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Opposite effects of miR-155 in the initial and later stages of
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Abstract: Although microRNA-155 (miR-155) is considered a pro-inflammatory mediator, cumulative evidence indicates that it
also has anti-inflammatory effects in macrophages and dendritic cells. In this study, we identified the dramatic expression
changes of more than half of potential miR-155-targeted genes upon lipopolysaccharide (LPS) stimulation; 223 genes were
down-regulated and 85 genes were up-regulated, including suppressor of cytokine signaling 1 (SOCSI) and transforming
growth factor-B-activated kinase 1-binding protein 2 (74B2), two well-known genes involved in miR-155-mediated regulation
of the Toll-like receptor 4 (TLR4) signaling pathway. We also found that miR-155 acted as an anti-inflammatory mediator in the
initial stage of LPS-induced inflammatory response mainly through repressing TAB2 protein translation, and as a pro-
inflammatory mediator by down-regulating SOCSI1 in the later stage. Meanwhile, overexpression of 7452 3' untranslated region
(UTR) in macrophages promoted the development of endotoxin tolerance by competing for binding with miR-155, which
resulted in an elevated expression level of SOCS1 protein. These findings provide new insights for understanding the regulatory
mechanisms in fine-tuning of LPS-induced innate immune response.
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1 Introduction 2005; Freise et al, 2019). Recently, microRNAs

(miRNAs) have been shown to play a pivotal role in

Toll-like receptor 4 (TLR4) is an important pattern
recognition receptor (PRR) expressed on the cell surface
for lipopolysaccharide (LPS) recognition and LPS-
mediated inflammatory responses (Takeda et al., 2003;
Wong et al., 2017). TLR4-triggered innate immune
response is essential to eliminate pathogens and must be
tightly regulated. Dysfunctional inflammatory responses
result in failures of host defense against infection or
extensive tissue damage (Roger et al., 2001; Martin et al.,
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regulating LPS-triggered innate immune response and
the development of endotoxin tolerance (Rodriguez et al.,
2007; Chen QY et al., 2012; Chen LQ et al., 2016;
Zhang et al., 2019; Chen C et al., 2020). MicroRNA-
155 (miR-155) has been identified as a key regulator
of the TLR4 signaling pathway (Sayed and el Sayed,
2016; Sayed et al., 2018). There is currently plenty of
evidence supporting the idea that miR-155, as a pro-
inflammatory mediator, enhances the expression of pro-
inflammatory cytokines such as interleukin-6 (IL-6)
and tumor necrosis factor-a (TNF-a) via suppressing
the anti-inflammatory molecule suppressor of cytokine
signaling 1 (SOCS1), a key negative regulator of LPS
responsiveness (O'Connell et al., 2007; Gatto et al., 2008;
El-Sahar et al., 2021). For example, Androulidaki et al.
(2009) reported that the expression level of miR-155
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was significantly elevated in AKT1™" mouse macrophages
upon LPS stimulation, which dampened the protein
expression of its target gene SOCS]I, leading to endo-
toxin tolerance that cannot be induced by LPS re-
challenge in AKT1™ macrophages. However, some studies
have also shown that miR-155 suppresses TLR4 sig-
naling adapters including myeloid differentiation factor
88 (MyD88) and transforming growth factor- 3 -activated
kinase 1-binding protein 2 (TAB2), which are critical
for TLR4 signaling cascades, and this supports an anti-
inflammatory role for miR-155 (Ceppi et al., 2009;
Tang et al., 2010; Xu et al., 2013; Sul et al., 2018).

We hypothesized that miR-155 might participate
in regulation for the crucial homeostatic mechanism that
prevents both the excessive innate immune response and
immune suppression through interacting with different
targets at different stages of the inflammatory response.
miR-155 has been reported as a pro-inflammatory and
anti-inflammatory mediator involved in regulating LPS-
triggered immune response. In this study, we found
that the profile of the miR-155-targeted gene pool in
macrophages was dramatically changed upon LPS stimu-
lation, and there were distinctly different expression
patterns between TAB2 and SOCSI, the two well-known
targets involved in miR-155-mediated regulation. We
discovered that 74B2 messenger RNA (mRNA) was
translationally repressed by miR-155 from the initial to
the later stages of inflammation, but miR-155-mediated
translational inhibition of SOCS1 mainly occurred in
the later stage of inflammation. Moreover, we found that
TAB?2 3' untranslated region (UTR)-transfected RAW264.7
macrophages were more prone to developing endotoxin
tolerance, accompanied by an elevated expression level
of SOCSI protein.

