ADART regulates ARHGAP26 gene expression through RNA
editing by disrupting miR-30b-3p and miR-573 binding
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ABSTRACT

Rho GTPase activating protein 26 (ARHGAP26) is a negative regulator of the Rho family that converts the small G proteins RhoA
and Cdc42 to their inactive GDP-bound forms. It is essential for the CLIC/GEEC endocytic pathway, cell spreading, and muscle
development. The present study shows that ARHGAP26 mRNA undergoes extensive A-to-1 RNA editing in the 3" UTR that is
specifically catalyzed by ADAR1. Furthermore, the mRNA and protein levels of ARHGAP26 were decreased in cells in which
ADART1 was knocked down. Conversely, ADART overexpression increased the abundance of ARHGAP26 mRNA and protein.
In addition, we found that both miR-30b-3p and miR-573 target the ARHGAP26 gene and that RNA editing of ARHGAP26
mediated by ADART1 abolished the repression of its expression by miR-30b-3p or miR-573. When ADAR1 was overexpressed,
the reduced abundance of ARHGAP26 protein mediated by miR-30b-3p or miR-573 was rescued. Importantly, we also found
that knocking down ADART1 elevated RhoA activity, which was consistent with the reduced level of ARHGAP26. Conversely,
when ADAR1 was overexpressed, the amount of RhoA-GTP decreased. The similar expression patterns of ARHGAP26 and
ADART in human tissue samples further confirmed our findings. Taken together, our results suggest that ADART regulates the
expression of ARHGAP26 through A-to-1 RNA editing by disrupting the binding of miR-30b-3p and miR-573 within the 3’ UTR
of ARHGAP26. This study provides a novel insight into the mechanism by which ADART and its RNA editing function regulate
microRNA-mediated modulation of target genes.
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INTRODUCTION ing activity (Saunders and Barber 2003; Farajollahi and
Maas 2010; Nishikura 2010). ADARI1 and ADAR2 are con-
served in their domain arrangement, which includes
dsRNA-binding domains at the amino terminus and a highly
conserved deaminase domain at the carboxyl terminus.
They have distinct, but overlapping, editing site selections
(Lehmann and Bass 2000; Wong et al. 2001; Kallman et al.
2003; Riedmann et al. 2008). ADAR?2 prefers to specifically
edit the R/G site, whereas ADAR1 edits more promiscuously
adenosines without sequence specificity (Kallman et al. 2003).
Both ADARI1 and ADAR?2 share a similar 5’ neighbor prefer-
ence (A ~ U > C = G); however, the latter shows a 3’ neighbor
preference (Lehmann and Bass 2000). Apart from the sur-
rounding sequence, editing efficiency is strongly influenced
by the base opposing the edited adenosine of the double-

A-to-1 RNA editing, the most common type of RNA editing in
mammals, alters the genomic information of a gene through
nucleotide base modification from adenosine (A) to inosine
(I) post-transcriptionally (Bass and Weintraub 1988; Wagner
et al. 1989; Gallo and Galardi 2008; Farajollahi and Maas
2010; Nishikura 2010). This type of RNA editing is catalyzed
by a family of enzymes called adenosine deaminases acting
on RNA (ADAR). There are four human ADARs: ADARI,
ADAR2, ADAR3, and TENR (Schumacher et al. 1995;
Melcher et al. 1996a,b; Bass et al. 1997; Chen et al. 2000;
Farajollahi and Maas 2010; Nishikura 2010). ADAR1 and
ADAR? are ubiquitously expressed in various tissues and
have intrinsic A-to-I editing activity. However, neither the
brain-specific ADAR3 nor the testis-specific TENR has edit-
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stranded RNAs stem. It has been shown that A:C mismatches
are preferred to A:A and A:G mismatches, or A:U base pairs
(Wong et al. 2001; Riedmann et al. 2008).

Inosine is recognized as guanosine by the translation ma-
chinery; thus, an A-to-I RNA editing event leads to an A-to-
G change. Ifan edited nucleotide is located in the protein-cod-
ing region, RNA editing might lead to mutation of the protein
sequence. However, the majority of the A-to-I RNA editing
sites are found in the noncoding, repetitive sequences, and
many of those have unknown functions. A-to-I RNA editing
sites located in the noncoding sequences have been proposed
to modulate the expression level of mature miRNAs by inhib-
iting Drosha cleavage (Yang et al. 2006) or Dicer cleavage
(Kawahara et al. 2007a), to redirect them to a different set of
target genes compared with the unedited conditions by mod-
ifying the miRNA seed sequence (Kawahara et al. 2007b), to
affect splicing events by creating or abolishing splicing sites
(Rueter et al. 1999), and to regulate gene expression through
the nuclear retention of inosine-containing RNAs (Prasanth
et al. 2005; Nishikura 2010). The diverse impact of the A-to-
I RNA editing on gene expression and function has led to
studies on how RNA editing contributes to the pathogenesis
of human diseases. Dysregulation of A-to-I RNA editing has
been associated with dyschromatosis symmetrica hereditaria
(Miyamura et al. 2003), Aicardi-Goutieres syndrome (Rice
et al. 2012), amyotrophic lateral sclerosis (Kawahara et al.
2004), epilepsy (Schmauss 2005), and certain cancers (Maas
et al. 2001; Ishiuchi et al. 2002; Paz et al. 2007; Cenci et al.
2008; Galeano et al. 2013).

