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Inducible RasGEF1B circular RNA is a positive regulator of ICAM-1 in the
TLR4/LPS pathway
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ABSTRACT
Circular RNAs (circRNAs) constitute a large class of RNA species formed by the back-splicing of co-linear
exons, often within protein-coding transcripts. Despite much progress in the field, it remains elusive
whether the majority of circRNAs are merely aberrant splicing by-products with unknown functions, or their
production is spatially and temporally regulated to carry out specific biological functions. To date, the
majority of circRNAs have been cataloged in resting cells. Here, we identify an LPS-inducible circRNA:
mcircRasGEF1B, which is predominantly localized in cytoplasm, shows cell-type specific expression, and has
a human homolog with similar properties, hcircRasGEF1B. We show that knockdown of the expression of
mcircRasGEF1B reduces LPS-induced ICAM-1 expression. Additionally, we demonstrate that mcircRasGEF1B
regulates the stability of mature ICAM-1 mRNAs. These findings expand the inventory of functionally
characterized circRNAs with a novel RNA species that may play a critical role in fine-tuning immune
responses and protecting cells against microbial infection.
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Introduction

Circular RNAs (circRNAs) were first identified in the early 1990s as
scrambled exons in mouse and human cells.1 Additional studies
reported further new examples of circRNAs over the years,2-9 yet
the extent of the prevalence of the circularization phenomenon was
not clear, as the available examples remained limited. The advent
of high-throughput sequencing revealed that circRNAs are a large
class of abundant RNAs with complex developmental- and cell-
specific expression patterns.3,10 Stimulated by these findings, sev-
eral reports in recent years have demonstrated the functional signif-
icance of some of these molecules. Some circRNAs function as
miRNA “sponges” by sequestering miRNAs and thus preventing
their binding to their target genes. For example, the human
CDR1as transcript harbors a cluster of more than 70 binding sites
for miR-7,4,11 while circSry has 16 binding sites for miR-138.11

CircRNAs have also been shown to function as RNA-binding pro-
tein decoys. For instance, circMbl derived from the mbl gene in
Drosophila, contains binding sites for the MBL proteins itself.12

MBL auto-regulates the production of circMbl by binding to flank-
ing intronic sequences. On the other hand, binding of MBL to
circMbl prevents further induction of circMbl production. Finally,
circRNAs have been implicated in transcriptional regulation. A
recent study suggested that a subclass of circRNAs, exon-intron
circRNAs (EIciRNAs), interact with the U1 snRNP and promote
the transcription of their parental genes.13

Despite the progress made so far, the number of function-
ally characterized circRNAs remains very low. Thousands of

cytoplasmic circRNAs have been identified, with most of them
having only 1 or 2 binding sites for a particular miRNA,
which limits their potential regulatory potency as miRNA
“sponges”. How many of these circRNAs are functional or
merely a splicing by-product remains an open question.14

ENCODE transcriptome datasets show that circRNAs expres-
sion can be cell-type specific, suggesting that their production
might be regulated.10 However, most ENCODE experiments
have been carried out in cell lines under unperturbed condi-
tions, leaving circRNAs expressed in many important biologi-
cal contexts largely unexplored. One of them is the
transcriptomic response of immune cells following exposure
to inflammatory stimuli.

Macrophages play a central role in antimicrobial responses
and their action involves the modulation of the expression of
hundreds of genes. Microbial and viral products, such as lipo-
polysaccharide (LPS), initiate signaling cascades through the
TLR pathways that lead to the activation of transcription fac-
tors such as NF-kB and to changes in the expression of hun-
dreds of genes in antimicrobial defenses and adaptive
immunity.15,16 Understanding the potential regulatory role of
circRNAs in immune responses is important for the complete
understanding of their regulation and is thus of significant rele-
vance to a number of therapeutic contexts, including cancer,
heart disease and autoimmunity.

In this study, we initially characterized circRNAs in mouse
macrophage cells treated with or without lipid A (the active
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component of LPS).17 While mouse macrophages produce
thousands of distinct circRNAs species at different time points
after LPS stimulation, we focused on one of them, mouse cir-
cRasGEF1B (mcircRasGEF1B), which we demonstrate to func-
tion as a positive regulator of LPS response and to be conserved
between mouse and human. We showed that several TLR path-
ways regulate the expression of mcircRasGEF1B, including
TLR4, TLR9, TLR3 and TLR2/TLR1. In addition, we demon-
strate that knocking down mcircRasGEF1B expression reduces
LPS-induced expression of ICAM-1, an intercellular adhesion
molecule, the induction of which plays a role in immune
responses by facilitating the binding of leukocytes to endothe-
lium cells and their subsequent transmigration into tissues.

