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Introduction
Adenosine-to-inosine (A-to-I) RNA editing is a widespread post-
transcriptional mechanism in humans that is catalyzed by adenos-
ine deaminase acting on RNA (ADAR) enzymes and introduces
specific nucleotide changes at the RNA level without altering DNA
sequence (1, 2). Computational analyses of RNA-Seq data have
detected a large number of RNA editing sites in the human tran-
scriptome (3-5). More recently, several studies have systematically
characterized the RNA-editing genomic landscape across cancer
lineages using sequencing data from The Cancer Genome Atlas
(TCGA) (6-8), revealing many dysregulated A-to-I RNA editing
events in tumors. Some of the RNA editing events occur in coding
regions, modify encoded amino acids, and directly affect cancer
cell growth, suggesting “driver mutation”-like behaviors (7, 9, 10).
The vast majority of A-to-I RNA editing events occur in non-
coding regions, such as UTRs, introns, long non-coding RNAs, and
microRNAs (miRNAs) (11-13). RNA editing in miRNAs is of partic-
ular interest since these approximately 22-nucleotide small RNAs
play critical regulatory roles in multiple cellular pathways and patho-
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Both miRNAs and A-to-I RNA editing, a widespread nucleotide modification mechanism, have recently emerged as key
players in cancer pathophysiology. However, the functional impact of RNA editing of miRNAs in cancer remains largely
unexplored. Here, we focused on an ADAR2-catalyzed RNA editing site within the miR-379-5p seed region. This site was
under-edited in tumors relative to normal tissues, with a high editing level being correlated with better patient survival times
across cancer types. We demonstrated that in contrast to wild-type miRNA, edited miR-379-5p inhibited cell proliferation
and promoted apoptosis in diverse tumor contexts in vitro, which was due to the ability of edited but not wild-type miR-379-
5p to target CD97. Importantly, through nanoliposomal delivery, edited miR-379-5p mimics significantly inhibited tumor
growth and extended survival of mice. Our study indicates a role of RNA editing in diversifying miRNA function during cancer
progression and highlights the translational potential of edited miRNAs as a new class of cancer therapeutics.

logical processes (14, 15). If editing occurs within the seed sequence
of amiRNA, since a single nucleotide change can alter the base pair-
ing properties of miRNA, this could alter recognition of target genes
by deleting original targets or acquiring new targets. Intriguingly,
several miRNA editing events appear to be critical negative regu-
lators of cancer development (16). For example, edited miR-376a
inhibits glioma cell migration and invasion via targeting of AMFR,
combined with an inability to inhibit the original target RAP2A (17).
Edited miR-455 inhibits melanoma tumor growth and metastasis
by upregulating the tumor suppressor CPEBI (18). Edited miR-589-
3p inhibits glioblastoma cell proliferation, migration, and invasion
by retargeting the oncogene ADAMI2 from the tumor suppressor
PCDH9 (19). MiR-378a editing can prevent melanoma progression
through the regulation of PARVA expression (20). However, studies
of these miRNA editing events have been limited to single diseases
(i.e., glioma or melanoma), and the potential therapeutic value of
edited miRNAs has not been explored in a broader context.

We recently performed a large-scale analysis of miRNA edit-
ing hotspots across 20 cancer types using TCGA miRNA-Seq
data (21). An RNA editing event in the seed region of miR-379-5p
showed intriguing patterns across cancer types, leading us to char-
acterize its functional consequences. Herein, we characterize the
effects of edited miR-379-5p, elucidate its molecular mechanism
in diverse tumor contexts, and, importantly, assess its therapeutic
potential in vivo through a clinically relevant, weight-dependent
dosage of edited miR-379-5p using a recent nanoliposomal deliv-
ery platform. Our study highlights the potential prognostic and
therapeutic utility of edited miR-379-5p.
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Results

A-to-I editing in miR-379-5p shows clinically relevant patterns across
cancer types. We first validated the A-to-I RNA editing in miR-379-
5p (Figure 1A) by performing ADAR-perturbed miRNA-Seq exper-
iments. In cancer cell lines, we observed a dramatic increase in the
editing level of miR-379-5p only upon ADAR?2 overexpression (Sup-
plemental Figure 1; supplemental material available online with this
article; https://doi.org/10.1172/]JCI123396DS1), indicating that this
editing event is catalyzed specifically by the ADAR2 enzyme.