Rho GTPase activating protein 26 (ARHGAP26, also
known as GRAF, GRAF1, OPHNIL) is a regulator of the
Rho family that converts the small G proteins RhoA and
Cdc42 to their inactive GDP-bound forms (Hildebrand
et al. 1996). Through the negative regulation of small G pro-
tein RhoA, ARHGAP26 is critical for muscle development
(Doherty et al. 2011b). ARHGAP26-depleted embryos in
Xenopus exhibited elevated RhoA activity, progressive muscle
degeneration, defective motility, and embryonic lethality
(Doherty et al. 2011b). Through down-regulation of Cdc42
activity, ARHGAP26 is essential for the CLIC/GEEC endocytic
pathway, which is characterized by its ability to internalize gly-
cosylphosphatidylinositol-anchored proteins, bacterial tox-
ins, and large amounts of extracellular fluid (Lundmark
etal. 2008). ARHGAP26 activity is up-regulated in spreading
cells, and uptake via CLIC is concentrated at the leading
edge of migrating cells. Depletion of ARHGAP26 inhibited
CLIC generation and impaired cell spreading and migration
(Doherty et al. 2011a). ARHGAP26 was also thought to be a
putative tumor suppressor by negatively regulating RhoA
and Cdc42 in human cancers, which are known for their
growth-promoting effects in oncoprotein Ras-mediated ma-
lignant transformation (Khosravi-Far et al. 1995; Bojesen
et al. 2006). Previous studies have shown that ARHGAP26
was significantly down-regulated in myeloid malignancies
compared with controls (Qian et al. 2010) and in lung tumor
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metastasis within the brain compared with primary lung
adenocarcinoma (Zohrabian et al. 2007). The significant
decrease in ARHGAP26 observed in X-linked a-thalassemia
mental retardation syndrome suggested that it might be in-
volved in the pathogenesis of mental retardation (Barresi
etal. 2010).

Extensive A-to-I RNA editing events were predicted to oc-
cur in the ARHGAP26 transcript (Kim et al. 2004), which po-
tentially destroy the putative binding sites of miR-30b-3p and
miR-573. Our work demonstrated that ADARI specifically
catalyzes these editing sites and regulates the expression of
ARHGAP26. Moreover, both miR-30b-3p and miR-573 tar-
get the ARHGAP26 gene, and RNA editing of ARHGAP26
abolished the repression of its expression by miR-30b-3p or
miR-573. In human invasive ductal breast cancer and glio-
blastoma specimens, we observed similar expression patterns
of ARHGAP26 and ADARI. Taken together, our results indi-
cate that ADARI regulates ARHGAP26 gene expression
through RNA editing by disrupting miR-30b-3p and miR-
573 binding.

RESULTS

The ARHGAP26 transcript undergoes extensive
A-to-1 RNA editing in its 3" UTR

The human ARHGAP26 transcript has been predicted to un-
dergo extensive A-to-I RNA editing in its 3’ UTR (Kim et al.
2004). To verify these predicted RNA editing sites experimen-
tally, we sequenced the matching DNA and RNA samples de-
rived from the same specimens and compared the cDNA
sequence with the corresponding genomic template in the hu-
man colon cancer cell line SW480, the human Burkitt’s lym-
phoma cell line Raji, the human prostate carcinoma cell line
DU145, the human osteosarcoma cell line U208, the human
lung adenocarcinoma epithelial cell line A549, the estrogen
receptor (ER)—positive human breast cancer cell line MCF-
7, the nontransformed human mammary epithelial cell line
MCE-10A, the human hepatoma cell line HepG2, and the hu-
man immortalized nontumor cell line Chang liver. The edit-
ing level was defined as the ratio of the G peak over the sum of
the G and A peaks in the sequencing chromatogram. The ex-
periments were repeated three times and a representative re-
sult is shown in Figure 1 and Supplemental Figure S1. We
found that the ARHGAP26 transcript underwent extensive
A-to-I RNA editing in these cell lines. The DU145 cells have
the most editing sites (13 editing sites), with editing levels
ranging from 25.7% to 85.5%. In contrast, the Raji cell line
has the fewest editing sites (eight editing sites), with editing
levels ranging from 11.0% to 34.9%. Twelve out of 13 (12/
13) editing sites of ARHGAP26 pre-mRNA in DU145 were
predicted to undergo A-to-I RNA editing (named U1-12),
and a novel editing site N1 in its 3'-UTR sequence was iden-
tified (Fig. 1; Supplemental Fig. 1). The new editing site N1
was specific to DU145 cells, with 29.1% editing levels, and
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FIGURE 1. RNA editing levels of ARHGAP26 transcript in its 3 UTR in different human cells. Twelve known A-to-I RNA editing sites of the
ARHGAP26 transcript in its 3’ UTR are named U1-U12, starting from the 5’ to the 3. They were analyzed in SW480, Raji, DU145, U20S, A549,
MCEF-7, MCF-10A, HepG2, and Chang liver cells by comparing the sequences of RT-PCR products with the corresponding genomic templates.
The editing level was defined to be the ratio of the G peak over the sum of the G and A peaks in the sequencing chromatogram.

did not exist in the other cells tested in this study. Eight editing
sites (except U2, U7, U8, and U11) were found to be present in
all cell lines. Editing sites U2 and U11 were present in these cell
lines, except Raji cells, with at least 22% or 8.7% editing levels,
respectively. Editing site U7 was found in DU145, U20S,
MCEF-7, MCF-10A, HepG2, and Chang liver cell lines with
atleast 7.5% editing levels. Compared with the U7 site, editing
site U8 existed in all six cells except MCF-7, with at least 20.7%
editing levels. Taken together, our results suggest that the
ARHGAP26 transcript undergoes extensive A-to-I RNA edit-
ing in its 3’ UTR, although the number of the RNA editing
sites varies, and the editing levels of the same editing site
also vary among the cell lines tested in this study.