2 Results

2.1 Profile of the miR-155-targeted gene pool in
macrophages in response to LPS stimulation

Given that miR-155 has been reported as both a
pro-inflammatory regulator and an anti-inflammatory
regulator in the innate immune response, we hypothe-
sized that this inconsistency might be the result of the
different content of the cellular miR-155-targeted gene
pool depending on the functional status of innate
immune cells. We performed high-throughput RNA
sequencing of mouse peritoneal macrophages treated
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with or without LPS, and found that LPS caused dra-
matic expression changes to thousands of transcripts,
including more than half of miR-155 potential target
genes in macrophages (Fig. la, Table S1). Notably,
among the altered transcripts, the expression levels of
SOCS] and TAB2, two well-known genes involved in
regulating TLR4 signaling in response to LPS stimula-
tion, were significantly enhanced. However, they had
distinct expression patterns. SOCS! mRNA expression
was at a low endogenous basal level in resting macro-
phages but dramatically increased in LPS-triggered
macrophages; in contrast; TAB2 had a high basal level
but was mildly elevated upon LPS treatment (Fig. 1b,
Table S2). Given that both SOCS1 and TAB2 contain
a conserved 8-mer-binding site for miR-155 in their 3'
UTRs, and earlier studies indicated that miR-155 could
repress TAB2 and SOCSI translation (O'Connell et al.,
2007; Sul et al., 2018), we cloned both SOCS1 and
TAB2 3" UTRs containing the conserved or mutant
8-mer miR-155-binding sites into the downstream lu-
ciferase gene, and then co-transfected RAW264.7 mac-
rophages with miR-155 mimics. The miR-155 mimics
significantly suppressed the expression of luciferase
with both SOCS1 and TAB2 3' UTRs containing con-
served seed sites, while mutation of the seed sequence
for miR-155 abolished suppression (Figs. 1¢ and 1d). The
above findings indicated that both the anti-inflammatory
regulator SOCS1 and the TLR4 signaling adapter 74B2
were indeed miR-155 targets.

2.2 Inconsistency between mRNA and protein levels
in LPS-triggered macrophages caused by decreased
translation efficiency of TAB2

Considering the distinct expression patterns of
TAB2 and SOCSI in response to LPS stimulation, we
reasoned that miR-155 could interact with them in the
different stages of the inflammatory response. To illus-
trate the influence of miR-155 on the translation of target
genes, we first analyzed an external dataset (GSE99787)
from the National Center for Biotechnology Informa-
tion (NCBI) Gene Expression Omnibus, which con-
tains RNA-seq and ribosome profiling data of macro-
phages treated with or without LPS. We found that the
transcription and translation efficiencies of 178 potential
miR-155-targeted genes significantly changed during
LPS treatment (Figs. 2a and 2b, Table S3). Notably,
TAB2 mRNA was transcriptionally induced from 2
to 6 h upon LPS stimulation (Fig. 2a). The translation
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Fig. 1 Profiles of microRNA-155 (miR-155)-targeted gene pool in macrophages treated with or without lipopolysaccharide
(LPS). (a) Differential gene expression between control and LPS-triggered peritoneal macrophages displayed as a volcano
plot with significance set at P<(.05. Genes with fold change of <0.5 are shown in blue, and genes with P<0.05 and fold
change of >2 are shown in red. Analysis was performed in DESeq2 using a generalized linear model assuming negative
binomial distributions. (b) Differential gene expression of 178 miR-155 potential target genes in macrophages displayed as a
scatter plot. (¢, d) RAW264.7 macrophages were co-transfected with wild-type or mutant transforming growth factor-p-
activated kinase 1-binding protein 2 (TAB2) and suppressor of cytokine signaling 1 (SOCS1) 3' untranslated region (UTR)
reporter plasmids, and pRL-TK-Renilla-luciferase plasmid, together with miR-155 mimics or scrambled control (Ctrl). After
24 h, firefly luciferase activity was measured and normalized by Renilla luciferase activity. Data are expressed as mean+

standard deviation (n=3). * P<0.05.