Results

Identification of LPS-induced circRNAs

To determine if any circRNAs might regulate the immune
response, we cataloged circRNA expressed upon LPS stimulation
using publicly available RNA-seq data from mouse macrophages
(see the Experimental Procedures for details).17 We successfully
identified a total of 1916 circRNAs across different subcellular
fractions and treatment conditions (Table S1). We then compared
the performance and validity of our annotation-based pipeline
with published pipeline.4 We compared the circRNAs catalog
from our annotation-based pipeline with circRNAs database (circ-
Base).18 We found that 208 (10.8%) circRNAs identified using our
annotation-based pipeline overlapped with circBase (Fig. S1). We
validated our predictions by carrying out RT-PCR on 5 various
sizes circRNA candidates from the mEtv6 (132 nt), mLilrb3
(1935 nt), mRasGEF1B (2423 nt), mPlcl2 (4900 nt), and mUbe2d2
(7902 nt) genes. We harvested RNA from mouse macrophage
RAW264.7 cells and directly measured the presence of candidate
circRNAs using circRNAs-specific divergent primers and Sanger
sequencing. (Fig. 1A and Fig. S2A). All candidate circRNAs were
confirmed by this approach.

To rule out the possibility that back-splicing might be the
result of trans-splicing or genomic rearrangements, we used
RNase R, an exonuclease that degrades linear but not circular-
ized RNA molecules. We used the linear mRNAs of L32, a ribo-
somal protein, and of mRasGEF1B (mlinRasGEF1B), linear
mRNA RasGEF1B, as negative controls. We found that all
circRNAs except mcircLilrb3 were resistant to RNase R treat-
ment, whereas L32 and mlinRasGEF1B were highly sensitive to
it (Fig. 1B and Fig. S2B). We were thus able to verify 4 out of
5 candidates as bona fide circRNAs. To test whether these
circRNAs are induced upon LPS stimulation, we treated
RAW264.7 cells with or without LPS and measured the level of
circRNAs using qRT-PCR. LPS induced the expression of mcir-
cRasGEF1B, but not of mcircPlcl2, mcircEtv6, and mcircUbe2d2
(Fig. 1B and Fig. S2B). We therefore focused our subsequent
efforts on the characterization of mcircRasGEF1B.

Mouse RasGEF1B contains 14 exons while mcircRasGEF1B is
the result of the circularization of exons 2–4 (Fig. 1C). To study the
expression dynamics of mcircRasGEF1B in a more detail manner,
we stimulated RAW264.7 cells with LPS and measured its expres-
sion at various time points. Similar to linearmlinRasGEF1B, mcir-
cRasGEF1B was induced as early as 1 hour post LPS stimulation

(Fig. 1D). Furthermore, we observed stable expression ofmcircRas-
GEF1B up to 12 hours after LPS treatment, while mlinRasGEF1B
was reduced by 50% by that time. In addition, we found thatmcir-
cRasGEF1B is less abundant thanmlinRasGEF1B (Fig. S3).

NF-kB-dependent expression of mcircRasGEF1B

NF-kB is one of the key transcription factors activated by LPS
stimulation.19 To investigate if LPS-induced expression of mcir-
cRasGEF1B is dependent on NF-kB, we blocked NF-kB activation
by treating RAW246.7 cells with IKK inhibitor VII.20 Treatment
of RAW264.7 cells with increasing doses of IKK inhibitor VII sig-
nificantly inhibited LPS-induced expression of CCL5, a known
NF-kB target gene, mlinRasGEF1B and mcircRasGEF1B (Fig. 1E).
For example, in the presence of 1.5 mM inhibitor, induction of
CCL5 was reduced by 90% while induction of mcircRasGEF1B
was reduced by 42%. Increasing IKK VII inhibitor concentration
to 2.5 mM led to almost complete abolishment of LPS-induced
expression ofmcircRasGEF1B. These results demonstrate that LPS
induces the expression of mlinRasGEF1B and mcircRasGEF1B in
an NF-kB-dependent manner.

TLR-mediated mcircRasGEF1B expression

A previous study by Andrade et al. suggested that mlinRasGEF1B
is strongly induced upon poly I:C and LPS treatments (stimulating
TLR3 and TLR4, respectively), and to a lesser extent by ODN
CpG DNA and the synthetic triacylated lipopeptide Pam3CYS
(stimulating TLR9 and TLR1/TLR2, respectively) treatments.21 In
addition, flagellin stimulates TLR5 while imiquimod (R837) can
be used to specifically activate TLR7.22 To test if mcircRasGEF1B
is regulated by TLRs other than TLR4, we treated RAW264.7 cells
with PAM3CSK4, ODN1826, LPS, FLA-ST (flagellin from S.
typhimurium), poly I:C and R837. RAW264.7 cells responded to
all of the stimulants except FLA-ST as evidenced by the induction
of TNFa (Fig. 2A). Expression of mcircRasGEF1B and mlinRas-
GEF1B was robustly induced by LPS and ODN CpG DNA, and to
a lesser extent by poly I:C and Pam3CSK4. Our results suggest
that mcircRasGEF1B and mlinRasGEF1B expression is induced
through several TLR pathways, including TLR4, TLR9, TLR3 and
TLR1/TLR2.