To assess the potential biomedical significance of miR-379-
5p editing, we next examined its editing patterns in both tumor
and normal samples using TCGA miRNA-Seq data (Supplemental
Table 1). The edited miR-379-5p showed relatively high expres-
sion levels across different normal tissues (e.g., ~40 reads per
million in breast tissue). To provide a more biologically relevant
context, we assessed the expression of edited miR-379-5p relative
to all 2588 human wild-type (WT) miRNAs (Figure 1B). In 9 of 13
tissue types examined, the expression amount of edited miR-379-
5p ranked among the top 200 miRNAs. Since miRNAs with the
highest expression level are believed to maintain key cellular func-
tions and have significant impact on their corresponding target
genes (22, 23), this result suggests that the highly expressed edited
miR-379-5p is likely to play a functional role in gene regulation in
normal tissues. We subsequently examined miR-379-5p editing
in tumor samples and found that compared with matched normal
samples, this editing site showed a consistent hypo-editing pattern
in all 7 cancer types, with statistical significance (paired ¢ test, g <
0.05; Figure 1C). Thus, editing of miR-379-5p is frequently inhib-
ited in tumor cells. To assess the potential relevance of decreased
RNA editing in tumors, we assessed correlations of miR-379-5p
editing level with patient survival times. Interestingly, higher miR-
379-5p editing levels were significantly correlated with better
patient survival in several cancer types, including head and neck
squamous cell carcinoma, kidney renal clear cell carcinoma, lung
adenocarcinoma, and thyroid cancer (Figure 1D). Moreover, even
taking tumor stage and patient age into account as potential con-
founding factors, correlations of miR-379-5p editing with clinical
outcomes remained significant (Figure 1E), suggesting potential
prognostic value independent from standard clinical variables.
These patterns, observed over diverse TCGA patient cohorts,
strongly suggest that miR-379-5p editing acts as a tumor suppres-
sor event and that the decreased RNA editing level in tumor cells
may be related to tumor initiation or progression.

Edited miR-379-5p strongly inhibits cell proliferation through
induced apoptosis. To investigate the functional impact of miR-
379-5p editing, we used RNA mimics to examine its effects on
cell proliferation in several cell lines representing diverse tumor
contexts (MDA-MB-231 for breast cancer, OVCAR-8 for ovarian
cancer, 786-0 for renal cancer, and A549 for lung cancer). These
celllines were selected based on TCGA clinical relevance, feasibil-
ity for in vivo experiments, and the baseline level of miR-379-5p.
WT miR-379-5p showed no significant effects on cell proliferation
in comparison with the control mimics (Figure 2A), which shows
good agreement with a previous study (24). In contrast, expres-
sion of edited miR-379-5p in each cell line dramatically decreased
cell proliferation by IncuCyte proliferation assays in 2-dimension-
al (2D) cell cultures (ANOVA followed by Tukey’s test, P < 0.05;
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Figure 2A). Next, we examined the effects of edited miR-379-5p
on cell proliferation using colony formation assays and found that
edited miR-379-5p markedly inhibited colony formation in each
cell line (ANOVA followed by Tukey’s test, P < 0.05; Figure 2, B
and C). We further performed cell viability assays in 3D cultured
cancer cells and, as observed in 2D experiments, found that edited
miR-379-5p significantly decreased cancer cell survival and prolif-
eration in terms of relative viability, perimeter, and area (ANOVA
followed by Tukey’s test, P < 0.05; Figure 2, D and E). In addition,
cells transfected with edited miR-379-5p exhibited decreased
migration and invasion (Supplemental Figure 2). These results
suggest that edited miR-379-5p is a strong tumor suppressor of
cancer cell survival and proliferation.