efficiency of TAB2 mRNA temporarily increased from
0 to 1 h, and then significantly decreased from 2 to 6 h
during LPS treatment (Figs. 2b and 2c), which indicated
that 74B2 mRNA was translationally repressed from
the early to the later stages of inflammation. The tran-
scription of SOCSI mRNA was induced from 0 to
6 h upon LPS stimulation, and its translation efficiency
remained relatively stable from 0 to 4 h, and then
decreased at 6 h post-stimulation (Fig. 2c), indicating
that translation of SOCS! mRNA might be repressed
in the later stage of inflammation. We also evaluated
the mRNA and protein levels of 74B2 and SOCS! by

reverse transcription-quantitative polymerase chain re-
action (RT-qPCR) and western blotting, and found
that all RNA expression levels of miR-155, TAB2,
and SOCS1 were significantly up-regulated upon LPS
stimulation (Fig. 2d). We observed general and signifi-
cant associations between miR-155 and the two targets
(Figs. 2e and 2f). However, unlike SOCS! mRNA, for
which the protein level consistently increased upon
LPS stimulation at all five time points over 12 h, TAB2
protein expression markedly decreased during LPS
stimulation, which appeared to be inconsistent with
its increased mRNA levels (Fig. 2g).
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Fig. 2 Decreased translation efficiency of TAB2 led to inconsistency between its messenger RNA (mRNA) and protein
levels in lipopolysaccharide (LPS)-triggered macrophages. (a) Differential gene expression heatmap showing a subset of
significantly differentially expressed potential miR-155-targeted genes at indicated time points. (b) Clustering analysis of
the translation efficiency (TE) of the 178 potential miR-155-targeted genes differentially translated (empirical P<0.05) in
the inflammatory response. Heatmap displays mean row-centered log,TE values at indicated time points. (c) Ribosome
footprint reads were mapped to the genome and the number of footprints on the mRNAs for 7AB2 and SOCS1 was
visualized. (d) RAW264.7 cells were stimulated with 100 ng/mL LPS for the indicated time points. Expression of miR-155
was measured by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and normalized to the expression
of U6. Expression of MyD88, TAB2, SOCS1, and SHIPI mRNAs was measured by RT-qPCR and normalized to the
expression of B-actin. (e, f) Correlations between miR-155 expression and its potential target genes (SOCSI and T4B2)
in RAW264.7 macrophages treated with LPS were assessed by means of Spearman’s Rho test. (g) Protein expression
levels of SOCSI and T4B2 upon LPS stimulation were measured at five time points by western blotting. 74 B2, transforming
growth factor-p-activated kinase 1-binding protein 2; SOCSI1, suppressor of cytokine signaling 1; MyD88, myeloid
differentiation factor 88; SHIP1, Src homology 2-containing inositol-5'-phosphatase 1.

2.3 Opposite effects of miR-155 in the early and later  genes by using the biotinylated miR-155 pulldown
stages of inflammatory response in macrophages assay. As shown in Fig. 3a, T4B2 mRNA significantly

To provide direct evidence supporting our hypothe- interacted with miR-155 compared to the scrambled

sis that miR155 exerts opposite effects by targeting
TAB2 in the initial stage and SOCS! in the later stage level was mildly elevated in LPS-triggered macro-
of inflammation, we analyzed the enrichment of target  phages. Binding of miR-155 to SOCS! mRNA was not

control in resting macrophages. Meanwhile, the binding
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observed in macrophages without LPS treatment, but
significant, strong interaction between miR-155 and
SOCS! was identified at 6 h after LPS challenge. These
findings were consistent with the distinct expression pat-
terns of SOCS1 and TAB2 before and after LPS chal-
lenge, which suggested that miRNA passively inter-
acted with targets depending on their relative abun-
dance. To further investigate whether miR-155 exerts
opposite effects in the early and later stages of in-
flammation, we transfected RAW264.7 macrophages

with anti-miR-control or anti-miR-155 and treated them
with phosphate-buffered saline (PBS) control or LPS.
The mRNA levels of pro-inflammatory cytokines
(TNF-0. and IL-6) were measured at the indicated
time points. As shown in Fig. 3b, inhibition of miR-
155 slightly increased the mRNA expression levels of
both TNF-a and IL-6 at 4 h after LPS stimulation but
markedly decreased them at 12 h after LPS stimulation
compared to the anti-miR-control-transfected cells.
To validate these effects at the protein level, TNF-a
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Fig. 3 MicroRNA-155 (miR-155) exerts opposite effects in the early and later stages of inflammatory response in
macrophages. (a) Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis of SOCSI and TAB2
in the streptavidin-captured fractions from RAW264.7 cell lysates after transfection with 3'-end biotinylated miR-155 or
scrambled control (Ctrl), followed by phosphate-buffered saline (PBS) or 100 ng/mL lipopolysaccharide (LPS)
stimulation for 12 h. No template control (NTC) acted as negative control. (b) RAW264.7 cells were transfected with anti-
miR-155 or inhibitor control for 24 h, followed by stimulation with 100 ng/mL LPS at the indicated time points. 74B2
and SOCSI mRNA levels were measured by RT-qPCR and normalized to the expression of B-actin. (c) The supernatants
were collected at the indicated time points and IL-6 and TNF-a protein levels were measured by enzyme-linked
immunosorbent assay (ELISA). (d) Protein expression levels of SOCS1 and TAB2 were measured by western blotting.
Data are expressed as meanzstandard deviation (n=3). * P<0.05, ” P<0.01. SOCS1, suppressor of cytokine signaling 1;
TAB2, transforming growth factor-f-activated kinase 1-binding protein 2; IL-6, interleukin-6; TNF-a, tumor necrosis
factor-a.