Cell-type specific expression of mcircRasGEF1B

An analysis of circRNA expression patterns among 15 expression
cell lines by the ENCODE consortium highlighted that many
circRNAs are cell-type specific.10 To examine whether the induc-
tion of mcircRasGEF1B is cell-type specific, we treated mouse
embryonic fibroblast (MEF) cells with LPS and measured the
expression of CCL5, mlinRasGEF1B and mcircRasGEF1B. Expres-
sion of CCL5 was induced in response to LPS stimulation in MEF
cells (Fig. 2B). However, LPS failed to induce eithermlinRasGEF1B
ormcircRasGEF1B in MEF cells. This result implies that LPS indu-
ces the expression of circRasGEF1B in a cell-type specificmanner.

Evolutionary conservation of circRasGEF1B

To assess the conservation of circRasGEF1B, we first aligned the
sequences of human and mouse RasGEF1B. Both mouse and
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human RasGEF1B contain 14 exons and exons 2–4 share high
sequence homology with 86% identity (Fig. 2C). We then
designed divergent primers to detect and study the expression
of hcircRasGEF1B in a human macrophage cell line, THP-1.
The predicted hcircRasGEF1B is detected in these cells
(Fig. 2D). Similar to what we observed in mouse, expression of

hcircRasGEF1B in THP-1 cells is induced upon LPS stimulation
(Fig. 2E). Furthermore, we confirmed the circularity of hcir-
cRasGEF1B using an RNase R treatment, to which it was resis-
tant unlike L32 and hlinRasGEF1B (Fig. 2F). Taken together,
our results show that circRasGEF1B is conserved between human
and mouse.

Figure 1. Identification of inducible and NF-kB dependent circRNAs in mouse macrophages. (A) A chromatogram of Sanger sequencing showing the sequence of the
back-splice junction of mcircRasGEF1B (exon2 and 4). (B) RAW264.7 cells were induced with or without LPS for 2 hours and total RNA was treated with RNase R to confirm
the circularity of mcircRasGEF1B. After RNase R treatment, levels of L32, mlinRasGEF1B and mcircRasGEF1B were measured by qRT-PCR. (C) Schematic depiction of the
exon structure of linear RasGEF1B (right) and the back-splicing circular transcript (left). (D) RAW264.7 cells were treated with or without LPS for the indicated time periods.
The expression levels of CCL5, mlinRasGEF1B and mcircRasGEF1B were measured by qRT-PCR. (E) RAW264.7 cells were pre-treated with the indicated doses of IKK VII for
1 hour before induction with or without LPS for 2 hours. The expression levels of CCL5, mlinRasGEF1B and mcircRasGEF1B were measured by qRT-PCR. All experiments
were carried out in duplicates. (�, p < 0.05; ��, p < 0.01).
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mcircRasGEF1B preferentially localizes to the cytoplasm
and is not translated

As a first step toward understanding the physiological role of cir-
cRasGEF1B, we determined its subcellular localization. To this

end, RAW264.7 cells were treated with LPS for 2 hours and frac-
tionated into nuclear and cytoplasmic fractions. The cytoplasmic
L32 and nuclearU6 transcripts were used as controls of the purity
of cytoplasmic and nuclear fractions, respectively. As expected,
L32 was predominantly enriched in the cytoplasmic fraction

Figure 2. Cell type specific and evolutionary conserved mcircRasGEF1B. (A) The indicated TLR ligands were used to treat RAW264.7 cells for 2 hours. The expression levels
of TNFa, mlinRasGEF1B and mcircRasGEF1B were measured by qRT-PCR. (B) MEF cells were induced with or without LPS for the indicated time periods. The expression lev-
els of CCL5, mlinRasGEF1B and mcircRasGEF1B were measured by qRT-PCR. (C) Schematic representation of human RasGEF1B (top) and mouse RasGEF1B (bottom);
sequence homology between conserved exons 2, 3, and 4 is highlighted (dashed lines). (D) A chromatogram of Sanger sequencing showing the sequence of the back-
splicing junction of hcircRasGEF1B (exons 2 and 4). (F) THP-1 cells were induced with or without LPS for 2 hours and total RNA was subjected to RNase R treatment to con-
firm the circularity of hcircRasGEF1B. The levels of L32, hlinRasGEF1B and hcircRasGEF1B were measured by qRT-PCR. All experiments were carried out in duplicates.
(*, p < 0.05; **, p < 0.01). (E) Human THP-1 cells were induced with or without LPS for 2 hours. The expression levels of IL1b, hlinRasGEF1B and hcircRasGEF1B were
measured by qRT-PCR.
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while U6 was enriched in the nuclear fraction (Fig. 3A). Intrigu-
ingly, mcircRasGEF1B was predominantly localized to the cyto-
plasm similar tomlinRasGEF1B. These results are consistent with
previous reports showing that a majority of circRNAs are cyto-
plasmic 3,23 and suggest thatmcircRasGEF1Bmight play a role in
the post-transcriptional regulation of gene expression.

