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Abstract
Background: Small RNAs (sRNAs) extensively mediate gene-specific chro-
matin regulation in lower organisms. As a dominant type of functional sRNAs
in mature mammals, microRNAs mainly regulate gene expression at post-
transcription level in the cytoplasm. Currently, whether there exists a type
of nuclear-localized sRNAs mediating gene-specific epigenetic regulation in
mature mammalian cells remains largely unclear. Here, we profiled sRNAs
enriched in the nucleus and investigated their function in mediating gene-
specific epigenetic regulation in anti-tumor immunity.
Methods: We established cytoplasmic and nuclear transcriptomes of sRNAs
of dendritic cells (DCs) using high-throughput sequencing. Transcription
abundances of sRNAs and mRNAs were analyzed by reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) assay. The associations
between sRNAs and Argonaute (AGO) proteins were detected by RNA immuno-
precipitation analysis. Synthesized sRNAs and locked nucleic acid (LNA)
-modified sRNA inhibitors were used to screen the function of sRNAs in innate
immune cells. The effect of sRNA on the enrichment of either chromatin
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remodeler or histone modification at the gene promoter was analyzed by chro-
matin immunoprecipitation (ChIP)-qPCR assay. Chromatin accessibility qPCR
assay was used to detect the accessibility of gene promoters. A B16 melanoma-
bearing mouse model was established to determine the function of sRNAs in
tumor-associated macrophages (TAMs) and their effect on tumor growth.
Results: We identified a new class of nucleus-localized sRNAs, named
snRNA/snoRNA-derived nuclear RNAs (sdnRNAs). Some sdnRNAswere Dicer-
independent and had no association with Argonaute proteins. sdnRNA-3, the
most abundant Dicer-independent sdnRNAs identified in our analysis, was
selected as a representative to examine the biological function of sdnRNAs.
sdnRNA-3 selectively inhibited the transcription of Nos2 in macrophages dur-
ing innate immune response by repressing the chromatin accessibility at Nos2
gene promoter. sdnRNA-3 promoted the enrichments of repressive chromatin-
remodeling regulator Mi-2β and the repressive histone modification H3K27me3
at Nos2 gene promoter. In the B16 melanoma mouse model, we found higher
expression of sdnRNA-3 in M2 TAMs than M1 TAMs and DCs. Transfer of
sdnRNA-3-silencedmacrophages inhibited tumor growthwith increased expres-
sion of inducible nitric oxide synthase (iNOS) in TAMs.
Conclusions: Our results demonstrated that the sdnRNA-3 repressed the tran-
scription of Nos2 by repressing chromatin accessibility at the promoter, pro-
viding new insights into the regulation of macrophage function in tumor
immunity.
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1 BACKGROUND

Epigenetic regulations, such as DNAmethylation, histone
modification, and chromatin remodeling play important
roles in establishing cell lineage-specific phenotypes and
functions during mammalian development [1]. The mech-
anisms underlying the gene-specific regulation of chro-
matin accessibility remain to be fully understood. [2]. One
important component mediating gene-specific epigenetic
regulation is non-coding regulatory RNAs, including long
non-codingRNAs (lncRNAs) and small RNAs (sRNAs) [3].
Among these small RNAs, microRNAs (miRNAs), small
interfering RNAs (siRNAs), and Piwi-interacting RNAs
(piRNAs) are extensively studied as functional sRNAs
[4]. In mammalian cells, exogenous siRNA and nuclear
microRNAmay be involved in epigenetic regulation by tar-
geting gene promoters in a sequence-dependent manner
[5–7]. However, siRNAs and promoter-associated sRNAs
are notwidely expressed inmammalian cellswhereasmiR-
NAs are mainly localized in the cytoplasm. Thus, whether
there is a class of nuclear-localized small RNAs that espe-

cially mediate gene-specific epigenetic regulation deserves
further investigation.
Epigenetic regulation is crucial for defining cell-specific

identity and function during lineage commitment. Chro-
matin status, especially in gene loci, is tightly regulated
by epigenetic regulators, such as DNA methylation, his-
tone modification, and ATP-dependent chromatin remod-
eling [8]. During an innate immune response, innatemedi-
ators such as pro-inflammatory cytokines are induced
by Toll-like receptors (TLRs) and other innate signals
with dynamic transcription patterns due to different chro-
matin context in specific gene loci established by epi-
genetic regulators [9]. There are three classes of TLRs
signal-induced genes, namely, primary response genes,
late primary response genes, and secondary response
genes. Gene-specific chromatin remodeling which tailors
nucleosome composition for DNA accessing is required
for transcription induction of secondary response genes
[10]. However, the molecular mechanisms underlying the
gene-specific targeting of the chromatin remodelers have
not been revealed.
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Dendritic cells (DCs) and macrophages, two kinds of
important innate immune cells, are not only capable of rec-
ognizing pathogens and initiating inflammatory responses
during infection but can also regulate tumor immunity.
Alternatively activatedmacrophage (M2), relative to classi-
cally activated macrophage (M1), promotes tumor growth,
invasion, and immune evasion by low expression of
M1-associated immune effectors and high expression
of immune-repression molecules [11]. Like M2, tumor-
associated macrophages display suppressive capacity for
tumor immunity, especially for T cell expansion and func-
tion in the tumor microenvironment. Thus, macrophages
are potential targets for tumor immunotherapy [12,13]. To
explore new classes of nuclear-localized sRNAs that could
be involved in mediating gene-specific epigenetic regula-
tion in innate and tumor immunity, we established tran-
scriptomes of small RNAs, termed small RNomes, from the
nuclear and cytoplasmic fractions of mature DCs (mDC).
By systematically analyzing the nuclear and cytoplasmic
RNomes, we identified different kinds of nucleus-localized
sRNAs derived from different DC precursors. Func-
tional studies further revealed that a Dicer-independent
snRNA/snoRNA derived nuclear sRNA (sdnRNA) was
implicated in mediating gene-specific epigenetic regula-
tion of immune effector in the induction of anti-tumor
immunity.