ADART but not ADAR2 edits ARHGAP26 transcript

ADARI and ADAR? are both known to catalyze A-to-I RNA
editing in mammals. The ARHGAP26 transcript is edited at
multiple sites; therefore, we attempted to determine which
enzyme was responsible for these editing events. To address
this question, we silenced ADAR1 or ADAR?2 expression using
RNA interference. As shown in Figure 2, A and B, MCF-10A
cells were transfected with three double-stranded ADARI-
specific siRNAs, or with a nontargeting siRNA as negative
control at the concentration of 30 nM. Total RNA, gDNA,
and protein were prepared 48 h post-transfection and subject-
ed to qPCR, Western blotting, and the RNA editing assays.
The mRNA levels of ADAR1 were significantly decreased
in cells transfected with ADARI siRNA oligonucleotides
(Fig. 2A, top), which was further supported by Western blot-
ting (Fig. 2A, bottom). ADAR2 and B-actin levels were rela-
tively unchanged in the same assay. We then sequenced the
RT-PCR products and measured the RNA editing levels to
determine the effect of decreased ADARI1 expression on the
editing sites in the 3" UTR of the ARHGAP26 transcript.
One representative experiment is shown in Figure 2B. Upon
ADARI knockdown, RNA editing activity of all editing sites
except U8 decreased significantly in cultured MCF-10A
cells. Similar experiments were performed in MCF-10A cells

in which ADAR2 instead of ADAR1 was silenced. qPCR,
Western blotting, and RNA editing assays were performed in
cells treated with the siADAR2s at the concentration of 30
nM. As shown in Figure 2, C and D, three siRNA oligonucle-
otides specifically knocked down the expression of ADAR2 at
both mRNA and protein levels; however, in contrast to
ADARI knockdown, no significant changes in RNA editing
levels were observed. To further determine the effect of
ADAR?2 knockdown, we also checked a known ADAR?2 editing
site in the CYFIP2 transcript (Paz et al. 2007; Tariq et al. 2013)
and found that the editing levels decreased from 10.6% to zero
(Supplemental Fig. 2). To exclude any nonspecific effects, we
repeated the experiments in A549 cells and obtained the same
result (Supplemental Fig. 3). These results indicated that all
the RNA editing sites except U8 in the ARHGAP26 transcript
are mediated by ADARI.

To examine the effect of double silencing of ADAR1 and
ADAR?2 on RNA editing, MCF-10A cells were cotransfected
with si-ADARI1-2# and si-ADAR2-1# at a concentration of
30 nM of each siRNA (Fig. 2E,F). Forty-eight hours post-
transfection, whole-cell lysates were prepared and analyzed
by Western blotting. As shown in Figure 2E, the protein levels
of ADAR1 and ADAR?2 decreased dramatically. We sequenced
the RT-PCR product and measured the RNA editing levels. A
representative experiment is shown in Figure 2F. Compared
with the knockdown of ADARI, there was no further inhibi-
tion of RNA editing levels in ARHGAP26 transcript except U8
by knocking down both ADAR1 and ADAR2. These results
further confirmed that ADARI plays a critical role in editing
the ARHGAP26 transcript.

To further confirm our results, we overexpressed ADAR1
in MCF-10A cells and examined the RNA editing activity.
MCE-10A cells were transiently transfected with an expression
vector encoding Flag-tagged ADAR1 or empty vector as a con-
trol. Whole-cell lysates were prepared 36 h post-transfection,
and the expression levels of ADAR1 were determined by
Western blotting (Fig. 2G). To monitor the editing activity
after ADAR1 overexpression, we collected total RNA and am-
plified the cDNA using the oligonucleotides ARHGAP26-F
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FIGURE 2. ADARI, but not ADAR2 enzyme, edits the ARHGAP26 transcript. (A) Effect of siRNAs on endogenous ADAR1I mRNA and protein
levels assayed using gPCR (top) and Western blotting (bottom) in human MCF-10A cells. (B) Editing levels of RNA editing sites in the 3" UTR of
the ARHGAP26 transcript after specifically knocking down ADARI expression. (C) Effect of siRNAs on endogenous ADAR2 mRNA and protein
levels assayed using qPCR (top) and Western blotting (bottorn) in human MCF-10A cells. (D) Editing levels of RNA editing sites in the 3’ UTR of
the ARHGAP26 transcript after specifically knocking down ADAR2 expression. (E) Effect of double silencing of ADARI and ADAR?2 assayed
using Western blotting in MCF-10A cells. (F) Editing levels of RNA editing in the 3" UTR of the ARHGAP26 transcript after knocking down
both ADARI1 and ADAR2 expression. (G) Western blotting analysis of ADARI after transfecting the overexpression vector FLAG-ADARI or
control plasmid in MCF-10A cells. (H) Editing levels of RNA editing sites in the 3" UTR of the ARHGAP26 transcript after overexpressing ADARI.

and ARHGAP26-R, followed by sequencing of the cDNA
products. Overexpression of ADARI increased the editing
activity on the ARHGAP26 transcript at all editing sites
except U8 (Fig. 2H). These data suggested that the majority
of editing of the ARHGAP26 transcript was mediated by
ADARI. As shown in Figure 2D (si-ADAR2-3#), Figure 2F
(double siADAR1/ADAR?2), and Figure 2H (up-regulation
of ADAR1), it seems that editing at the U8 site of the
ARHGAP26 transcript is mediated by ADAR2.