The translation start site ofmlinRasGEF1B is in exon 2, which
is part of mcircRasGEF1B. To test if mcircRasGEF1B is being
translated, we isolated free and polysome-bound mRNAs by
sucrose gradient ultracentrifugation. We ran an agarose gel to
verify separation of 18S, 28S, and polysome fractions and pooled
earlier fractions (fractions 1–9) as free mRNAs while remaining
fractions (fractions 10–23) as polysomes (Fig. S4).24 We then
measured the relative quantity of linear transcripts (mlinRas-
GEF1B, A20, TNFa, IP10, IkBa, ICAM-1 and GAPDH) and

circular transcript (mcircRasGEF1B) by qRT-PCR (Fig. 3B). Lin-
ear products were enriched in the ribosome bound fraction for
the genes assayed. Circular product, mcircRasGEF1B, however,
was highly abundant in the free mRNA fraction (Fig. 3B). This is
consistent with previous reports that failed to identify any poly-
some-bound circRNAs.3,10 Together, this result indicated that
the AUG-containingmcircRasGEF1B is not translated.

mcircRasGEF1B regulates the expression of ICAM-1 in the
LPS/TLR4 signaling pathway

To test if mcircRasGEF1B plays a role in regulating the LPS path-
way, we knocked down the expression of mcircRasGEF1B using 2
RNase-H based antisense oligonucleotides (ASOs), ASO I and II,

Figure 3. mcircRasGEF1B is predominantly located in cytoplasm and is not translated. (A) RAW264.7 cells were induced with and without LPS for 2 hours. Whole cell
lysates were fractionated into cytoplasmic and nuclear fractions. The levels of L32, U6, mlinRasGEF1B and mcircRasGEF1B in these fractions were measured by qRT-PCR. All
experiments were carried out in duplicates. (�, p < 0.05; ��, p < 0.01). (B) RAW264.7 cells were induced with for 2 hours. Cytoplasmic supernatants were separated by
sucrose gradient centrifugation. The levels of linear transcripts (mlinRasGEF1B, A20, TNFa, IP10, IkBa, ICAM-1 and GAPDH), and circular transcript mcircRasGEF1B, in free
mRNA and polysome-bound fractions were measured by qRT-PCR (n = 2).
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of which both targeting the back-splice junction of mcircRas-
GEF1B. A sense-strand version of ASO I was used as a control
ASO (Fig. 4A). ASO I and II specifically knocked down the expres-
sion of mcircRasGEF1B but had no or little effect on

mlinRasGEF1B (Fig. 4B and 4C). We then examined the effect of
mcircRasGEF1B knockdown on LPS target genes and found that it
resulted in reduction of ICAM-1 levels at 2 hours after LPS induc-
tion (Fig. 4B). LPS-induced ICAM-1 expression was reduced by