2 MATERIALS ANDMETHODS

2.1 Mice and reagents

Male and female C57BL/6 mice (6-8 weeks) were obtained
from Joint Ventures Sipper BK Experimental Animal
(Shanghai, China). No randomization of weight and sex
or blinding was used for animal studies. Dicer1d/d mice
(6-8 weeks) were kindly gifted by Dr. Jiahuai Han (Xia-
men University, Xiamen, Fujian, China) [14]. All ani-
mal experiments were performed following the National
Institute of Health Guide for the Care and Use of Lab-
oratory Animals, with the approval of the Scientific
Investigation Board of Second Military Medical Univer-
sity (SMMU, Shanghai, China). Lipopolysaccharides (LPS)
(0111:B4) (Sigma-Aldrich, St. Louis, Missouri USA) stim-
ulation was performed following previously described
methods [15]. Recombinant mouse GM-CSF and IL-4
were obtained from PeproTech (London, UK); restriction
enzyme Pst1 from NEB (Ipswich, Massachusetts, USA);
H3K27me3 antibody from Millipore (Burlington, Mas-
sachusetts, USA); Mi-2β antibody from Santa Cruz (Santa
Cruz, California, USA); iNOS antibody fromCell Signaling
Technology (Beverly, Massachusetts, USA).

2.2 Cell culture and transfection

Murine bone marrow-derived DCs and thioglycolate-
elicited peritoneal macrophages were prepared and cul-
tured as previously reported [16,17]. The macrophages
were seeded into plates and maintained at 37◦C and
5% CO2 overnight, then transfected with sRNAs using
the INTERFERin reagent (Polyplus, Strasbourg, France)
according to the standard protocol. The sequences of 2’-O-
methylmodified sdnRNA-3mimics and themutation form
for sdnRNA-3 were 5’-ACCACGAGGACGAGACGTAG
CG-3’, and 5’-ACTGCTAGGACGAGACGTAGCG-3’. LNA-
modified inhibitor of sdnRNA-3 (reverse complementary
sequence) was customized from Exiqon (Dusseldorf, Ger-
many).

2.3 Nuclear and cytoplasmic RNA
isolation

The nuclear and cytoplasmic RNAs of mature DCs were
extracted as described previously with some modifications
[18]. Briefly, cytoplasmic and nuclear fractions of mature
DCs were isolated as described, however, the small RNAs
of the two fractions were extracted using the mirVana™
miRNA Isolation Kit (Ambion, Waltham, Massachusetts,
USA).

2.4 Next-Generation sequencing and
data analysis

Cytoplasmic and nuclear sRNAs were extracted and sub-
jected to high-throughput sequencing using Illumina
Solexa Sequencing Technology (San Diego, California,
USA). Dataweremainly analyzed using the ShortOligonu-
cleotide Alignment Program (SOAP) [19]. Four steps of
data analysis were performed. First, we collected short
RNAs at 18-30 nt length, called clean reads, and mapped
them to the mouse genome to obtain specific and com-
mon sequences of sRNAs. Second, we blasted these sRNAs
against known non-coding RNAs deposited in the Rfam
database [20], fRNAbd [21], miRbase database [22], and
NCBI GenBank sequence database [23], and classified
sRNAs into different categories according to their anno-
tations. Third, sRNAs were calculated as log2 ratio using
the normalized TPM (transcripts per million reads) value
that was taken as the abundance of each sRNA for a rig-
orous significance test to determine the expression differ-
ence of each sRNA from nuclear and cytoplasmic fractions
[24]. We then picked up the superior nucleus-localized
sRNAs according to the criteria that the abundance of each
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sRNA was over 20 and x>10y (x: abundance of sRNA from
nuclear fraction; y: abundance of sRNAs from cytoplasm
fraction). Next, we analyzed the length distribution, 5’ and
3’ end nucleotide bias of these RNAs by using the value of
abundances. Lastly, according to proximal genomic loca-
tion, highly similar fragments only with variations at their
5’ and 3’ terminus were classified into one cluster andwere
named as cluster1, cluster2, etc.

2.5 Reverse transcription-quantitative
PCR (RT-qPCR)

Total RNAswere extracted using the TRIzol reagent (Invit-
rogen, Waltham, Massachusetts, USA) following the man-
ufacturer’s instructions and sRNAswere extracted byusing
mirVana™miRNA Isolation Kit (Ambion, Waltham, Mas-
sachusetts, USA). RT-qPCR analysis was performed using
PrimeScript™RT reagentKit (Takara,Kyoto, Japan), SYBR
real-time PCR kit (Takara, Kyoto, Japan), and LightCy-
cler (Roche, Basel, Switzerland). Nuclear and cytoplasmic
RNAs isolated from equal numbers of macrophages were
used to test sdnRNA-3 abundance. The stem-loop primers
used for small RNAs were described previously with some
specific modifications for the analyzed small RNAs [25].
Data for transcripts expressionwere normalizedwithU6 or
GAPDH levels in comparison with control groups. When
analyzing the expression difference of each sRNA from
nuclear and cytoplasmic fractions, synthesized sRNA (5’-
TTCTCCGAACGTGTCACGT-3’) thatwas used as spike-in,
were added equally to the nuclear and cytoplasmic RNAs,
and parallel reversed using specific primers together with
detected sRNAs. The signals from the spike-in were used
to normalize the two fractions. Primer sequences for all the
tested sRNAs, cytokines, and others were listed in Table S1.