ADART regulates expression of the ARHGAP26 gene

Previous studies have shown that A-to-I RNA editing in the 3’
UTR regulates gene expression by anchoring hyper-edited
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transcripts in nuclear para-speckles (Prasanth et al. 2005;
Tang et al. 2012). To test whether the A-to-I RNA editing af-
fects ARHGAP26 gene expression, we first determined the ef-
fect of ADARI knockdown on the expression of ARHGAP26
by qPCR and Western blotting. MCF-10A and A549 cells were
transfected with ADARI1-specific siRNAs, or nontargeting
siRNA asa control. Total RNA and protein were prepared after
48 h and subjected to qPCR and Western blotting. The reduc-
tion in endogenous ADARI led to a decrease in ARHGAP26
mRNA and protein abundance (Fig. 3A; data not shown).
Conversely, overexpression of ADARI resulted in an increase
of ARHGAP26 mRNA and protein expression in MCF-10A
cells (Fig. 3B). These data suggest that ADARI1 regulates the
abundance of ARHGAP26 mRNA and protein in cells.
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FIGURE 3. ADARI regulates the gene expression of ARHGAP26. (A)
qPCR (top) and Western blotting (bottom) analysis of ARHGAP26 ex-
pression levels following transient silencing of ADARI in human
MCE-10A cells. (B) qPCR (top) and Western blotting (bottorn) analysis
of ARHGAP26 expression levels after transfecting MCF-10A cells with
the ADARI expression vector or the empty vector.

Editing of the ARHGAP26 transcript leads to destruction
of miR-30b-3p and miR-573 target sites

To explore how the RNA editing at specific sites affects the
expression of ARHGAP26, we performed in silico analysis
of these RNA editing sites in its 3’ UTR. MicroRNAs
(miRNAs) are endogenous regulatory molecules that modu-
late gene expression or mRNA stability by pairing to the 3’
UTRs. Target recognition by an miRNA is mainly achieved
by pairing to the miRNA seed sequence. A single-nucleo-
tide mutation in the miRNA seed sequence could abolish
miRNA binding and repression (Lewis et al. 2003; Brennecke
etal. 2005). Recently, it was reported that A-to-I RNA editing
may block miRNA:target recognition (Liang and Landweber
2007). We scanned the 3’-UTR sequence of ARHGAP26 using
miRanda (Miranda et al. 2006) to identify putative miRNA
binding sites and calculate minimum free energy (MFE)
changes induced by the unedited (adenosine at the editing
sites) or edited transcripts (guanine at the editing sites) of
ARHGAP26. We observed that editing sites U3 and U4 were
located in the putative target site of miR-30b-3p and editing
site U12 resides in the putative target sites of miR-573. RNA
editing increased the MFE of the corresponding RNA duplex
and led to weaker miR-30b-3p:mRNA or miR-573:mRNA
binding. This mechanism may also lead to the destruction
of target sites presented in the ARHGAP26 transcript.

To investigate whether miR-30b-3p and miR-573 regulate
ARHGAP26 gene expression, we performed transient trans-
fection with miR-30b-3p or miR-573 mimics and inhibitors.
MCE-10A cells were transfected with miR-30b-3p mimics or
miR-573 mimics at a concentration of 80 nM, and whole-cell
lysates were prepared 48 h post-transfection and subjected to

Western blotting. As expected, ARHGAP26 protein levels
were decreased in cells treated with the miR-30b-3p or
miR-573 mimics, while no detectable reduction of the -actin
level was observed. In contrast, transfection with the miR-
30b-3p or miR-573 inhibitors increased the protein levels of
ARHGAP26 (Fig. 4A,B). These data suggest that miR-30b-
3p and miR-573 repress the expression of ARHGAP26.

To further determine whether the RNA editing sites U3,
U4, and U12 affect the binding of miR-30b-3p or miR-573
to the target 3 UTR of ARHGAP26, we performed luciferase
reporter assays. We constructed two pGL3-26UTR vectors
carrying either the unedited type (adenosine at the editing
sites) or the edited type (A — Gatthe U3, U4, and U12 editing
sites) of the 3’-UTR transcript (Fig. 4C,D). HEK 293T cells
were cotransfected with miR-30b-3p, miR-573 mimics, or
the scrambled control. As shown in Figure 4, E and F, miR-
30b-3p and miR-573 reduced the luciferase activity from the
unedited plasmid by 30% and 20%, respectively; however,
no suppression of the luciferase activity from the reporter con-
taining edited-type sequence was observed. Thus, RNA edit-
ing inhibited the suppression of ARHGAP26 expression
mediated by miR-30b-3p and miR-573, indicating that RNA
editing of ARHGAP26 by ADAR1 may destroy the miR-30b-
3p and miR-573 target sites in the 3" UTR of ARHGAP26.

To investigate whether ADARI could rescue ARHGAP26
expression that was down-regulated by miR-30b-3p or miR-
573 transfection, we cotransfected miR-30b-3p or miR-573
mimics with the ADARI1 expression vector into MCF-10A
cells. Western blotting confirmed that the reduction in the
amount of ARHGAP26 protein mediated by miR-30b-3p or
miR-573 was rescued by ADARI overexpression (Fig. 4G,
H). In addition, we examined the endogenous levels of
miR-30b-3p or miR573 in MCF-10A cells, and in MCEF-7,
HepG2, and Chang liver cells. As shown in Figure 4, I and J,
miR-30b-3p has a similar expression in all cell lines, whereas
lower levels of miR-573 were observed in MCF-7 and HepG2
cells compared with the noncancerous control MCF-10A or
Chang liver cells. Taken together, these results suggested
that editing of ARHGAP26 transcript by ADARI leads to de-
struction of miR-30b-3p and miR-573 target sites.

