets with SNHG8 (Supplementary
Fig. S4D).

To test whether droplets of H1-bound SNHG8 exist in epithelial
cells, living cell imaging of SNHG8 was achieved by using the MS2-
MCP system [55]. When MS2-SNHG8 and mcherry-MCP were co-
expressed in MCF10A cells together with GFP-H1.3, the RNA and
protein complex formed by MS2-SNHG8 and mcherry-MCP (MS2-
SNHG8—mcherry-MCP), rather than MS2-mcherry—MCP complex,
was strikingly colocalized with GFP-H1.3, and condensed into
puncta with GFP-H1.3 under live cell imaging system (Fig. 4B).
Notably, the puncta that came into contact with one another were
coalesced and most of them were not perfectly circular. These
nonspherical condensates were proposed to be likely due to the
local rigidity of chromatin partitioned in the puncta [56]. To test
whether these puncta/nonspherical condensates display rapid
exchange kinetics with their surroundings, a characteristic of
phase-separated condensates [57], FRAP was performed and
showed that MS2-SNHG8—mcherry-MCP and GFP-H1.3 were able
to recover (Supplementary Fig. S4E, Supplementary Video 3).
These results suggest that SNHG8 and H1.3 form LLPS con-
densates in the cells.

In line with the previous reports [56, 58], histone H1s can phase
separate when mixed with DNA (Fig. 4C). When SNHG8 and DNA
were separately mixed with H1.3 at molecule ratio 1:1, the
droplets formed by SNHG8—H1.3 were much larger than DNA
—H1.3 droplets at the same time point (Fig. 4C). Moreover, the
addition of SNHG8 to the H1.3—DNA mixture disrupted the H1.3
—DNA droplets by excluding DNA to the droplet exterior (Fig. 4D),
a phenomenon that has also been observed in other competitive
phase separation models [59]. Further, EMSA demonstrated that
addition of H1.3 to either SNHG8 or DNA reduced their mobility
and shifted them to higher molecular weight (Fig. 4E). When
SNHG8 was added to the pre-incubated DNA—H1.3 mixture,
however, DNA was replaced from H1.3, and the shift of SNHG8
—H1.3 but not DNA—H1.3 was formed (Fig. 4E). All these results
from competitive phase separation and EMSA assays (Fig. 4D, E)
suggested that SNHG8 has a higher binding ability to H1.3 than
chromatin DNA. To verify this assumption in cells, SNHG8 was
knocked down in MCF10A cells with two specific shRNAs
(Supplementary Fig. S4F). By using chromatin extraction assay
[60], we found that, under low salt concentration (0.3 M and 0.4
M), H1s were extracted ~2 fold less in SNHG8 knockdown cells
compared to control cells (Fig. 4F, Supplementary Fig. S4G),
suggesting that there is more H1s bound to chromatin to result in
chromatin compaction. Collectively, SNHG8 phase separates H1s
and competes with DNA for H1 binding.

SNHG8 knockdown leads to chromatin condensation and
epithelial differentiation-associated gene expression

To investigate whether the increased binding of histone H1 to
chromatin upon SNHG8 depletion affects chromatin accessibility,
we performed chromatin MNase digestion assay. The results
showed that the chromatin in MCF10A cells with SNHG8 knock-
down was more inaccessible compared to control cells (Fig. 5A, B).
The result could be further confirmed in MCF10A-AG8 cells
compared with MCF10A-ANS cells (Supplementary Fig. S5A). We
also performed ATAC-seq assay to comprehensively determine
alterations of gene accessibility after SNHG8 knockdown. As for
this, shNC and shG8#2-infected MCF10A cells were subjected to
ATAC-seq. The ATAC-seq peaks of open chromatin were highly
consistent between independent experiments in both groups
(Supplementary Fig. S5B). Out of the 54975 ATAC-seq peaks
detected, 33913 peaks were common between shNC and shG8#2
cells, while 18307 and 2755 peaks were respectively specific to
shNC and shG8#2 cells (Fig. 5C, Supplementary Fig. S5C,
Supplementary Data Set 5), indicating the chromatin of shG8#2
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cells was in a more inaccessible state. By mapping those
differential ATAC-seq peaks to the genomic locus, we found that
2678 genes tended to be closed and 390 genes tended to be
opened under SNHG8 knockdown (Fig. 5D, Supplementary Fig.
S5D). GO pathway analysis revealed that those opened genes
could be significantly enriched in pathways such as regulations of
cell migration and cell differentiation (Supplementary Fig. S5E),
and those closed genes were remarkably enriched in cell cycle-
associated pathways (Supplementary Fig. S5F). To find out
whether the alteration of genomic accessibility could be reflected
on gene expression level, we also performed RNA-seq analysis in
shNC- and shG8#2-infected MCF10A cells (Supplementary Data
Set 6). Generally, the results showed that down-regulated genes
outnumbered up-regulated genes (Fig. 5E), consistent to the more
inaccessible genomic status upon SNHG8 knockdown. More
importantly, GO pathway analysis of genes deregulated after
SNHG8 knockdown showed that the up-regulated genes were
most significantly enriched in epithelial differentiation-related
pathways (Fig. 5F), while the top pathways enriched by down-
regulated genes are all cell cycle-associated pathways (Fig. 5G).
Cell cycle arrest is one of the hallmarks of epithelial differentiation
[61]. Thus, both the ATAC-seq and RNA-seq results suggested that
SNHG8 knockdown resulted in an epithelial cell differentiation-
associated genomic expression pattern.