Figure 4. mcircRasGEF1B positively regulates the LPS-induced expression of ICAM-1. (A) ASO I and II targeting mcircRasGEF1B at the junction of exons 4 and 2. The control
ASO is in the sense orientation but with the same coordinates as ASO I. (B) RAW264.7 cells were transfected with ASO I, ASO II and control ASO, and induced with LPS for
2 hours. The expression levels of ICAM-1, mlinRasGEF1B and mcircRasGEF1B were measured by qRT-PCR. (C) RAW264.7 cells were knocked down with ASO I or control
ASO and induced with LPS for the indicated time periods. The expression levels of ICAM-1, mlinRasGEF1B and mcircRasGEF1B were measured by qRT-PCR. (D) Schematic
depiction of the inducible shRNA construct targeting the back-splice junction of mcircRasGEF1B. (E) A stable RAW264.7 clone carrying the shRNA construct was induced
with 2.5 mg of Doxycycline for 2 days before treatment with or without LPS. The expression levels of ICAM-1, mlinRasGEF1B and mcircRasGEF1B were measured by qRT-
PCR. (�, p < 0.05; ��, p < 0.01). Experiments were carried out in duplicates, n = 2 (B,C) and triplicates, n = 3 (E). (F) RAW264.7 cells were knocked down with control ASO,
ASO I, and ASO II and then induced with or without LPS for the indicated time periods. Whole cell extracts were immunoblotted with the indicated antibodies. Intensity
of bands was quantified using Image Lab (Biorad) software normalized to a-tubulin and shown in relative to 0 minute control ASO. (CA: control ASO, AI: ASO I, AII: ASO
II). This is a representative data from 3 independent time course experiments.
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27% in ASO I, and 39% in ASO II. However, there were no signifi-
cant differences observed in other LPS target genes, including
CCL5, IP10 and A20 (Fig. S5). Thus we focused our subsequent
efforts on understanding mcircRasGEF1B mediated regulation of
LPS-induced ICAM1 expression. A more detailed time course
using ASO I transfected cells revealed that LPS-induced ICAM-1
expression was reduced by 27% and 30% at 2 hours and 6 hours
respectively in the absence of mcircRasGEF1B (Fig. 4C). To mini-
mize the possibility that the effect we observed with mcircRas-
GEF1B ASO-mediated silencing was caused by an ASO off-target
effect, we also constructed an inducible short hairpin RNA
(shRNA) targeting the junction of exon 4 and exon 2 ofmcircRas-
GEF1B (Fig. 4D). We knocked down mcircRasGEF1B by treating
stable RAW264.7 cells carrying the inducible shRNA transgene
with doxycycline for 2 days prior to LPS induction. Treating the
cells with doxycycline significantly reduced the expression ofmcir-
cRasGEF1B but not the linear mlinRasGEF1B (Fig. 4E). More
importantly, we observed a 30% reduction of LPS-induced expres-
sion of ICAM-1 in the absence ofmcircRasGEF1B (Fig. 4E). To fur-
ther confirm the effect on ICAM-1 at the protein level, we
conducted western blotting in mcircRasGEF1B deficient cells. We
knocked downmcircRasGEF1Bwith ASO I andASO II and treated
with LPS for 6, 9, and 12 hours. The reduction of ICAM-1 protein
was detected across every time point, suggesting that mcircRas-
GEF1B effect was confirmed in both ICAM-1 mRNA and protein
levels (Fig. 4F). Together, these data indicate that mcircRasGEF1B
positively regulates the expression of ICAM-1 in the LPS/TLR4 sig-
naling pathway.

mcircRasGEF1B does not affect upstream signal
transduction of TLR4 pathway

Decreased mRNA levels of ICAM-1 could be due to a variety of
mechanisms. We considered 2 possibilities in which either mcir-
cRasGEF1B reduces transcription of ICAM-1 or it reduces stabil-
ity of ICAM-1 mRNA. The reduction of the transcription of
ICAM-1 could result from blocking of the TLR4 signaling or
direct inhibition of transcription by mcircRasGEF1B. First, we
tested if knockdown of the expression of mcircRasGEF1B affects
the TLR4 signaling. We transfected RAW264.7 cells with control
or mcircRasGEF1B-specific ASO I and fractionated cell lysates
into cytoplasmic and nuclear fractions. Since LPS induces the
activation of NF-kB and IRF3, we examined the IkBa degradation
and the nuclear translocation of p65 and IRF3, of which are bio-
chemical hallmarks of NF-kB and IRF3 activation respectively.
We found thatmcircRasGEF1B knockdown led to no obvious dif-
ferences in the degradation of IkBa, nuclear translocation of p65,
or IRF3 activation (Fig. 5A). These results imply that mcircRas-
GEF1B does not regulate the signal transduction of LPS pathway.

mcircRasGEF1B regulates the stability
of ICAM-1 transcripts

Given that mcircRasGEF1B is enriched in the cytoplasm, it is
unlikely that it directly regulates transcription in the nucleus.
Therefore, we investigated whether mcircRasGEF1B affects the
stability of ICAM-1 transcripts. We assessed the stability of
ICAM-1 pre-mRNA and mature mRNA by quantitative RT-
PCR measurements after blocking transcription with

actinomycin D (ActD) for 1, 2, and 4 hours in the presence and
absence of ASO I. We measured mRNA stability after 2 hours of
LPS induction and normalized to that of the relatively stable L32
mRNA. These assays reveal that mcircRasGEF1B is more stable
thanmlinRasGEF1Bwhile, as observed before, ASO I specifically
reduced the expression of mcircRasGEF1B but not mlinRas-
GEF1B (Fig. 5B). Interestingly, in mcircRasGEF1B-deficient
cells, there was a reduction of the levels of ICAM-1 mature
mRNA but not of its pre-mRNA (Fig. 5C). More importantly,
we also observed small but reproducible decreases in the stability
of mature ICAM-1 mRNA (13% at 1 hour, 23% at 2 hours, and
12% at 4 hours post ActD treatment) in mcircRasGEF1B-
depleted cells (Fig. 5D). ThatmcircRasGEF1B does not affect the
transcription of ICAM-1 is supported by the fact that LPS-
induced levels of ICAM-1 pre-mRNA are similar between con-
trol and mcircRasGEF1B-depleted cells. Taken together, our
results suggest that mcircRasGEF1B controls LPS-induced
ICAM-1 expression through regulating the stability of its mature
mRNA.