To further identify the pathways altered by edited miR-379-5p,
we investigated its effects on apoptosis and the cell cycle. In each
of the cancer cell lines studied, annexin V (AV) binding revealed
anincrease of early apoptosis, AV* propidium iodide-negative (PI)
staining, and late apoptosis, AV‘PI* staining, in cells transfected
with edited miR-379-5p but not in cells transfected with negative
control or WT miR-379-5p (ANOVA followed by Tukey’s test, P <
0.05; Figure 3, A and B). In terms of the cell cycle, we observed
that edited miR-379-5p reduced the G, /G, population in most
cell lines, concomitant with a marked increase in the G,/M sub-
population in MDA-MB-231 and OVCAR-8, which was consistent
with cell death in these cell lines (Supplemental Figure 3). Taken
together, these results suggest that edited miR-379-5p inhibits cell
proliferation by promoting apoptosis and may affect the cell cycle
in some tumor contexts.

A-to-I editing divects miR-379-5p to a new set of target genes.
A-to-I editing in miR-379-5p can potentially change its target
genes since the RNA editing occurs in the seed region. To sys-
tematically identify key targets of edited miR-379-5p, we used
RNA-Seq to identify genes that were significantly downregulated
across 5 cell lines (paired ¢ test, ¢ <1 x 10~ upon transfection of
WT or edited miR-379-5p mimics (relative to the control mimics).
To assess the efficiency of miRNA overexpression, we performed
gene set enrichment analysis to test whether the potential miRNA
target genes were enriched in downregulated genes. Indeed, we
found that miRDB-predicted WT miR-379-5p targets were signifi-
cantly enriched in the downregulated genes in WT miRNA versus
the negative control and, importantly, predicted edited miR-379-
5p targets that were significantly enriched in downregulated genes
in edited mimics versus the negative control (Figure 4A and Sup-
plemental Figure 4). We further identified high-confidence tar-
get candidates by integrating differential expression and binding
motif information (WT miR-379-5p targets should have the bind-
ing motif GUCUACC in their 3-UTRs; edited miR-379-5p targets
should have GUCCACC in their 3'-UTRs), and found that only
2 genes overlapped between these 2 predicted target gene sets.
This global analysis suggests that the single-nucleotide editing
of miR-379-5p indeed redirects the miRNA to inhibit a new set of
target genes by altering the seed sequence complementarity. We
next focused on individual targets of WT and edited miRNAs for
detailed characterization.

The focal adhesion kinase PTK2 is a WT miR-379-5p target
(24), with a single binding site for the WT miRNA seed (Figure
4A). We observed substantial inhibition of PTK2 at both mRNA
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Figure 1. Clinically relevant patterns of miR-379-5p RNA editing in TCGA patient samples. (A) Schematic of RNA editing in miR-379-5p, showing the
miRNA stem-loop (blue), mature miRNA (orange), seed region (purple), and editing site (red). (B) Expression amount of edited miR-379-5p in the context

of WT miRNA expression in various normal tissues. Rank of edited miR-379-5p upper-quantile expression value relative to the median expression of all WT
human miRNAs in different cancer types (x axis). Raw expression amount (reads per million mapped reads to miRNA [RPM)]) of edited miR-379-5p (y axis).
Magnified panels show the background distribution of WT miRNAs in representative cancer types. (C) Editing-level comparison between tumor samples and
matched normal samples in the cancer types. Raw P values based on paired Wilcoxon test; statistically significant differences (g < 0.05) are reported. The
middle line in the box is the median, the bottom and top of the box are the first and third quartiles, and the whiskers extend to 1.5 times the interquartile
range of the lower and the upper quartiles, respectively. (D) Significant survival correlations of miR-379-5p editing level with patient disease-specific survival
times in different cancer types (P < 0.05); P values based on Cox proportional hazards models. The groups are separated by median values. (E) Summary of
Cox proportional hazard ratio model of miR-379-5p editing level with patient disease-specific survival. Dot size represents level of statistical significance;
color indicates correlation direction. Pink blocks highlight P < 0.05. Stage and age as confounding factors are included in the model for comparison.
s
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Figure 2. Effects of RNA editing in miR-379-5p on cell proliferation and clone formation. (A) Effects of edited miR-379-5p mimics on cell viability in 2D
cultured MDA-MB-231, OVCAR-8, 786-0, and A549 cells by IncuCyte proliferation assays. (B and C) Clone formation assays transfected with negative con-
trol, WT, and edited miR-379-5p mimics (B), and summary of the clone number (C). (D-G) Representative images of cell viability assays transfected with
negative control, WT, and miR-379-5p mimics in 3D cultured cell lines (D); and summary of relative cell viability (E), area (1 outlier, 11.25 in MDA-MB-231
negative control, not shown) (F), and perimeter (2 outliers, 5.88 in MDA-MB-231 negative control and 4.09 in MDA-MB-231 WT, not shown) (G). All data
are based on 3 independent experiments. Error bars denote + SEM; ANOVA followed by Tukey's test, *P < 0.05; **P < 0.01; ***P < 0.001.