2.6 RNA immunoprecipitation

RNAbinding protein immunoprecipitationwas performed
using EZ-Magna RIPTM RNA-Binding Protein IP Kit (Mil-
lipore, Burlington,Massachusetts, USA). The immunopre-
cipitated RNAs were extracted from RNA-protein/beads
complex using the mirVana™ miRNA Isolation Kit
(Ambion, Waltham, Massachusetts, USA).

2.7 Western blot

Cells were lysed using the M-PERTM Protein Extraction
Reagent (Pierce, Rockford, Illinois, USA), supplemented
with a protease inhibitor cocktail (Roche, Basel, Switzer-
land). Protein concentrations of the extracts were mea-

sured using the BCA assay (Pierce, Rockford, Illinois,
USA) and equalized with the extraction reagent. Equal
amounts of the protein were subjected to SDS-PAGE and
transferred onto nitrocellulose membranes (GE Health-
care, Boston, Massachusetts, USA) for blotting with anti-
bodies as described previously [26].

2.8 ChIP-qPCR assay

The cells were cross-linked and processed according to the
Chromatin Immunoprecipitation (ChIP) Assay Kit (Mil-
lipore, Burlington, Massachusetts, USA) protocol. ChIP
results were analyzed by qPCR using 2% of each input as
standards. The primers for Nos2 promoter amplification
were listed in Table S1.

2.9 Chromatin accessibility qPCR assay

Experiments were performed as previously described with
somemodifications [27,28]. Isolated cell nuclei added with
limiting amounts of restriction enzyme (Pst1 for Nos2 pro-
moter) were incubated at 37◦C for 20 min, followed by
genomic DNA isolation. Primers amplifying the cut region
spanning the Pst1 recognition site for qPCR were the same
as those in the ChIP assay. Primers for the uncut region
(without Pst1 recognition site) as internal control were
listed in Table S1. Accessibility index was normalized and
calculated as uncut%.

2.10 Promoter pull-down

The 1.5Kb upstream region at Nos2 or Il6 (negative con-
trol) promoter was amplified with 5’-biotinylated for-
ward primer and 5’-unmodified reverse primer (Table S1).
Nuclear fraction of macrophages were lysed by 90 min
incubation in two volumes of nuclear lysis buffer (420
mM NaCl, 20 mM HEPES pH 7.9, 20% v/v glycerol, 2 mM
MgCl2, 0.2 mM EDTA, 0.1% NP40, protease, and RNase
inhibitor and 0.5mMDTT), and sonicated to improve lysis.
5-biotinylated promoters were immobilized on Dynabeads
MyOne C1 (Invitrogen, Waltham, Massachusetts, USA) by
incubating for 30 min at room temperature in binding
buffer (1 MNaCl, 10 mMTris-HCl pH 8, 1 mMEDTA pH 8,
and 0.05% NP-40). Beads containing immobilized probes
were then incubated with nuclear extracts of macrophages
in protein binding buffer (50 mM Tris-HCl pH8, 150 mM
NaCl, 1 mM DTT, 0.25% NP-40 and complete protease and
RNase inhibitors) for 30min at 37◦C and another 2 h at 4◦C
in the presence of poly-dAdT (Sigma-Aldrich, St. Louis,
Missouri, USA). Complex-containing beads were washed
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extensively (using incubation buffer without poly-dAdT),
and RNA fractions were extracted using the Trizol reagent.

2.11 Tumor allografts and macrophage
isolation

For the B16 melanoma model, B16-F10 cells were injected
subcutaneously into the right flank of each mouse (5 × 105
cells per injection in 100 μL Phosphate Buffered Saline.
Male and female C57BL/6 mice (6-8 weeks) were used
for tumor inoculation. Tumor volume was determined by
measuring the length (D, the larger diameter of tumor) and
width (d, the smaller diameter of tumor) of the tumor with
a caliper, and calculated by D*d2*0.5. The mice were killed
mercifully before the longest diameter of the tumor reach-
ing 15 mm.
All animal experiments were performed in accordance

with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals, with the approval of the
Scientific Investigation Board of Second Military Medi-
cal University (Shanghai, China). For single-cell suspen-
sions, the tumors were surgically removed followed by
dissociation with surgical scissors and digestion with Col-
lagenase IV (Worthington, Worthington, California, USA)
and Deoxyribonuclease I (Roche, Basel, Switzerland) in
Roswell Park Memorial Institute 1640 medium for 30 min
in a 37◦C shaking incubator (150 rpm). After red blood cell
lysis, live/dead cell discrimination was performed using
7-Aminoactinomycin D (ThermoFisher, Waltham, Mas-
sachusetts, USA). Fragment of crystallization block was
performed by staining with anti-CD16/32 to avoid non-
specific binding. Surface stainingwas performed at 4◦C for
30 minutes in Fluorescence-activated cell sorting (FACS)
staining buffer (PBS containing 5%Fetal Bovine Serumand
0.5% sodium azide) containing designated antibody cock-
tails. Antibodies for FACS analysis were purchased from
BioLegend (San Diego, California, USA).