Discussion

In this study, we report a novel LPS-inducible cytoplasmic
circular RNA, mcircRasGEF1B that modulates the expres-
sion of ICAM-1 in response to LPS stimulation. We show
that mcircRasGEF1B expression is induced by agonists of
TLR4, TLR9, TLR3 and TRL2/1 in RAW264.7 cells but not
in MEF cells. These treatments induces transcription of Ras-
GEF1B gene, which results in both mlinRasGEF1B and
mcircRasGEF1B expression (Fig. 2A). Biogenesis study also
shows that circRNA are generated co-transcriptionally and
circRNAs can function by competing with linear splicing.12

Furthermore, circRasGEF1B is conserved between human
and mouse. Silencing the expression of mcircRasGEF1B
moderately reduces the mRNA expression and protein levels
of ICAM-1 upon challenging the cells with LPS. Interest-
ingly, we find that mcircRasGEF1B is required for maintain-
ing the stability of the mature mRNA of ICAM-1 in LPS-
activated cells.

ICAM-1 is an important adhesion molecule that has been
studied especially on endothelial cells due to its role in leukocyte
recruitment to inflamed sites. In antigen presenting cells includ-
ing macrophages, ICAM-1 participates in cell-cell interactions
during antigen presentation while in other cell types ICAM-1
functions in microbial pathogenesis and as a signal transduction
molecule.25,26 Physiologically, ICAM-1 is expressed at a low
basal level,27 however during inflammatory and immune
responses, ICAM-1 level increased substantially and aberrantly
at sites of inflammation contributing to a number of inflamma-
tion-related diseases and injuries such as endotoxin-induced air-
way disease28,29 and asthma,27,30 arthritis,31 ulcerative colitis 32

and chronic cholangiopathies.21 In cancer, ICAM-1 has been
mainly implicated in local inflammatory tumor microenviron-
ment,33 tumor progression and metastasis.34 The molecular
mechanisms underlying the transcriptional regulation of ICAM-
1 gene has an important implication in term of inflammatory-
related diseases.

Of importance,mcircRasGEF1B-mediated regulation of ICAM-
1 indicates that circRasGEF1B may have functions in innate
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immune response such as inflammatory-related diseases, autoim-
munity and cancer. For example, depletion of mcircRasGEF1B in
tumor-associated macrophage (TAM) may cause these cells to
adopt the pro-metastasis M2 phenotype as ICAM-1 expression has

been reported to suppress the M2 macrophage polarization in a
tumor microenvironment.35 Although macrophage is used as a
model system here, it is tempting to speculate that circRasGEF1B
may also regulate ICAM-1 level in other cell types. In particular,

Figure 5. mcircRasGEF1B regulates the stability of ICAM-1 mRNA. (A) RAW264.7 cells were knocked down with ASO I or control ASO, and then induced with or without LPS for
the indicated time periods. Whole cell extracts were fractionated and the fractions immunoblotted with the indicated antibodies. (B) RAW264.7 cells were transfected with
ASO I or control ASO, and then treated with LPS for 2 hours followed by treatment with 1 mg/ml of ActD for the indicated time periods. The expression levels of mlinRasGEF1B
and mcircRasGEF1B were measured by qRT-PCR. (C) Relative levels of ICAM-1 pre-mRNA and mature mRNA were measured relative to the levels of L32’s mRNA. (D) The stability
of ICAM-1 pre-mRNA and mature mRNA measured relative to L32. All experiments were carried out in quadruplicates, n = 4. (�, p < 0.05; ��, p < 0.01).
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ICAM-1 plays a major role in the recruitment of neutrophils and
lymphocytes in many tissues via leukocyte-endothelial cell bridg-
ing, thusmcircRasGEF1B deficiency may prevent migration of leu-
kocyte cells to inflammatory sites.36,37 In addition, down-
regulation of mcircRasGEF1B in cancer cells may also affect the
cytotoxic T-lymphocytes (CTL)-mediated cytotoxicity due to
engagement of LFA-1 on CTL by ICAM-1 on target cells is essen-
tial for T-cell activation and for directing the released of cytolytic
granules into the tumor cells.38