:

jci.org


https://www.jci.org
https://www.jci.org

The Journal of Clinical Investigation

and protein levels for cells treated with WT miR-379-5p but not
with edited miR-379-5p (Figure 4, B and C). The pattern was con-
sistent across cancer cell lines, indicating that PTK2 is a target
gene of WT but not edited miR-379-5p.

To identify target genes of edited miR-379-5p, we prioritized
candidate genes from the RNA-Seq experiments using the fol-
lowing criteria: (a) rank in the top 15 most significantly decreased
genes and log, fold change greater than 1.5 in both edited miR-379-
5p versus negative control and edited miR-379-5p versus WT miR-
379-5p; (b) has at least 1 binding site for edited miR-379-5p but no
binding site for WT miR-379-5p; and (c) has a detectable baseline
expression level in the cell lines surveyed. This yielded 2 candidate
targets of edited miR-379-5p: adhesion G protein-coupled recep-
tor E5 (CD97, also known as ADGRES5) and G protein subunit aI2
(GNAI2). CD97 has a single binding site in its 3'-UTR (Figure 4A).
Indeed, edited miR-379-5p dramatically reduced the expression
of CD97 at both mRNA and protein levels in all 4 cancer cell lines
(ANOVA followed by Tukey’s test, P < 0.01; Figure 4, D and E).
In contrast, WT miR-379-5p had little effect on CD97 expression
(Figure 4, D and E). We further verified direct binding of edited
miR-379-5p with CD97 3'-UTR using a luciferase reporter assay.
We cotransfected mimics with a luciferase reporter containing the
predicted target site, and observed that edited miR-379-5p mimics
inhibited luciferase expression (ANOVA followed by Tukey’s test,
P < 0.01; Figure 4F), whereas cotransfection with negative control
or WT miR-379-5p mimics did not show such effects (Figure 4F).
Furthermore, there was a strong negative correlation between
the edited miR-379-5p level and CD97 mRNA expression across
different groups of TCGA tumor samples (Rs = -0.83, P = 0.006)
(Supplemental Figure 5). Collectively, these results indicate that
A-to-I editing in miR-379-5p creates a neomorphic miRNA mole-
cule that loses the ability to repress its original targets such as PTK2
but acquires the ability to target a new set of genes such as CD97.

Edited miR-379-5p confers its phenotypic effects through regu-
lation of CD97. CD97 is a marker for minimal residual disease
in acute lymphoblastic leukemia (25), and also a leukemic stem
cell marker in acute myeloid leukemia (26). This gene has been
reported to be induced or upregulated in a variety of human can-
cers (27-30); the overexpression of CD97 was found to enhance
local tumor growth in immune-deficient mice (30). In addition,
shRNA-mediated knockdown of CD97 has been shown to increase
caspase-mediated apoptosis (31, 32). Clinically, high expression of
CD97 correlates with worse patient survival times across cancer
types (Supplemental Figure 6). Therefore, we focused on CD97 for
further investigation.