SNHGS loss contributes to epithelial differentiation

MCF10A cells had been shown to have stem/progenitor-like
properties [62]. We thus asked whether knockdown of SNHG8
indeed induced MCF10A cells to undergo differentiation as the
transcriptomic data indicated. Firstly, we validated the decreased
expression of key cell cycle regulators such as E2F1, CDK1, CCNA2,
EZH2, and the increased expression of epithelial cell differentia-
tion associated transcription factors and markers, including MAFB,
SOX9 and KRT13 [21], in SNHG8-knocked down MCF10A cells
compared to control cells both at mRNA (Fig. 6A) and protein level
(Fig. 6B), as well as in MCF10A-AG8 cells compared to parental
MCF10A cells (Supplementary Fig. S6A). Secondly, GSEA revealed
that epithelial cell differentiation-associated gene signatures could
be enriched in the up-regulated genes (Fig. 6C), and the
established gene sets representing epithelial progenitor genes
could be enriched in the down-regulated genes (Fig. 6D). Thirdly,
knockdown of SNHG8 impedes cell cycle at Go/G; stage
(Supplementary Fig. S6B). More importantly, 3D mammosphere
formation assay, a classical model to evaluate epithelial cell
differentiation as characterized by hollow lumen formation [63],
showed that SNHG8 knockdown accelerated acini maturation of
MCF10A cells (Fig. 6E). Finally, re-expression of SNHG8 in MCF10A-
AGS8 cells to the comparable level of endogenous SNHG8 rescued
cell cycle arrest (Supplementary Fig. S6C), acini maturation delay
(Fig. 6F) and gene expression deregulation (Supplementary Fig.
S6A). In line with its negative regulating role in acinar formation,
additionally, SNHG8 was significantly down-regulated during this
process (Supplementary Fig. S6D). All these results supported that
SNHGS8 loss probably induces differentiation of MCF10A cells. This
differentiation-inducing effect of SNHG8 knockdown could also be
seen in RWPE-1 and HaCaT cells (Supplementary Figs. S6E and
S6F). Similarly, the expression of SNHG8 was down-regulated
during calcium-induced differentiation of RWPE-1 cells (Supple-
mentary Fig. S6G).

Next, we sought to validate the role of histone H1 in SNHG8
knockdown-induced differentiation-associated gene expression.
On the one hand, four somatic histone H1 subtypes (H1.0, H1.2,
H1.3 and H1.5) were individually depleted by CRISPR/Cas9 in
MCF10A-AG8 cells (Supplementary Fig. S6H), and the results
showed that the depletion of all these subtypes reversed the
repressed expression of cell cycle regulators and the activated
expression of differentiation-associated genes caused by SNHG8
deficiency both at mRNA and protein levels (Fig. 6G, H). On the
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Fig. 5 Knockdown of SNHG8 leads to chromatin condensation. A, B Nuclei isolated from MCF10A cells with and without knockdown of
SNHG8 were subjected to MNase digestion analysis (A). The relative intensities of mono-nucleosome were calculated by normalizing the
intensity of mono-nucleosomes in each lane against the intensity of total DNA in corresponding lane (B). DNA intensities were measured by
Image J. Data are the mean+SD (n=3), and P values between two line-linked groups were calculated by multiple T-test corrected by
Bonferroni-Dumn method. C Metaplot ATAC-seq signals in MCF10A cells with and without knockdown of SNHGS in two independent assays.
TSS transcription start site, TES transcription end site. D Bar plot depicting the number of genes opened and closed after knockdown of
SNHGS8 (FC > 2 and FDR < 0.05 peaks). FC fold change, FDR false discovery rate. E Comparative transcriptome analysis between MCF10A cells
with and without knockdown of SNHGS8. log,FC vs log;oFDR shows gene changes between shG8#2 and shNC. Significantly regulated hits
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twice. FC fold change, FDR false discovery rate. The top 10 GO biological processes respectively enriched by genes up-regulated (F) and down-
regulated (G) after knockdown of SNHG8 in MCF10A cells.
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Fig. 6 Loss of SNHG8 induces epithelial differentiation through histone H1. A, B gRT-PCR analysis (A) and immunoblotting (B) for the
indicated RNAs and proteins in MCF10A cells with and without knockdown of SNHG8. C, D GSEA of RNA-seq data from MCF10A cells with and
without knockdown of SNHG8 with the indicated epithelial differentiation (C) and progenitor-associated genesets (D). E, F Representative
confocal microscopy images and quantification of the acini formed in 3D culture by MCF10A cells with and without knockdown of SNHG8 for
8 days (E) and by MCF10A-AGS8 cells with and without re-expression of SNHG8 for 10 days (F). Scale bar, 10 pm. G, H gRT-PCR analysis (G) and
immunoblotting (H) for the indicated RNAs and proteins in MCF10A cells with and without CRISPR/Cas9-mediated depletion of H1 subtypes.
Data in panels A and G are the mean+SD (n=3), and P values compared with shNC(A) or ANS (G) were calculated by multiple T-test
corrected by Bonferroni-Dumn method. All experiments except for A were repeated three times with similar results.