and IL-6 production in the supernatant was measured
at 4 h, 4—12 h, and 12 h time points after LPS stimula-
tion. For the 4-12 h samples, RAW264.7 cells were
primed with LPS for 4 h, followed by washing with
PBS; cells were then incubated in fresh complete cul-
ture medium with the same concentration of LPS for
another 8 h before the supernatant was collected. As
expected, the same effects of anti-miR-155 were ob-
served at the protein level for TNF-a and IL-6 (Fig. 3c).
Moreover, as shown in Fig. 3d, TAB2 protein level
was elevated from O to 12 h upon LPS stimulation in
anti-miR-155-transfected cells, whereas SOCS1 pro-
tein expression was significantly enhanced at 6 h af-
ter LPS stimulation in anti-miR-155-transfected mac-
rophages. These results indicated that the opposite
effects of miR-155 in the early and later stages of
inflammation were due to the altered main targets.

2.4 Elevated SOCSI1 protein level and development
of LPS desensitization in RAW264.7 cells caused by
TAB2 3' UTR transfection

Considering that 7482 mRNA had a high basal
level and was elevated in LPS-triggered macrophages,
but TAB2 protein expression was markedly decreased,
and also that the ribosome-binding mRNA fragments of
TAB?2 stayed relatively stable during LPS stimulation,
we decided to further investigate whether the increased
TAB2 mRNA acts as a sponge in competing with
SOCS] for miR-155 instead of being recruited to the
translation apparatus. Previous studies have reported
that the up-regulation of SOCS1 acts as a hallmark of
endotoxin-tolerant macrophages, so we first investigated
whether LPS-mediated up-regulation of miR-155 was
involved in negatively regulating the development of
LPS desensitization. To induce LPS tolerance, RAW264.7
cells were primed with 100 ng/mL LPS for 18 h, followed
by washing with PBS. Cells were incubated in fresh
complete culture medium for 2 h before secondary LPS
challenge (1000 ng/mL). The results showed that IL-6
and TNF-a protein levels in anti-miR-155-transfected
RAW264.7 cell supernatant were significantly lower
than those in anti-miR-control-transfected RAW264.7
cell supernatant (Fig. 4a), which is consistent with pre-
vious observations (Androulidaki et al., 2009) in murine
bone marrow-derived macrophages (BMDMs). Given
that overexpression or knockdown of T4B2 can change
SOCSTI level through directly influencing nuclear factor-
kB (NF-«B) signal strength downstream of TLR4, we
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transfected RAW264.7 cells with TAB2 3' UTR 24 h prior
to LPS stimulation. As shown in Fig. 4b, RAW264.7
cells transfected with TAB2 3' UTR had significantly
enhanced SOCSI protein expression in response to
LPS at indicated time points. Next, we detected the ef-
fect of TAB2 3' UTR transfection on the development
of LPS desensitization and found that IL-6 and TNF-a
protein levels were significantly decreased in TAB2
3" UTR-transfected RAW264.7 macrophages compared
with mock control after the second LPS challenge
(Fig. 4c). Taken together, these results suggested that
TAB2 mRNA could compete for miR-155 and thus
enhance SOCS| protein expression.