ADART regulates the activity of RhoA

ARHGAP26 is known to be a GAP for RhoA and Cdc42
(Hildebrand et al. 1996). Therefore, based on our finding
that ADARI regulates the abundance of ARHGAP26, we hy-
pothesized that ADARI might inhibit RhoA activity by regu-
lating ARHGAP26 expression. To test the RhoA activity, we
used a Rho binding domain of Rhotekin fused to GST
(GST-RBD) pull-down assay, which only captures the active
GTP-bound form of RhoA. As shown in Figure 5, A and B,
knocking down ADARI caused an increase in the amount
of RhoA-GTP, but when Flag-tagged ADARI was overex-
pressed, the amount of RhoA-GTP decreased; the total
amount of RhoA was not affected. These results indicated
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ARHGAP26 in MCF-10A cells transfected with miRNA negative control (NS-m) or miR-30b-3p mimics, miRNA inhibitor negative control (NS-i), or
miR-30b-3p inhibitor. (B) Western blotting analysis of ARHGAP26 in MCF-10A cells transfected with miRNA negative control (NS-m) or miR-573
mimics, miRNA inhibitor negative control (NS-i), or miR-573 inhibitor, respectively. (C) Schematic representation of luciferase reporter constructs
containing unedited (adenosine at the U3 and U4 editing sites) or edited (A — G at the U3 and U4 editing sites) form within the miR-30b-3p binding
site. (D) Schematic representation of luciferase reporter constructs containing unedited (adenosine at the U12 editing sites) or edited (A — G at the
U12 editing sites) formed within the miR-573 binding site. (E) The miR-30b-3p:target interaction was shown with the unedited or edited sites high-
lighted (upper panel). The effect of the unedited (A) or edited (G) form on the miR-30b-3p:target interaction by analysis of luciferase activity (lower
panel). Relative luciferase activities for pGL3-26UTR-unedit or pGL3-26UTR-edit1 cotransfected with the predicted interacting miR-30b-3p and the
negative control (=1); the results are presented as mean * SD of three independent experiments performed in a total of six replicates. (**) Significant
differences between unedited and edited targets (P < 0.01). (F) The miR-573:target interaction is shown with the unedited or edited sites highlighted
(upper panel). The effect of the unedited (A) or edited (G) form on the miR-573:target interaction by analysis of luciferase activity (lower panel).
Relative luciferase activities for pGL3-26UTR-unedit or pGL3-26UTR-edit2 cotransfected with the predicted interacting miR-573 and the negative
control (=1); the results are presented as the mean + SD of three independent experiments performed in a total of six replicates. (**) Significant dif-
ferences between the unedited and edited targets (P < 0.01). (G) Immunoblotting of ARHGAP26 in MCF-10A cells transfected with control-miRNA,
miR-30b-3p, or cotransfected with miR-30b-3p and ADARI expression vectors. (H) Immunoblotting of ARHGAP26 in MCF-10A cells transfected
with control-miRNA, miR-573, or cotransfected with miR-573 and ADAR1 expression vectors. (I) gPCR analysis of miR-30b-3p in MCF-10A, MCEF-
7, Chang liver, and HepG2 cells. (J) qQPCR analysis of miR-573 in MCF-10A, MCF-7, Chang liver, and HepG2 cells.
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FIGURE 5. ADARI regulates the activity of RhoA. (A) Knockdown of ADARI increased the ac-
tivity of RhoA in MCF-10A cells. MCF-10A cells were transfected with control siRNA or ADARI
siRNA as indicated. GTP-RhoA was assayed using GST-RBD. (B) Overexpression of ADARI de-
creased the activity of RhoA in MCEF-10A cells. MCF-10A cells were transfected with control vec-
tor or ectopic ADARI plasmid, as indicated. GTP-RhoA was assayed using GST-RBD.

no change in two out of three glioblasto-
ma samples (Fig. 7A-F). A significant
decrease in the amount of RNA editing
in the ARHGAP26 transcript was ob-
served in human glioblastoma compared
with the adjacent noncancerous tissues
(Supplemental Fig. 5). Editing at sites
U3, U4, and U12 was predicted to destroy
miRNA binding sites (Fig. 4), indicating
that decreased editing levels at these three
sites are required for the repression of
ARHGAP26 mediated by miR-30b-3p or
miR-573. To exclude the possibility that
decreased levels of ARHGAP26 were
caused by overexpression of miR-30b-3p
and miR-573, we used qPCR to examine
the endogenous levels of miR-30b-3p or
miR573 in the glioblastoma tissues. No
significant increases in miR-30b-3p and
miR-573 levels were found in most of
the samples (Fig. 7G,H). These data sug-
gested that the changes in the mRNA
and protein levels of ARHGAP26 in the
human tissues were associated with al-

that ADARI modulates RhoA activity probably through
ARHGAP26.

ADART and ARHGAP26 expression
in human tissues

To test whether there is a correlation between ADAR1 and
ARHGAP26 expressions in human tissues, we analyzed the
expressions of ARHGAP26, ADARI, ADAR2, miR-30b-3p,
and miR-573 in nine human invasive ductal breast cancer
samples versus the matched adjacent normal tissues using
qPCR. We found that ADAR1 and ARHGAP26 showed a sim-
ilar expression pattern in the nine pairs of human samples
(Fig. 6A,B). In addition, an inverse expression pattern be-
tween ARHGAP26 and miR-573 was observed in six out of
nine paired samples. However, no correlation was observed
between ADAR2 and ARHGAP26 (Supplemental Fig. 4).
MiR-30b-3p levels could not be detected in most of these
samples (Fig. 6C,D).

To determine whether there is a correlation between
ADARI and ARHGAP26 expressions in other human cancers,
we collected glioblastoma (GBM) specimens in which ADAR1
might be down-regulated (Paz et al. 2007), which would cor-
relate with ARHGAP26’s role as a tumor suppressor gene.
Three pairs of human adult glioblastoma tissues versus the ad-
jacent noncancerous tissue were used for JPCR, Western blot-
ting, and RNA editing analyses. As expected, the mRNA and
protein levels of ARHGAP26 and ADARI were decreased in
the glioblastoma samples, while ADAR2 expression showed

tered ADAR1 expression.