2.12 Statistical analysis

Error bars displayed throughout the manuscript represent
Standard Deviation (sd) and were calculated from trip-
licate technical replicates of indicated biological sample
described in the figure legends. Sample sizes were chosen
by standard methods to ensure adequate power, and no
randomization of weight and sex or blinding was used for
animal studies. No statistical methodwas used to predeter-
mine sample size. Statistical significance was determined
using two-tailed and unpaired Student’s t-tests between
the two groups, or using one-wayANOVAwhenmore than
two groups by Excel’s descriptive statistics (Microsoft, Red-
mond, Washington, USA); *P < 0.05; **P < 0.01.

F IGURE 1 Analysis and comparison of sRNAs from the cyto-
plasm and nucleus of dendritic cells. (A) Component proportions
of sRNAs with unique sequences in the cytoplasm and nucleus. (B)
Abundances of miRNAs and the other sRNAs in the cytoplasm or
nucleus. (C) Abundances of sRNAs among indicated sRNA origins
in the cytoplasm and nucleus. (D) Abundances of repeat-associated
sRNAs classified by sub-origin in the cytoplasm and nucleus. All
the above analyses were from comparisons between cytoplasmic and
nuclear fractions of sRNAs in dendritic cells.
miRNAs, microRNAs; sRNAs, small RNAs

3 RESULTS

3.1 Different components of nuclear
and cytoplasmic transcriptomes of small
RNAs in innate immune cells

To systematically analyze the differences of sRNAs
enriched in the nucleus and cytoplasm, we sequenced
sRNAs isolated from the cytoplasm and nucleus of
mouse bone marrow-derived and LPS-matured DCs [18].
Sequenced tags were then mapped to the mouse genome
and classified into categories according to different match-
ing genomic elements. Sequence analysis demonstrated a
marked difference in the unique reads between the nuclear
and cytoplasmic sRNA fractions. All sequenced unique
reads contained 25.65% specific sRNAs in the cytoplasm,
68.55% in the nucleus, and 5.80% were cross-possessive,
indicating that sRNAs in the nuclear fraction were much
different from those in the cytoplasmic fraction (Fig-
ure 1A). Through analysis of normalized abundances of
sRNAs, miRNAs were observed to represent a much larger
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fraction in the cytoplasm than in the nucleus, which is
supported by the prevailing view that most miRNAs local-
ize and perform their functions in the cytoplasm, while
other precursor-derived sRNAs were more enriched in
the nuclear fraction (Figure 1B). Further origin analysis
revealed that, except sRNAs derived from tRNAs, sRNAs
derived from other analyzed precursors were more abun-
dant in the nuclear fraction (Figure 1C). Among these,
sRNAs originating from repeat elements are described
as repeat-associated small interfering RNAs (rasiRNAs).
Because piRNAs belong to rasiRNAs and perform impor-
tant genome defensive and epigenetic regulatory functions
in the nucleus, rasiRNAs were therefore selected as a rep-
resentative class for sub-origin analysis [29]. We found
that rasiRNAs originating from long interspersed nuclear
elements (LINE) and short interspersed nuclear ele-
ments (SINE) were more enriched in the nuclear fraction
(Figure 1D).

3.2 snRNAs/snoRNAs-derived nuclear
RNAs (sdnRNAs) are most abundant
among nucleus-localized small RNAs in
innate immune cells

In further analyses, hundreds of sRNAs were selected as
nuclear-localized sRNAs according to the criterion that x
>10y (x: abundances of sRNAs in the nucleus, y: abun-
dances of sRNAs in the cytoplasm) with the abundance
of either sRNAs exceeding 20 (Table S2). Different from
the length distribution of miRNAs with a significant peak
at 22 nt [30], these sRNAs were predominantly 18-24 nt
in length (Figure 2A). Analysis of the 5’ and 3’ terminal
nucleotide bias of these 18-24 nt sRNAs revealed that a
low C frequency, among all the size ranges, and a T bias
appeared in the 5’ termini of 18-23 nt sRNAs, while the 3’
termini of 19-24 nt exhibited a low T frequency among all
the size ranges and a high G frequency among the 19-24 nt
sRNAs (Figure 2B and C).
Precursor analysis of these nucleus-localized sRNAs

indicated relatively high proportions of nucleus-localized
sRNAs derived from ribosomal RNAs (rRNA), snRNAs,
and snoRNAs (Figure 2D). snRNAs and snoRNAs play
a fundamental role in RNA splicing and modification
mainly in the nucleus [31]. snRNAs and snoRNAs mainly
localize in the nucleus and have hairpin containing sec-
ondary structures, so they are ideal precursors that may
be directly processed into sRNAs in the nucleus. We ana-
lyzed sRNAs from snRNAs or snoRNAs together here.
These snRNAs and/or snoRNAs-derived sRNAsweremost
abundant among the nucleus-localized sRNAs derived
from all origins (Figure 2D). We designated these sRNAs
as snRNA/snoRNA derived nuclear RNAs (sdnRNAs),

regardless of whether they had been identified before as
microRNAs. Some of these sRNAs exhibited a high degree
of similarity with only a few variations at the 5’ or 3’ ends.
Therefore, we clustered these similar sequences according
to their overlapping genomic locations and selected the top
10 highly expressed sequences in different clusters (Table
S3 and S4).