To examine whether edited miR-379-5p confers its pheno-
typic effects through silencing of CD97, we performed a set of
in vitro experiments. We first decreased CD97 expression using
3 CD97-specific siRNAs and confirmed their knockdown effects
by Western blot analyses (Supplemental Figure 7). We then per-
formed functional assays using 2 of the verified siRNAs (#1 and
#2). We found that the biological effects of CD97 knockdown
copied the phenotype effects of edited miR-379-5p and resulted
in similar enhanced apoptosis and obvious reduction in prolifera-
tion of the 4 cancer cell lines (ANOVA followed by Tukey’s test, P
< 0.05; Figure 5, A-C, and Supplemental Figure 8), suggesting that
CD97 functions as a suppressor of cancer cell apoptosis. In con-
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trast, there was no effect on proliferation and apoptosis in these
cancer cells through transfection of the other candidate target
GNAI2 siRNAs (data not shown). Thus, CD97 could explain the
effect of edited miR-379-5p on cell apoptosis.

To further demonstrate that the enhanced apoptosis phe-
notype was indeed due to the direct interaction of edited miR-
379-5p with CD97, rather than indirect consequences caused
by secondary modulation of CD97, we tested whether CD97
expression could rescue the effects of edited miR-379-5p on cel-
lular proliferation. We used 2 overexpression constructs for CD97:
one with the full-length CD97 cDNA containing both CD97 ORF
and 3'-UTR (named CD97 ¢cDNA) and the other containing the
CD97 ORF only, without the 3'-UTR (named CD97 ORF). The
constructs were cotransfected with negative control, WT miR-
379-5p, or edited miR-379-5p into MDA-MB-231 and OVCAR-8
cells. We confirmed that the CD97 protein was downregulated by
edited miR-379-5p only when CD97 ¢cDNA (i.e., containing the
3'-UTR) was expressed, whereas negligible downregulation of
CDY97 occurred when CD97 ORF (not containing the 3'-UTR) was
expressed (Figure 5, D and E). Importantly, the effects of edited
miR-379-5p on proliferation were not markedly compromised by
the presence of CD97 cDNA, while concomitant overexpression of
the CD97 ORF (which is not downregulated by the edited miRNA)
abrogated the inhibition of cell proliferation induced by edited
miR-379-5p (ANOVA followed by Tukey’s test, P < 0.05; Figure 5,
F and G). Our findings indicate that CD97 is an immediate down-
stream effector specific to edited miR-379-5p and is likely to be a
major target gene through which the proliferation-inhibiting and
apoptosis-prompting effects of edited miR-379-5p are mediated.

Edited miR-379-5p is a potential cancer therapeutic in vivo. To
explore the potential therapeutic utility of edited miR-379-5p in
human cancers, we performed mouse experiments to assess its
inhibitive effects on tumor growth. We first established an in vivo
breast cancer model using luciferase-labeled MDA-MB-231 cells.
We then examined the therapeutic efficacy of edited miR-379-5p
using  1,2-dioleoyl-sn-glycero-3-phosphatidylcholine-mediated
(DOPC-mediated) small RNA delivery technology. DOPC is a
recently developed neutral liposome carrier for the delivery of
oligonucleotides (33). Administration of small RNAs using DOPC
delivery is currently under investigation in clinical trials (34). To
mimic the amount of the DOPC complex that can be delivered in
clinical trials, mice were treated with edited miR-379-5p incorpo-
rated in DOPC twice a week for 4 weeks (Figure 6A). We found that
treatment with edited miR-379-5p mimics significantly decreased
tumor volumes compared with negative control and WT miR-379-
5p groups in MDA-MB-231 (P = 0.02 and P = 0.04, respectively)
(Figure 6, B and C, and Supplemental Figure 9). Further, mice
treated with edited miR-379-5p showed significantly improved
survival times compared with negative control mice and mice
treated with WT miR-379-5p (3-group log-rank P = 0.02, edited
vs. others log-rank P= 0.01, respectively; Figure 6D). We observed
similar inhibitory effects of edited miR-379-5p on tumor growth in
another xenograft model based on A549 cells (Figure 6E).