With the discovery of circRNAs as miRNA sponges, it is
tempting to speculate that mcircRasGEF1B could sequester
miRNAs targeting ICAM-1. The expression of ICAM-1 has
been shown to be regulated by several miRNAs, including
miR-223,39 miR-141,40 and miR-296-3p.41 However,
sequence analysis of mcircRasGEF1B does not reveal any
enrichment of multiple (�3) binding sites for any known
miRNAs within mcircRasGEF1B, and it harbors no binding
sites for miR-223, miR-141 and miR-296-3p (data not
shown). Thus, it is unlikely that mcircRasGEF1B plays a
major role in RAW264.7 cells as a miRNA sponge. These
observations are consistent with previous reports by Guo
et al. and Conn et al. that the majority of circRNAs do not
act as miRNA sponges.14,42 We estimated that for every
2580 molecules of ICAM-1, there is 1 molecule of mcircRas-
GEF1B (Fig. S3). Despite the low mcircRasGEF1B: ICAM-1
ratio, the dynamic expression of mcircRasGEF1B in macro-
phages suggests that this small population of mcircRas-
GEF1B might exert its function through direct- or indirect
binding to ICAM-1 mRNAs. It has been noted that, for the
cis effect, the abundance of individual circRNAs do not
need to be high to exert an effect. For example, low abun-
dance of ElciRNAs is shown to regulate the transcription of
more abundance parental genes.13

The biochemical fractionation analysis of cellular RNAs
indicates that mcircRasGEF1B is predominantly found in the
cytoplasm. This result prompted us to analyze if mcircRas-
GEF1B might regulate the upstream signaling cascade of TLR4
pathway. However, activation of NF-kB and IRF3 is normal in
mcircRasGEF1B-deficient cells upon LPS stimulation (Fig. 5A).
Furthermore, measurements of ICAM-1 pre- and mature
mRNA levels in control and ASO-transfected cells show that
LPS-induced transcription of ICAM-1 pre-mRNA is not
affected by mcircRasGEF1B (Fig. 5C). Taken together these
results suggest that mcircRasGEF1B regulates ICAM-1 at the
post-transcriptional level.

The LPS-induced expression of the mature ICAM-1 mRNA
is reduced in mcircRasGEF1B-deficient cells. A reduction of a
mature mRNA could due to less efficient mRNA splicing or to
a decrease in mRNA stability. We favor the latter possibility for
the following reasons. First, mRNA splicing takes place in the
nucleus while mRNA degradation occurs both in the cytoplasm
and the nucleus. However, mcircRasGEF1B is enriched in the
cytoplasm (Fig. 3). Nonetheless, we cannot rule out the possi-
bility that a small amount of mcircRasGEF1B is present in the
nucleus and may affect mRNA splicing there. Second, if splic-
ing of ICAM-1 is blocked in mcircRasGEF1B-deficient cells,
ICAM-1 pre-mRNA should accumulate over time, which is not
the case (Fig. 5C). Third, treating cells with ActD blocks RNA
synthesis but not pre-mRNA splicing. The turnover rate of

ICAM-1 pre-mRNA is comparable between control and mcir-
cRasGEF1B–depleted cells when treated with ActD, suggesting
that mRNA splicing is unaffected (Fig. 5C). Finally, we
observed a reproducible reduction of the stability of mature
mRNA of ICAM-1 in mcircRasGEF1B-deficient cells (Fig. 5C).
Thus, our data suggest that mcircRasGEF1B positively regulates
the expression of ICAM-1 through modulating the stability of
mature mRNA of ICAM-1. Given that is unlikely to function as
a classic miRNA sponge, mcircRasGEF1B might exert its effects
on ICAM-1 expression through a novel, previously unreported
mechanism, elucidating which should be an exciting subject for
future study.

Materials and methods

Identification of circular splice junctions

Except where explicitly stated otherwise, all RNA-seq analyses
were carried out using custom-written python scripts.

Total RNA-seq sequencing reads for subcellular fractions
from LPS-stimulated macrophages were downloaded from
GEO series GSE32916.17 The sequences of all possible circular
splice junctions within the same gene based on annotated exons
(the ENSEMBL63 annotation and the mm9 version of the
mouse genome were used) were compiled, retaining RL15 bp
on each side of the junctions (equivalent to requiring at mini-
mal length of 15bp for spliced alignment overhangs) where RL
is the read length. The circular junction sequences were then
combined with the sequences of the full-length annotated tran-
scripts and a Bowtie index was created, which was used to align
reads that do not map to the whole genome sequence.43 Candi-
date circular RNAs were then identified based on reads map-
ping to circular junctions. Candidate circRNAs present at at
least 1 RPM (Reads Per Million mapped reads) in any library
are listed in Table S1.