3.3 sdnRNAs are partially
Dicer-dependent and have no association
with AGO proteins

Primary miRNAs are generally cleaved to form pre-
miRNAs by Drosha in the nucleus and exported to the
cytoplasm where they are processed to mature miRNAs
by Dicer [29]. Since the sdnRNAs were predominately
localized in the nucleus, we investigated whether they
were exclusively processed in a Dicer-independent man-
ner. Transcription abundances of sdnRNA1-10 were ana-
lyzed by RT-qPCR using specific stem-loop primers [32].
Mature DCs were obtained from the variant Dicer1 allele
(dicer1d/d) or wild type mice. The results demonstrated
that the maturation of sdnRNA-3, sdnRNA-4, sdnRNA-
6, and sdnRNA-10 were Dicer1-independent, while the
remainder were Dicer1-dependent (Figure 2E). Dicer-
dependent sRNAs have always been considered to asso-
ciate with Argonaute (AGO) family proteins. Further RNA
IP analysis indicated that unlike microRNAs tested as the
positive controls, all 10 sdnRNAs had no significant asso-
ciation with AGO proteins (Figure 2F).
AGO2-associated sRNAs derived from snoRNAs were

also reported: One sRNA, called ACA45, was Dicer-
dependent and was associated with AGO proteins in
human cells [33]. The other onewas identified as amiRNA,
named miR-140 [34]. We further investigated the differ-
ence between the AGO2-associated sRNAs derived from
snoRNAs and sdnRNAs. We found that although ACA45
and miR-140 were also Dicer1-dependent and associated
with AGO proteins in murine DCs (Figure 2E and F),
ACA45 andmiR-140 did not havemuchhigher abundances
in the nucleus than in the cytoplasm (Table S2). These
results indicate that sRNAs derived from the same class of
precursors may have different functions due to their differ-
ent subcellular locations.

3.4 sdnRNA-3 inhibits LPS-induced
iNOS expression in macrophages

As described above, miRNAs may perform their target-
specific transcription regulation in the nucleus through
seed sequence-dependent complementation with DNA
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F IGURE 2 Features of nucleus-localized sRNAs in dendritic cells. (A) Length distribution analysis of the sRNAs. (B) The proportions
of first nucleotide bias in 18∼24 nt sRNAs. (C) The proportions of the last nucleotide bias in 18∼24 nt sRNAs. (D) The abundances of sRNAs
in the indicated sRNA origins. (E) RT-qPCR detection of relative abundances of indicated sRNAs in wild type and dicer1(d/d) mDCs. Data
were normalized by U6 and compared with wild type group. (F) RT-qPCR analysis of comparable abundances of indicated sRNAs in RNA
immunoprecipitation (IP) fractions of AGO proteins compared to those in RNA IP fractions of IgG for mDCs. Enrichments were normalized
with 1% RNA IP input from the same sample. Murine miRNA-21 and miRNA-146a were used as positive controls. Data were representative of
three independent experiments. Error bars denoted SD. *P <0.05; **P <0.01.
AGO, argonaute; IP, immunoprecipitation; mDCs, mature dendritic cells; na, not available;RT-qPCR, reverse transcription-quantitative poly-
merase chain reaction; sRNAs, small RNAs

sequences in some gene promoters. piRNAs, which
are Dicer-independent and do not associate with AGO
proteins, perform epigenetic regulation in the nucleus.
According to the functional features of such two classes of
sRNAs, sdnRNA-3 that has the highest abundance among
the Dicer-independent sdnRNAswas selected as the repre-
sentative of sdnRNAs to perform the functional study.
According to our sequencing data, sdnRNA-3 had two

major isoforms with a 5’ variation and position 3-9 from
the 5’ end (Table S3). We further analyzed the expression
of sdnRNA-3 by measuring the most abundant form in
sdnRNA-3-containing cluster. RT-qPCR analysis revealed
that there was no significant difference in sdnRNA-3

expression between immature and mature DCs, sdnRNA-
3 was expressed even higher in mouse primary peritoneal
macrophages (Figure 3A), indicating a more important
function of sdnRNA-3 in macrophages. sdnRNA-3 was
also nucleus-enriched in macrophages, just as it was in
mature DCs (Figure 3B and C). Thus, we investigated
the regulatory role of sdnRNA-3 in macrophages in the
subsequent functional analysis. We screened the regula-
tory role of sdnRNA-3 in the expression of M1-associated
innate immune mediators during LPS response using
LNA-modified sdnRNA-3 inhibitor and found that inhibi-
tion of sdnRNA-3 specifically increased the mRNA level of
iNOS (encoded by Nos2 gene) (Figure 3D).
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F IGURE 3 Expression of sdnRNA-3 in DCs and macrophages. (A) RT-qPCR detection of sdnRNA-3 transcripts in imDCs and mDCs,
mouse primary peritoneal macrophages (MФ) activated by 100 ng/mL LPS for 0h or 12h. (B, C) RT-qPCR detection of nuclear and cytoplasmic
sdnRNA-3 andACA45 transcripts inmDCs andMФ.ACA45was the control for cytoplasm-localized sRNAs. Datawere normalizedwith synthe-
sized sRNA (spike-in) and were compared to cytoplasm groups. (D) MФwere transfected with LNA-modified sdnRNA-3 inhibitor (sdnRNA-3i)
and NCi for 36h. After the cells were stimulated by 100ng/mL LPS for 4 h, RNA levels of indicated genes were detected by RT-qPCR. Data
of RT-qPCR analysis were normalized with GAPDH or U6 and compared to control groups. Data were representative of three independent
experiments. Error bars denoted SD. *P <0.05; **P <0.01.
imDCs, immature dendritic cells; LNA, locked nucleic acid; LPS, Lipopolysaccharides; mDCs, mature dendritic cells; MФ, mouse primary
peritoneal macrophages; NCi, negative control inhibitor; ns, not significant; RT-qPCR, reverse transcription-quantitative polymerase chain
reaction; sdnRNAs, snRNA/snoRNA-derived nuclear RNAs

We further found that inhibiting sdnRNA-3 increased
the induction of iNOS mRNA expression by LPS stimula-
tion at different time points, and transcription of Nos2was
also increased at the basal level within 1 hour after LPS
stimulation in the presence of the sdnRNA-3 inhibitor (Fig-
ure 4A). The same effects were observed for iNOS protein
expression (Figure 4B). Transfection of 2’-O-methyl mod-
ified sdnRNA-3 mimics into macrophages increased its
endogenous level (Figure 4C). Overexpression of sdnRNA-
3 inhibited iNOS expression at both the mRNA and pro-
tein levels in LPS-stimulated peritoneal macrophages,
and partial mutation of the sdnRNA-3 sequence signifi-
cantly relieved this inhibitory effect (Figure 4D and E),
indicating that sdnRNA-3 regulates iNOS expression in
a sequence-dependent manner. These data indicate that
sdnRNA-3 can specifically inhibit Nos2 transcription in
macrophages in response to innate signals such as LPS
stimulation.