DISCUSSION

In this study, we demonstrate that ADARI regulates the ex-
pression of ARHGAP26 by RNA editing, which disrupts the
miR-30b-3p and miR-573 binding sites. A-to-I RNA editing
in 3’ UTR of genes provides a layer of regulation in addition
to microRNA modulation of target genes. The levels of A-
to-I RNA editing determine the degree of disruption of
miRNA-mediated repression. RNA editing increases the
diversity of miRNA regulation of the target genes (Blow
etal. 2006; Yang et al. 2006). Our data support the hypothesis
that A-to-I RNA editing has the potential to block the miRNA:
target recognition revealed by computational modeling
(Liang and Landweber 2007). This is the first study to provide
experimental evidence supporting this hypothesis. The pre-
diction showed that more than 100 editing positions reside
in miRNA seed sequences, although computational simula-
tion suggests that RNA editing tends to avoid miRNA target
sites in general (Liang and Landweber 2007). Further investi-
gation is needed to verify the miRNA target sites and evaluate
the functional consequences of specific A-to-I RNA editing.
In contrast, A-to-I editing events have been demonstrated
to have the capability to create functional miRNA target sites
(Borchert et al. 2009). Destruction or creation of functional
miRNA target sites are important features of A-to-I RNA ed-
iting for cross talk with miRNA:target recognition.

The ARHGAP26 protein is essential to the CLIC/GEEC
endocytic pathway and muscle development via its capacity
to regulate the GTPase activity of RhoA and Cdc42 proteins.
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FIGURE 6. ADAR1 and ARHGAP26 expression in human invasive ductal breast cancers. qPCR analysis of (A) ADARI1, (B) ARHGAP26, (C) miR-
573, and (D) miR-30b-3p in nine paired human invasive ductal breast cancers.

Via the CLIC/GEEC endocytic pathway, ARHGAP26 is con-
centrated at the leading edge of spreading cells and facilitates
cell morphological changes, which is important during the
transformation of a normal cell into a cancer phenotype.
Knocking down of ARHGAP26 decreased CLIC generation
and impaired cell spreading and migration (Doherty et al.
2011a). Therefore, based on our findings that ADAR1 modu-
lates ARHGAP26 protein abundance and negatively regu-
lates the activity of RhoA, we hypothesize that ADARI
affects the functions of the ARHGAP26 protein. In addition,
ARHGAP26 was also thought to be a putative tumor suppres-
sor, by negatively regulating RhoA and Cdc42 in human can-
cers, which have growth-promoting effects in oncoprotein
Ras-mediated malignant transformation (Khosravi-Far et al.
1995; Bojesen et al. 2006). Thus, we selected brain cancer tis-
sues in which ADAR1 was reported to be decreased (Glioma
cell line U87 cells) (Paz et al. 2007) to determine if its expres-
sion correlated with the tumor suppressor function of
ARHGAP26. A loss of ADAR1 and ARHGAP26 expression
was observed in the three human adult glioblastomas studied
here. However, ADARI expression in GBM is a controversial
point: Two other studies showed either no difference in
ADARI expression (Maas et al. 2001) or ADARI overexpres-
sion in pediatric GBMs (Cenci et al. 2008). Until now, there
has been no report of ARHGAP26’s involvement in brain can-
cer. Considering the limited samples in our study, the role of
ADARI1 and ARHGAP26 in human brain cancer requires fur-
ther investigation.

Thirteen A-to-I RNA editing sites showing a high level of
editing were found in the 3" UTR of human ARHGAP26
pre-mRNA (Fig. 1; Supplemental Fig. 1). RNA editing sites
U3, U4, and U12 disrupt the miR-30b-3p and miR-573 target

1532 RNA, Vol. 19, No. 11

sites; however, the function of the other editing sites remains
unknown. The 13 editing sites studied here are embedded
in Alu elements, which are conserved ~300-nucleotide (nt)—
long repeat sequences in the human genome. Recent stud-
ies have suggested several potential roles of A-to-I RNA edit-
ing within Alu elements in gene expression (Chen and
Carmichael 2008). Alu editing located in the coding region
may change the amino acid sequence and thus potentially af-
fect the protein function, while Alu editing within introns
might influence splicing and cross talk with the microRNA
pathway and regulate gene expression via nuclear retention
(Chen and Carmichael 2008). Therefore, it remains to be
determined whether the editing events identified in the
present study would result in the nuclear retention of
ARHGAP26. According to a previous study (Chen and
Carmichael 2008), unedited-type ARHGAP26 protein is
preferentially exported to the cytoplasm, whereas the highly
edited RNA isoforms are selectively retained in the nucleus.
However, ARHGAP26 was found to be distributed in the
cytoplasm of HeLa and NIH 3T3 cells (Lundmark et al.
2008). Further study is warranted to explore the correlation
between ARHGAP26 mRNA editing and protein cellular lo-
calization at high resolution.

In summary, we identified extensive A-to-I RNA editing
sites in the 3" UTR of the ARHGAP26 transcript that were spe-
cifically catalyzed by ADARI. We found that ADARI regulat-
ed the expression of the ARHGAP26 gene through A-to-I
RNA editing by destroying the miR-30b-3p and miR-573
binding sites. Furthermore, ARHGAP26 expression in the hu-
man tissues was associated with altered ADARI1 expression.
Moreover, the regulation of ARHGAP26 expression by
ADARI leads to changes in RhoA activity. Our results provide
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a novel insight into the mechanism by which ADARI and its
RNA editing function regulate the microRNA modulation of
target genes.

MATERIALS AND METHODS

Human tumor and control tissues

Three paired glioblastoma and adjacent noncancerous tissues were
obtained from the 301 Hospital of PLA. Nine paired human invasive
ductal breast cancer and the adjacent noncancerous tissues were ob-
tained from the 307 Hospital of PLA and Peking Union Medical
College Hospital. The ethics committee of the Beijing Institute of
Biotechnology approved all the experiments using the tissues.