We also studied the effects of edited miR-379-5p on MDA-
MB-231 xenografts. Consistent with the effects of edited miR-
379-5p on the growth of cancer cells in vitro, we found that edit-
ed miR-379-5p decreased the expression of CD97 and increased
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Figure 3. Effects of edited miR-379-5p on cell apoptosis. (A) Apoptosis of miRNA mimic-transfected cells by AV-FITC/PI staining. (B) Measurement of
total death of early-apoptotic AV*PI- and late-apoptotic AV*PI* cells transfected with negative control, WT, and miR-379-5p mimics. Results are based on 3
independent experiments. Error bars denote + SD; ANOVA followed by Tukey'’s test, *P < 0.05; **P < 0.01; ***P < 0.001.

the amount of the apoptotic cell marker cleaved caspase-3 (Sup-
plemental Figure 10, A and B). In addition, edited miR-379-5p
reduced the level of the Ki-67 proliferation marker in tumor tis-
sues (Supplemental Figure 10, B-D).

Taken together, the data provide a model for the role of edited
miR-379-5p in cancer: Following processing of pre-miR-379 and
subsequent modification by the ADAR2 enzyme, edited miR-379-
5p binds to the CD97 3'-UTR based on sequence complementar-
ity and inhibits its expression at both mRNA and protein levels.
Subsequently, decreased amounts of CD97 lead to activation of
a caspase-3 cascade that induces cell apoptosis and inhibits cell
proliferation. Thus, a single nucleotide modification converts
miR-379-5p into a suppressor of tumor growth. Our results in vivo
further suggest a therapeutic potential of edited miR-379-5p for
cancer treatment (Figure 7).

Discussion

A single nucleotide change induced by editing of miRNA can
markedly alter function. Here, we focused on an A-to-I editing
event in miR-379-5p and characterized its functional conse-

quences. Unlike previously reported edited miRNAs, edited miR-
379-5p shows clinically relevant patterns across multiple cancer
types, and our functional assays confirmed its phenotypic effects
in diverse tumor contexts. This intriguing pattern provides strong
rationale for further exploring diagnostic, prognostic, and possi-
bly therapeutic strategies.

CD97 is a prototypic member of the adhesion class of G pro-
tein-coupled receptors, which play essential roles in developmen-
tal processes and tumorigenesis (22, 35). CD97 is induced, upreg-
ulated, and/or biochemically modified in various malignancies
compared with the corresponding normal tissues (30, 36). CD97
expression is inversely related with the overall survival times of
patients with glioblastoma and gallbladder carcinoma (37, 38).
The binding partners of CD97 include CD55, chondroitin sulfate B
(39, 40), integrin o.f,, and CD90 (41, 42). In thyroid and prostate
cancer cells, CD97 amplifies LPARI signaling to promote tumor
progression in a Rho-dependent fashion (30, 43). CD97 has also
been shown to inhibit programmed tumor cell death (31). All these
previous findings are well aligned with the mechanistic model we
propose in which the functional impact of edited miR-379-5p is at
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least partially due to its acquired ability to target CD97, thereby
inhibiting proliferation and increasing apoptosis.

activity on primary tumors in multiple mouse models. In vivo deliv-
ery of oligonucleotides in experimental models has shown promise

One concern may be that our functional results were based on
exogenous overexpression studies in which the edited miRNA level
may be higher than the endogenous level. But one major goal of
this study was to investigate the translational potential of edited
miRNAs as therapeutics. From this perspective, it is less important
whether the endogenous level of edited miR-379-5p is function-
al; and further efforts are needed to assess the contribution of the
endogenously reduced edited miR-370-5p to tumor development.
In order to assess antitumor activity, we used a DOPC nanoliposo-
mal delivery platform for systemic delivery of edited miR-379-5p
for in vivo experiments and demonstrated significant therapeutic