3.5 sdnRNA-3 represses Nos2
transcription via recruitment of Mi-2β and
increase of H3K27me3

Nos2 is a secondary response gene and its promoter
region has a closed chromatin structure in resting
macrophages. Infection signal can increase the accessibil-
ity ofNos2 promoter for binding of transcription activators
through epigenetic regulators. Among these regulators,
chromodomain-helicase-DNA-binding protein 4 (CHD4),
also known asMi-2β, can specifically antagonize the open-
ing of chromatin structure and limit the over-activation
of inflammatory mediators during pathogen infection.
We speculated that sdnRNA-3 might participate in these
processes to mediate specific inhibition of iNOS expres-
sion by epigenetic regulators. Therefore, we studied the
effect of sdnRNA-3 on the enrichment of Mi-2β to the
Nos2 promoter. LPS stimulation increased the association
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F IGURE 4 sdnRNA-3 inhibits LPS-induced iNOS expression inmacrophages. (A, B) Peritoneal macrophages were transfected with LNA-
modified sdnRNA-3 inhibitor (sdnRNA-3i) and NCi for 36h. (C) Synthesized sdnRNA-3 or negative control sRNAs were transfected into peri-
toneal macrophages for 24h, endogenous levels of sdnRNA-3 were analyzed by RT-qPCR. (D, E) Synthesized sdnRNA-3, sequence partially
mutant form of sdnRNA-3 (sdnRNA-3mu), and negative control sRNAs (NC) were transfected into peritoneal macrophages for 24h. After the
cells were stimulated by 100ng/mL LPS at the indicated time points, iNOS (Nos2 gene) mRNA and protein levels were detected by RT-qPCR
and western blot, respectively. Data of RT-qPCR analysis were normalized with GAPDH or U6 and compared to control groups. Data were
representative of three independent experiments. Error bars denoted SD. *P <0.05; **P <0.01.
LNA, locked nucleic acid; LPS, Lipopolysaccharides; NCi, negative control inhibitor; RT-qPCR, reverse transcription-quantitative polymerase
chain reaction; sdnRNAs, snRNA/snoRNA-derived nuclear RNAs

of Mi-2β with the promoter of Nos2, while overexpression
of sdnRNA-3 further increased the association of Mi-2β
with the Nos2 promoter during LPS response (Figure 5A).
The sdnRNA-3 inhibitor led to a decreased association
of Mi-2β with the Nos2 promoter before and after LPS
stimulation compared to the control group (Figure 5B).
It was observed that inhibition of sdnRNA-3 initiated

Nos2 transcription at an earlier stage during LPS stim-
ulation. Thus, we speculated that sdnRNA-3 inhibition
rendered the Nos2 promoter more sensitive to LPS stimu-
lation and proposed that loss of sdnRNA-3 could affect the
closed chromatin structure of theNos2 promoter in resting
macrophages. Accordingly, we found that LPS stimulation
increased accessibility of theNos2 promoter, and sdnRNA-
3 inhibition could increase accessibility of the Nos2 pro-
moter prior to LPS stimulation, while, overexpression of
sdnRNA-3 did not affect the Nos2 promoter structure
(Figure 5C and D).
Although Nos2 promoter accessibility was not analyzed

in a previous study, loss of Mi-2β was reported to be
insufficient to change the closed promoter structure of the

secondary response genes [10]. Therefore, there may be
other factors involved in repressing the expression of iNOS
at the chromatin level. Trimethylated histone 3 lysine 27
(H3K27me3) is another chromatin silencing mediator.
As H3K27me3-mediated locus-specific heterochromatin
formation was reported to depend on siRNA-mediated
targeting in Tetrahymena [35], we investigated the
role of H3K27me3 in chromatin regulation in resting
and activated macrophages. LPS stimulation caused a
prominent decrease in the H3K27me3 level at the Nos2
promoter. Before LPS stimulation, endogenous inhibition
of sdnRNA-3 reduced the H3K27me3 level at the Nos2
promoter compared to that in the control group. However,
with the extension of stimulation time, the inhibitory
effects of sdnRNA-3 inhibitor on H3K27me3 levels
declined (Figure 5E). Our results suggest that sdnRNA-3
participates in the formation of a closed chromatin struc-
ture of the Nos2 promoter in resting macrophages, not
only through recruiting Mi-2β, but also by increasing the
H3K27me3 level. Mi-2β was previously reported to facil-
itate H3K27me3-mediated gene silencing [36]. However,
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F IGURE 5 sdnRNA-3 mediates epigenetic regulation of Nos2 promoter in macrophages. (A-E) Peritoneal macrophages were transfected
with synthesized sdnRNA-3 and negative control sRNAs (NC) for 24h (A, C), or peritoneal macrophages were transfected with LNA-modified
sdnRNA-3 inhibitor (sdnRNA-3i) and NCi for 36h (B, D, E), and then, the cells were stimulated with 100ng/mL LPS at the indicated time
points. ChIP-qPCR was used to analyze Mi-2β association (A, B), and H3K27me3 levels (E) in Nos2 promoter. Chromatin accessibility qPCR
assay was performed using restriction enzyme Pst1 (C, D). ChIP-qPCR results were quantified by input DNA (input %) from the same sample.
Data of Chromatin accessibility qPCR were normalized to amplicons for the uncut region (uncut %). (F) Biotin-labeled gene promoters were
used for pulling down their-associated small RNAs. The levels of sdnRNA-3 were detected by RT-qPCR, and the data were normalized by 1%
input of nuclear fraction, comparedwith the normalized sdnRNA-3 signal of the control group (Il6 promoter). Data were representative of three
independent experiments. Error bars denoted SD. *P <0.05; **P <0.01.
ChIP, chromatin immunoprecipitation; H3K27me3, trimethylated histone 3 lysine 27; LNA, locked nucleic acid; LPS, Lipopolysaccharides; NCi,
negative control inhibitor; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; sdnRNAs, snRNA/snoRNA-derived nuclear
RNAs