Cell culture and transfection

Ten cell lines were used in this study. The human prostate carcino-
ma cell line DU145, the human colon cancer cell line SW480, the
human lung adenocarcinoma epithelial cell line A549, and the hu-
man Burkitt’s lymphoma cell line Raji were originally purchased
from ATCC and maintained in RPMI 1640 media supplemented

with 10% fetal bovine serum, 100 units/mL penicillin, and 0.1
mg/mL streptomycin. The human hepatoma cell line HepG2, the
human estrogen receptor (ER)—positive breast cancer cell line
MCEF-7, the human immortalized nontumor cell line Chang liver,
the human osteosarcoma cell line U208, and the human renal epi-
thelial cell line HEK-293T cell lines were grown in Dulbecco’s mod-
ified Eagle’s medium (DMEM) with 10% FBS, 100 units/mL
penicillin, and 0.1 mg/mL streptomycin. The nontransformed hu-
man mammary epithelial cell line MCF-10A was maintained in
DMEM/F12 (1:1) supplemented with 5% (v/v) heat-inactivated
horse serum, 10 pg/mL insulin, 20 ng/mL EGF, 0.5 pg/mL hydrocor-
tisone, 100 ng/mL Cholera toxin, and penicillin/streptomycin anti-
biotic. All cells were cultured at 37°C in a 5% CO, incubator with
humidified air. Plasmids were transfected using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instruction.

RNA extraction, RT-PCR, and real-time PCR

Total RNA was isolated with the TRIzol reagent (Invitrogen), and
genomic DNA was extracted from the tissues and cultured cells ac-
cording to the manufacturer’s instructions of the Wizard genomic
DNA purification kit (Promega). To remove genomic DNA con-
tamination, RNA samples were treated with DNase I (Takara).
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First-strand cDNA was synthesized from total RNA with M-MLV
(Takara) using oligo(dT) for the editing analysis and real-time
PCR analysis.

For the editing analysis, PCR was performed according to standard
procedures with 30 pM each primer and 2.5 units of rTaq DNA po-
lymerase (Takara) to amplify the transcripts and the genomic DNA
using the cDNA and gDNA as templates, respectively. The cycling
conditions for amplification were as follows: initial denaturation at
95°C for 5 min; then 30 cycles at 95°C for 30 sec, 60°C for 30 sec,
and 72°C for 50 sec; followed by a final extension at 72°C for 10
min. Control experiments were conducted without the reverse
transcriptase enzyme (no RT-control) to verify that the amplified
products were from the reverse-transcribed mRNA and not from
contaminating genomic DNA. Specific products were gel-purified
and directly sequenced. The following primers were used to amplify
the 3’ UTR of ARHGAP26 containing the 13 editing sites: ARH
GAP26-F (5'-GGAGGGGTATAGATTGTGCCGT-3") and ARHGA
P26-R (5-TGTCTACAGGGATGCTTCGTGAG-3'). The following
primers were used to amplify the CYFIP2 sequence: CYFIP2-F
(5'-CTACCTAATGGATGGAAATGTCAGTAAC-3') and CYFIP2-R
(5'-CCCGGATCTGAACCATCTG-3).

To analyze the mRNA expression of ADARI, ADAR2, and
ARHGAP26, quantitative real-time PCR was performed in triplicate
on a MiniOpticon Real-Time PCR System (Bio-Rad) using SYBR
Green Master Mix (Takara). The mRNA levels were normalized to
the expression of the housekeeping gene GAPDH. The primers
used were as follows: for GAPDH, forward (5'-CACCATCTTCCA
GGAGCGAG-3') and reverse (5-GCAAATGAGCCCCAGCCT-3);
for ADARI, forward (5'-GCTTGGGAACAGGGAATCG-3') and re-
verse (5'-CTGTAGAGAAACCTGATGAAGCC-3'); for ADAR2, for-
ward (5'-CGCAGGTTTTAGCTGACGC-3') and reverse (5'-GCAT
CTTTAACATCTGTGCCTGT-3"); for ARHGAP26, forward (5'-T
AAGAATGCTTCCAGGACCACTC-3') and reverse (5'-GCTGTAA
CATCTGCCGATTTTTC-3).

Analysis of microRNA expression by qRT-PCR

qRT-PCR assays were performed to measure the expression levels of
microRNAs. Total RNA, containing microRNAs, was extracted from
cells or tissues using the TRIzol reagent (Invitrogen). Hairpin-it
miRNAs Real-Time PCR Quantitation Kit (GenePharma, China)
containing a stem—loop-like RT primer, miRNA-specific PCR prim-
er, and the molecular beacon probe was used to detected the miRNAs
according to the protocol provided by the manufacturer. RNA was
reversed-transcribed to cDNA with an miRNA-specific stem-loop-
like RT primer, and U6 was used as the internal control. The expres-
sion of each miRNA relative to that of U6 was determined using the
27T method.