Cell culture and reagents

RAW264.7, mouse embryonic fibroblast (MEF), and THP-1
cells were cultured in Rosewell Park Memorial Institute
medium (RPMI) supplemented with 10% FBS, 100 U/ml peni-
cillin and streptomycin (100 mg/ml) (GIBCO). LPS (Sigma),
actinomycin D (Sigma), PAM3CSK4 (Invivogen), ODN1826
(Invivogen), FLA-ST (Invivogen), R837 (Merck), doxycycline
(Fisher Scientific), IKK inhibitor (Merck), and poly I:C (Tocris)
were purchased from the respective sources. Anti-HSP90
(Santa Cruz, sc-8262), anti-SNF2H (Santa Cruz, sc-13054 X),
anti-IRF3 (Santa Cruz, sc-15991), anti-p65 (Santa Cruz, sc-
372), anti-IkBa (Santa Cruz, sc-203), anti-a-tubulin (Santa
Cruz, sc-8035), and anti-ICAM-1 (Santa Cruz, sc-1511) were
obtained from the respective companies.

Quantitative RT-PCR and RNase R treatment

Total RNA was isolated with the Thermo Scientific GeneJET
RNA Purification Kit. cDNAs were synthesized and quantitative
RT-PCR was performed with 2X SYBR Green PCR Master mix
(Thermo Scientific) and run on a Bio-Rad Connect Real-Time
PCR System. Expression levels of circular RNAs described in
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this study were measured by qPCR using gene specific divergent
primers (Table S2). The relative expression levels of circular ver-
sus linear isoforms were normalized to L32.

RNAse R experiments were carried out by incubating puri-
fied total RNA (35 mg) at 37�C for 30 minutes with or without
15U of RNase R (Epicentre Biotechnologies). RNA was subse-
quently purified with the Thermo Scientific GeneJET RNA
Purification Kit.

Polysome analysis

Twenty million RAW264.7 cells were grown and treated with
LPS for 2 hours. The cells were then treated with 200 mM cyclo-
heximide to stabilize polysome complexes. Cytoplasmic super-
natant was loaded onto a continuous sucrose gradients 10% to
50% containing 400 mM KOAc (pH 7.5), 25 mM HEPES,
15 mM Mg(OAc)2, 200 mM cycloheximide and 50 units/mL
RNase Inhibitor (NEB). Sucrose gradients were centrifuged at
4�C for 3 hours at 100,000g in a SW41 rotor. Equal volume of
fractions was collected and total RNA was extracted. The iden-
tity of individual fractions was confirmed by loading equal vol-
ume of eluted RNA samples in agarose gel with ethidium
bromide staining to visualize the rRNAs. Free mRNAs and
polysome fractions were pooled and reverse transcribed with
equal input of RNA. To determine the relative abundance of
free mRNA and polysomes, we used the equation:

free mRNA: [1/(input/total RNA)], polysomes: [2^(Ctpolysome-
CtfreemRNA)/(input/total RNA)] and presented as 100% stacked
graph.

Plasmids

An shRNA targeting the exon junction of mcircRasGEF1B con-
taining 11 bases of exon 4 and 14 bases of exon 2 was subcloned
into a PLKO-Tet-Puro vector purchased from Addgene. The
plasmid was subsequently verified by automatic DNA
sequencing.

ASOs transfection

ASOs (Table S2) were synthesized by IDT technologies. ASOs
(20 nM) were transfected into RAW264.7 cells with the X-
tremeGENE HP DNA (Roche) according to the manufacturer’s
protocol. To maximize knockdown efficiency, ASO transfection
was repeated 24 hours after the initial transfection.

Cell fractionation

RAW264.7 cells were resuspended in a homogenization buffer
containing 10 mM HEPES, 10 mM KCl, 10 mM EDTA, 10 mM
EGTA, 1 mM DTT, 1 mM MgCl2, 0.5% NP-40, and 5% glyc-
erol. Cells were incubated on ice for 20 minutes and then cen-
trifuged at 4 �C for 10 minutes at 500g. Supernatants were
collected as cytoplasmic fractions while the pellets were washed
3 times with the homogenization buffer. Total RNA from both
cytoplasmic and nuclear fractions was purified with the
Thermo Scientific GeneJET RNA purification kit. Arbitrary
unit was calculated based on the equation:

Cytoplasm fraction: [1/(input/total RNA)], CytoplasmC/
Nucleus/NucleusC: [2^(Ctcytoplasm-CtcytoplasmC/nucleus/nucleusC)/
(input/total RNA)].
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