SHI et al. 11

it is not known how these chromatin repression factors
interact with each other to regulate the chromatin status
of Nos2 promoter. To further investigate the gene-specific
regulation of iNOS by sdnRNA-3, we used biotin-labeled
Nos2 promoter (0∼-1.5Kb upstream transcription start
site) as bait for pulling down its-associated molecules in
the nuclear fraction of macrophages and detected the exis-
tence of sdnRNA-3 in pulled-down fractions (Figure 5F).

3.6 Tumor-promoting effect of M2
tumor-associated macrophages with high
expression of sdnRNA-3

High expression of iNOS is a marker of M1 relative to M2,
especially in the tumor microenvironment [37]. Expres-
sion of iNOS in tumor-associated macrophages can sup-
press tumor growth and invasion by producing nitric oxide
(NO) [38,39]. To investigate the potential role of sdnRNA-
3 in tumor immunity, we established a B16 melanoma-
bearing mouse model. We isolated DCs and macrophage
subsets from tumor tissues based on cell markers of
DC (CD45+ (CD3/NK1.1/CD19/F4/80)– IA/E+ CD11c+),
M1 (CD45+ (CD4/CD8/CD49/Siglec-F)– Ly6G– Ly6Clow
F4/80+ IAEhi) or M2 (CD45+ (CD4/CD8/CD49/Siglec-
F)– Ly6G– Ly6Clow F4/80+ IAElow), and found highest
expression of sdnRNA-3 in M2 TAMs, and lowest expres-
sion in DCs among the three tumor-associated immune
cell types (Figure 6A). Inhibition of sdnRNA-3 in tumor-
associatedM2 also increased themRNA level of iNOS (Fig-
ure 6B). Furthermore, we tested the effect of sdnRNA-3
on tumor growth usingmacrophage transfer analysis. Peri-
toneal macrophages transfected with control or sdnRNA-3
inhibitor were transferred into tumor-bearing mice every
4 days from day 0. We observed that adoptive transfer
of macrophages with sdnRNA-3 inhibition could inhibit
tumor growth significantly, as compared to the control
group (Figure 6C). Increased mRNA levels of iNOS were
also observed in M2 TAMs isolated from the B16 allografts
transferred with sdnRNA-3-inhibited macrophages, com-
pared with the controls (Figure 6D). Taken together, these
results primarily indicate that high expression of sdnRNA-
3 in M2 TAMs may contribute to the tumor-promoting
effect of M2 TAMs.

4 DISCUSSION

In addition to miRNA, siRNA, and piRNA with limited
functions, some other types of sRNAs derived from dif-
ferent precursors and their potential function have been
reported [40,41]. Although the functions of such sRNAs
remain largely elusive, such sRNAs play regulatory roles

F IGURE 6 sdnRNA-3 in macrophages promotes tumor growth
by repressing Nos2 transcription. (A) RT-qPCR analysis of sdnRNA-
3 in M1 and M2 TAMs, and DCs isolated from B16 allograft (n = 3).
Data were normalized by U6 and compared with the M1 group. (B)
M2 TAMs isolated from B16 allograft were transfected with LNA-
modified sdnRNA-3 inhibitor (sdnRNA-3i) and NCi for 36h, RNA
levels of indicated genes were detected by RT-qPCR. (C, D) Peri-
toneal macrophages were transfected with LNA-modified sdnRNA-3
inhibitor (sdnRNA-3i) and NCi for 24h. 5 × 106 cells were injected
intravenously into each recipient mouse (n = 6) every 4 days from
day 0 when B16-F10 cells were transplanted. Animals were moni-
tored regularly for tumor growth (C). RNAs of M2 TAMs isolated
from B16 allografts at day 18 were subjected for RT-qPCR analysis of
indicated gene RNAs (D). Data of RT-qPCR analysis were normal-
ized with GAPDH or U6 and compared to control groups. Data were
representative of three independent experiments. Error bars denoted
SD. *P <0.05; **P <0.01.
DCs, dendritic cells; LNA, locked nucleic acid; M1, classically
activated macrophage; M2, alternatively activated macrophage;
NCi, negative control inhibitor; RT-qPCR, reverse transcription-
quantitative polymerase chain reaction; sdnRNAs, snRNA/snoRNA-
derived nuclear RNAs; TAMs, tumor-associated macrophages