Plasmid constructions

FLAG-ADAR1 was kindly provided by Dr. Carmo-Fonseca
(Desterro et al. 2003). To assess the A-to-I RNA editing on the po-
tential miR-30b-3p and miR-573 targets of ARHGAP26, pGL3-
26UTR-unedit, pGL3-26UTR-editl, and pGL3-26UTR-edit2 were
constructed. The partial 3’ UTR of human ARHGAP26, which con-
tains both potential miR-30b-3p and miR-573 targets, was amplified
using primers 26UTR-F (5-TAAAGATCTGCCTCAGGGGATGT
GC-3') and 26UTR-R (5-ATAGGTACCCAGGGATGCTTCGTG
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AG-3'). The PCR products were cloned into pGL3-CM, in which
the multiple cloning site of the pGL3-control vector (Promega)
was removed and placed downstream from the luciferase gene, as
previously described (Sun et al. 2008), to generate the luciferase re-
porter vector pGL3-26UTR-unedit. To mimic A-to-I RNA editing,
we generated a luciferase reporter vector, pGL3-26UTR-editl,
which contains two A-to-G mutants in the potential miR-30b-3p
targets, and pGL3-26UTR-edit2, which contains an A-to-G mutant
in the potential miR-573 targets. The primers for site-directed
mutagenesis were as follows: for pGL3-26UTR-editl, forward
(5'-GAACCCGGGAGGCGGAGGTT-3') and reverse (5-TCCG
CCTCCCGGGTTCAAGT-3"); for pGL3-26UTR-edit2, forward
(5'-TTGGGGGTCCGAAGTGGGC-3') and reverse (5'-CTTCGGA
CCCCCAAAGTGCTG-3'). The PCR products of the mutated 3’
UTR of ARHGAP26 were cloned into pGL3-CM to generate
pGL3-26UTR-editl or pGL3-26UTR-edit2.

Luciferase assay

To assess the effect of A-to-I RNA editing in the miRNA target sites,
HEK293T cells were cotransfected in 24-well plates with pGL3 (lucif-
erase reporter vectors), pRL-TK (Renilla; Promega), miRNA mimics,
or scrambled negative control (Genepharma, Shanghai), using
Lipofectamine 2000 (Invitrogen). Twenty-four hours after transfec-
tion, cells were lysed in 100 pL of passive lysis buffer according to the
Dual-Luciferase reporter assay protocol (Promega), and luciferase
activity was measured by using the Dual-Luciferase reporter assay
system (Promega) on a TD-20/20 Luminometer (Turner Designs).
All experiments were repeated at least three times.

RNA interference

To knock down ADARI or ADAR2 in A549 or MCFE-10A cells, du-
plex siRNAs for target sequence and nontarget siRNA control
(Negative control) were synthesized by Genepharma, Shanghai
and transfected, respectively, into A549 or MCF-10A cells at a con-
centration of 30 nM using Lipofectamine RNAIMAX (Invitrogen),
following the manufacturer’s instructions. siRNAs targeting
ADARI were as follows: si-ADAR1-1# (sense, GCGACUAUCUC
UUCAAUGUTT; antisense, ACAUUGAAGAGAUAGUCGCTT);
si-ADAR1-2# (sense, GGCCCGAGAUAUAAAUGCUTT; antisense,
AGCAUUUAUAUCUCGGGCCTT); si-ADARI1-3# (sense, GCCC
AUUUAUCUCAAAUCUTT; antisense, AGAUUUGAGAUAAAU
GGGCTT). siRNAs targeting ADAR2 were as follows: si-ADA
R2-1# (sense, GCGCCUUUGUUUGUCAUGUTT; antisense, ACA
UGACAAACAAAGGCGCTT); si-ADAR2-2# (sense, CAGGCACA
GAUGUUAAAGATT; antisense, UCUUUAACAUCUGUGCCUG
TT); si-ADAR2-3# (sense, CCGCUAUUGAGGUCAUCAATT; anti-
sense, UUGAUGACCUCAAUAGCGGTT). Controls included a
nontargeting siRNA (NC). The extent and specificity of the silencing
of ADARs were assessed by qPCR and Western blotting.

Transient miRNA mimics/inhibitors transfection

To determine the effects of miR-30b-3p or miR-573 on the expres-
sion of ARHGAP26 in MCF-10A cells, we performed transient
miRNA mimics/inhibitors transfection and Western blotting. MiR-
30b-3p mimics, miR-573 mimics and negative control miRNA
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mimics (NC mimics), miR-30b-3p inhibitors, and miR-573 inhibi-
tors and negative controls were synthesized by Genepharma and
transfected into MCF-10A cells at a concentration of 80 nM using
Lipofectamine RNAIMAX (Invitrogen) following the manufacturer’s
instructions. Cotransfection of ADARI expression constructs (1 pg of
DNA) and miRNA mimics (80 nM per well of six-well plates) was
done with Lipofectamine 2000 (Invitrogen).

Western blotting

Total protein extracts of transfected cells or human tissues were pre-
pared for Western blotting in lysis buffer consisting of 150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and 50
mM Tris-HCI (pH 8.0) supplemented with a mixture of protease in-
hibitors (Roche). For immunoblotting, protein exacts were separat-
ed by 10% SDS-PAGE and transferred to PVDF membranes. The
antibodies for ADARI1, ADAR2, and RhoA were from Santa Cruz
Biotechnology; the antibody for ARHGAP26 was from Abcam;
the antibody for Flag was from Sigma-Aldrich, and the antibody
for B-actin was purchased from Cell Signaling Technology.

GTPase activity pull-down assay

The RhoA activity assay was performed using the Rho binding
domain of Rhotekin fused to GST (GST-RBD). Briefly, after wash-
ing with PBS, cells were lysed immediately with RBD lysis buffer (50
mM Tris-HCl at pH 7.2, 500 mM NaCl, 5 mM MgCl,, 1% Triton X-
100, 1 mM dithiothreitol, and Cocktail). Cell lysates were clarified
by centrifugation at 16,000¢ for 10 min at 4°C. Equal volumes of
the lysates were incubated with GST-RBD fusion proteins on gluta-
thione-S-transferase beads, to pull down active RhoA proteins. GST
proteins were used as a negative control. After incubation for 2 h at
4°C, the beads were washed three times with cold RBD lysis buffer.
The RhoA proteins were eluted with sample buffer and subjected to
SDS—polyacrylamide gel electrophoresis. Western blotting was per-
formed using anti-RhoA antibodies.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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