3 Discussion

Since miRNAs emerged as an important regulator
in biological processes, research on the topic has blos-
somed in recent years (Xu et al., 2020; Lin et al., 2021).
It has been demonstrated that miRNAs participate in
various biological processes such as cell proliferation
and differentiation, development and apoptosis, and
innate and adaptive immune responses (Zhang YY
et al., 2016; Zhang M et al., 2018; Wan et al., 2019). It
has also been found that miRNAs are deeply involved
in regulating LPS-triggered immune responses (Guo
and Zheng, 2020). Cumulative evidence indicates that
miR-155 is one of the most important miRNAs and
enables a robust inflammatory response (Piccinini
and Midwood, 2012; Diwakar et al., 2019). However,
some studies have shown that miR-155 suppresses
TAB2 and thus inhibits TLR4 signals, supporting an
anti-inflammatory role for miR-155. Taking into
account the dynamic changes of miR-155 and its target
genes in macrophages in response to LPS treatment,
the conflicting conclusions from different research
teams may be due to miR-155 interacting with
different targets in different stages.

Recently, a new hypothesis termed “competing
endogenous RNA (ceRNA)” was proposed, which sug-
gests that mRNAs, transcribed pseudogenes, and long
noncoding RNAs “talk” to each other using miRNA
response elements (MREs) as letters of a new lan-
guage (Salmena et al., 2011). Some experimental evi-
dence supports this hypothesis. The tumor suppressor
gene phosphatase and tension homolog (PTEN) and its
pseudogene PTENI, which share common miRNAs, are
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Fig. 4 TAB2 3' untranslated region (UTR) transfection elevated SOCS1 protein levels and promoted development of
lipopolysaccharide (LPS) desensitization in RAW264.7 cells. (a) An endotoxin tolerance model was developed in anti-
miR-155 or anti-miR control (Ctrl)-transfected RAW264.7 cells. RAW264.7 cells were primed with 100 ng/mL LPS for
18 h, followed by washing with phosphate-buffered saline (PBS). Cells were incubated in fresh complete culture medium for
2 h before secondary challenge with 1000 ng/mL LPS. IL-6 and TNF-o production in supernatants from anti-miR-155-
or miR-155 mimic-transfected RAW264.7 cells was measured by enzyme-linked immunosorbent assay (ELISA). (b) TAB2
3' UTR-transfected RAW264.7 cells and control cells were stimulated with LPS. SOCS1 protein level was determined by
immunoblotting at the indicated time points. (¢) IL-6 and TNF-a protein levels in supernatants were measured by
ELISA. Data are expressed as meantstandard deviation (n=3). *~ P<0.05, © P<0.01. SOCS1, suppressor of cytokine
signaling 1; TAB2, transforming growth factor-p-activated kinase 1-binding protein 2; IL-6, interleukin-6; TNF- a,
tumor necrosis factor-o.

a pair of ceRNA, and overexpression of the PTENP1
3' UTR increased levels of PTEN and growth inhibition
in a DICER-dependent manner. PTEN! exhibits greater
cancer-inhibiting ability than PTEN (Karreth et al.,
2011). Long noncoding RNAs also function in muscle
differentiation as a ceRNA. The transcripts of protein-
coding RNA PTEN can crosstalk with its ccRNA by com-
peting for common miRNAs. Depletion of its ceRNA
transcripts did indeed result in a significant reduction
in PTEN protein level (Tay et al., 2011). An abun-
dance of studies have demonstrated that ceRNA regu-
lation networks play an important role in many bio-
logical processes, especially in cancer development and
differentiation (Bossi and Figueroa-Bossi, 2016; Nuzz-
iello and Liguori, 2019). To our knowledge, there have

been few reports about the signaling adaptors or negative
regulators involved in the same signaling pathways
which modulate each other via a ceRNA mechanism.

4 Conclusions

In the present study, we found that expression levels of
miR-155 and its target genes SOCS! and T4B2 mRNAs
were significantly induced by LPS, but TAB2 protein
expression markedly decreased, which could be reversed
by knockdown of miR-155. Meanwhile, miR-155 knock-
down promoted LPS-induced TNF-a and IL-6 produc-
tion in the early stage of response to LPS, but signifi-
cantly down-regulated them in the later stage and during



an LPS re-challenge. Furthermore, we believe that
transfecting noncoding TAB2 3' UTR into macro-
phages may significantly up-regulate the protein ex-
pression level of SOCS1 and promote the induction
of endotoxin tolerance. Our results indicated that 7482
mRNA may not only translate protein to maintain acti-
vation of TLR4 signaling, but also enhance SOCSI1
protein expression upon LPS stimulation by compet-
ing with miR-155 to prevent an extensive immune re-
sponse. This discovery could provide new insights for
understanding the regulatory mechanisms of fine-
tuning LPS-induced innate immune response.

Materials and methods
Detailed methods are provided in the electronic supple-
mentary materials of this paper.
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