in different biological processes, compared with miRNA
and siRNA which are Dicer-dependent. Different subcel-
lular localization may determine their special biological
functions. Although previous studies analyzed subcellu-
lar sRNAs in metazoans, the functions of these differently
localized sRNA have not been fully uncovered [42,43]. In
this study, we established cytoplasmic and nuclear small
RNomes in innate immune cells and identified nuclear-
localized small RNAs that originated differently from
miRNAs in cytoplasmic fractions. Through systematic
analysis, we found a new class of nuclear sRNAs derived
from snRNAs/snoRNAs and named them as sdnRNAs.
In addition to the discovery of such sdnRNAs, we chose
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sdnRNA-3 as representative and investigated its potential
function in innate immunity. sdnRNAs-3-mediated gene-
specific epigenetic repression of iNOS, an innate immune
mediator, is also implicated in the function of the M2
TAMs in tumor immunity. Our nuclear small RNomes
and the functional study on sdnRNAs indicate a novel
class of small RNAs implicated in gene-specific epigenetic
regulation.
When considering the processing and regulating

mechanisms of sdnRNAs, we classified newly-discovered
sdnRNAs into two subclasses: Dicer-independent and
Dicer-dependent. For Dicer-independent sdnRNAs, we
found one of them could mediate gene-specific epige-
netic regulation in a sequence-dependent manner. Our
discovered sdnRNAs, which do not associate with AGO
proteins, may have new functions through different inter-
mediate mediators. However, these sdnRNAs-associated
functional proteins and the underlying mechanism for
gene-specific targeting have not been identified in this
current study. Furthermore, whether these sRNAs are
processed directly in the nucleus is waiting to be elu-
cidated. For the Dicer-dependent sdnRNAs, similar to
previously reported snoRNA derived RNAs (sdRNAs) in
lower organisms [44], they also do not associate with AGO
proteins, different from microRNAs which associates
with RNA Induced Silencing Complex (RISC) in the
cytoplasm [45]. Thus, we thought they are a new class
of sRNAs different from miRNA-like sdRNAs, and AGO
proteins and their associated sdRNAs-mediated regula-
tion may not be the main mechanism for gene-specific
epigenetic regulation in the nucleus of innate immune
cells. Moreover, the underlying mechanisms for importing
such Dicer-dependent sdnRNAs back to the nucleus after
they are processed by Dicer1 in the cytoplasm and their
potential functions in the nucleus need to be further
elucidated.
As a secondary response gene, chromatin remodeling by

BRG1-containing SWI/SNF complex is required for tran-
scription induction of Nos2 gene. On the other hand, the
Mi-2β complex acts antagonistically to limit the induc-
tion of the Nos2 gene [10]. The underlying mechanisms
for either maintaining a closed chromatin structure at pro-
moters of secondary response genes, or targeting of chro-
matin remodeling complex are still elusive. In this study
we investigated a negative role of sdnRNA-3 in chromatin
remodeling at Nos2 promoter, indicating that sdnRNAs
in innate immune cells may be involved in decreasing
the chromatin accessibilities at promoters of secondary
response genes. sdnRNAs may directly or indirectly asso-
ciate with and recruit repressive chromatin modifiers to
these gene promoters in a sequence-dependent manner,
promoting the deposition of negative histone modifica-
tions there.

As an essential functional system in mammals, the
immune system may have its own special sRNAs in deter-
mining immunological functions. In this study, we found
a new class sdnRNAs, which were most abundant among
our identified nuclear-localized sRNAs in DCs. Although
the abundances of sdnRNAs in other living systems have
not been determined, we speculate that sdnRNAsmay be a
major class of special nuclear sRNAs in the innate immune
system. DCs and macrophages play important roles not
only in initiating innate immunity but also in regulating
anti-tumor immunity. Especially, macrophage subsets play
different regulatory roles in tumor immunity depending on
the expression of different immune-modulating effectors
under different polarization states. The epigenetic mech-
anisms underlying the expression of effectors, promoting
or suppressing tumor growth and invasion in different
macrophage subsets remain elusive. In this study, using a
B16 melanoma-bearing mouse model, we found a higher
level of sdnRNA-3 inM2 TAMs than inM1 cells, indicating
that the repression of iNOS expression by sdnRNA-3 was
also involved in establishing M2-specific gene expression
pattern for tumor growth. High expression of iNOS is also
a marker of M1 phenotype, although iNOS plays dual roles
in tumor immunity [46]. High expression of iNOS in TAMs
was reported to raise CD4+ Th1 chemokines and inhibit
immune suppressive cytokines [38], in accordance with
our investigation of decreased tumor growth when trans-
ferring sdnRNA-3-inhibited macrophages with increased
expression of iNOS.
Our study revealed a small RNA-mediated novel mech-

anism of genes-specific epigenetic regulation of immune
effectors in macrophages via the recruitment of Mi-2β and
increase of H3K27me3. Although we only used sdnRNA-
3 as an sdnRNA model in the functional studies, we
thought that other infection-induced molecules such as
some cytokines and innate mediators may be also the tar-
gets of sdnRNAs with different sequences. Whether there
are “seed” sequences in sdnRNAs like those in miRNAs or
othermechanisms that exist for the gene-specific targeting
also need further investigation.

5 CONCLUSIONS

A new class of dicer-independent small RNAs that are
derived from snRNAs or snoRNAs localize in the nucleus
of innate immune cells. Choosing sdnRNA-3 as the rep-
resentative for functional study, we found that sdnRNA-
3 inhibited transcription of Nos2 gene (encode iNOS) by
decreasing chromatin accessibility of gene promoter in
macrophages. Furthermore, we found that the inhibi-
tion of sdnRNA-3 in tumor-associated macrophages could
repress tumor growth.
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