other hand, histone H1 with duplicate C-terminal domain (H1CC),
which confer stronger binding of H1s to chromatin [30], was
overexpressed in MCF10A cells to simulate H1s with increased
binding to chromatin upon SNHG8 depletion. As a result, H1CC
phenocopied SNHG8 knockdown as evidenced by the repressed
expression of cell cycle regulators and the activated expression of
differentiation-associated genes (Supplementary Figs. S6l and S6J).
Collectively, SNHG8 loss induces differentiation-associated gene
expression, probably through causing H1-mediated chromatin
condensation.

DISCUSSION

With the CTSS-based pipeline to identify epithelial cells-enriched
IncRNAs, we identified 10 epithelial cells-enriched IncRNAs due to
our strict evaluating standard, although the first level of screening
by CTSS got 536 long non-coding genes including some known
epithelia-associated IncRNAs, such as MALAT1, NEAT1 and TINCR.
Therefore, the methodology might have missed a lot of
information. However, we believe that these 10 IncRNAs possess
the most typical epithelial features among the list of 536 epithelia-
enriched IncRNAs screened by CTSS, even though other important
IncRNAs could be filtered out. Herein, we chose to focus on

Cell Death & Differentiation (2022) 29:1569 — 1581

epithelial cells-enriched SNHG8 to elucidate its potential biological
functions. Indeed, SNHG8 was abundant in typical epithelial cell
lines, such as MCF10A, RWPE-1 and HaCaT.

More intriguingly, SNHG8, which is mainly localized in the
chromatin of epithelial cells, binds to almost all H1s but not core
histone partners H2A and H2B. H1s have been reported to present
intrinsically disordered regions and obtain the capacity for
multivalency so as to undergo LLPS with many chromatin factors
including linker DNA, H2A and HP1a during chromatin organiza-
tion [32, 56]. Our in vitro and living cell images also showed the
interaction between SNHG8 and H1s in way of LLPS. Compared to
DNA, SNHG8 manifested stronger ability in phase separating H1s,
raising the possibility that SNHG8 might have higher binding
ability to H1s than DNA, which was supported by the fact that
SNHGB8 outcompetes DNA for H1s binding in EMSA. In line, SNHG8
loss increased the amount of H1s binding to chromatin DNA,
leading to chromatin condensation and remodeled gene expres-
sion. Actually, unlike the core histones, the linker H1 binds to the
nucleosome in a dynamic manner to form higher-order chromatin
structures, thus stabilizing the nucleosomes and provides the
structural and functional flexibility of chromatin [32]. Therefore,
although SNHG8 was localized on the chromatin fraction, it could
keep H1s out of nucleosome to regulate chromatin flexibility.
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Due to the large number of H1 subtypes and the redundancy
between them, both the overall and individual biological
functions of H1s are poorly understood. It has been reported that
single and double knockouts of H1 variants lacked general defects
[64], whereas combined knockout of more than two major H1
variants leads to severe phenotypes from mild growth retardation
to embryonic lethality in mice [65]. Therefore, functional
redundancy among H1 family members and compensation of
the lost H1 variants by the remaining H1s are thought to account
for the lack of phenotypes in single knockouts of H1s. Interest-
ingly, SNHG8 binds and regulates all H1s. Correspondingly, SNHG8
knockdown leads to chromatin condensation and has a profound
effect on gene expression. Therefore, SNHG8 might be a useful
tool to study the overall biological effects of H1s.

Finally, although that SNHG8 is associated with epithelial
identity, SNHG8 was significantly down-regulated during differ-
entiation of MCF10A and RWPE-1 cells, which present progenitor
cell-like characteristics with differentiation potentials [40, 62]. In
line, SNHG8 knockdown induced epithelial differentiation-
associated gene expression pattern together with closing of cell
cycle-associated genes. Also, 3D mammosphere formation assay
supported that SNHG8 knockdown accelerated acini maturation of
MCF10A cells. These data suggested that epithelial cells with
differentiation potentials present higher SNHG8 expression than
mature epithelial cells, and its down-regulation contributes to
their differentiation, although it remained to be further confirmed
in Snhg8-knocked out mice.
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