jci.org

for use in humans. Liposomal delivery of drugs is an established
and safe approach, and their use for siRNA or miRNA delivery
makes this therapeutic modality clinically attractive. DOPC loaded
with antisense oligonucleotides against Grb2 are currently in phase
I clinical trials in leukemia, and another clinical trial based on
siRNA-EphA2-DOPC for patients with ovarian cancer is ongoing at
MD Anderson Cancer Center (44). Further efforts should be made
to investigate whether edited miR-379-5p delivered by DOPC is
effective for a specific patient subpopulation such as those with
high CD97 expression or whether it can be combined with other
anticancer therapies to enhance therapeutic efficacy. In a broad
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Figure 5. Edited miR-379-5p confers its phenotypic effects through CD97. (A) Effects of C097 siRNAs (#1and #2) on cell proliferation in MDA-
MB-231, OVCAR-8, 786-0, and A549 cells. Two-sided t test was used to assess the difference. (B) Representative images of cell apoptosis after trans-
fection of 2 C097 siRNAs (#1 and #2) by AV-FITC/PI staining. (C) Effects of 2 CD97 siRNAs (1 and #2) on cell apoptosis by AV-FITC/PI staining. Error
bars denote + SEM; ANOVA followed by Tukey'’s test, *P < 0.05; **P < 0.01; ***P < 0.001. (D and E) Western blots of CD97 and cleaved caspase-3 in
MDA-MB-231 (D) and OVCAR-8 (E) cells, cotransfected with CD97 expression vectors and WT, edited miR-379-5p, or control miRNAs. GAPDH was used
as loading control. Densitometric analysis was done by Image| software, and values were normalized to control for each construct. (F and G) IncuCyte
proliferation assay of MDA-MB-231 (F) and OVCAR-8 (G) cells cotransfected with expression vectors containing empty vector control (pCMV-vector),

a full-length €097 cDNA (CD97 cDNA), or C097 without 3'-UTR (C097 ORF) and edited miR-379-5p. Error bars indicate SD; ANOVA followed by Tukey's

test, *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 6. Therapeutic effects of edited miR-379-5p in vivo. (A) Flowchart of in vivo experiments. The MDA-MB-231 cell line was used in the xenograft
model. MiRNA mimics incorporated into DOPC nanoliposomes were injected as treatment twice a week. Tumor sizes were measured every 3 days using

a caliper, and a luciferase picture was taken once a week. (B) In Vivo Imaging Systems images of the mice at the first and fifth weeks. (C) Box plots of
tumor sizes measured by caliper of MDA-MB-231in vivo model at week 4.5; t test was used to assess the statistical difference. The middle line in the box
is the mean, the bottom and top of the box are the first and third quartiles, and the whiskers extend to 1.5 times the interquartile range of the lower and
the upper quartiles, respectively. (B) Kaplan-Meier survival curves for different mouse groups of MDA-MB-231 in vivo model; P values based on log-rank
tests. (E) Tumor sizes (mean with SEM) measured by caliper of A549 in vivo model. A 2-way ANOVA test was used to evaluate the impact of time and
different treatments. Each measurement was considered independent, and treatment P value was reported.
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Figure 7. Proposed mechanistic model
and potential clinical utility of edited
miR-379-5p. Nanoparticle-encap-
sulated edited miR-379-5p can be
administered to patients with a dose of
500 pg/kg. Endogenous and exoge-
nous edited miR-379-5p (catalyzed

by ADAR?2) inhibits tumor growth by
targeting the apoptosis regulator CD97
(a promoter of tumor cell apoptosis),
which leads to tumor shrinkage. POL 11,
RNA polymerase II.

Exogenous edlted miR-379 :

ADAR2 Endogenous edlted miR-379

i /

Pri-miR-379

Pre-miR-379

sense, edited miRNA such as miR-379-5p could represent a novel
cancer therapeutic strategy, especially for traditionally undrugga-
ble targets. Its effectiveness across cancer types makes this poten-
tial even more striking. In the future, with the advent of RNA-based
CRISPR technology (45), such modified miRNAs may provide an
exciting class of therapeutics warranting investigation (46).

Methods

Bioinformatics analysis of miR-379-5p editing in cancer. We obtained
TCGA miRNA-sequencing BAM files of 634 normal samples and 7961
tumor samples from National Cancer Institute (NCI) Genomic Data
Commons (GDC). Using our previously published pipeline (21), we
calculated the miRNA editing level (defined as the percentage of edit-
ed reads among all the reads mapped to the position of interest) and
expression amount (defined as the edited reads per million mapped
reads [RPM]) per sample. To assess the relative expression of edited
miR-379-5p for a given cancer type, we first calculated the median
expression values (RPM) of all expressed WT mature miRNAs (n =
2588) across the tumor samples, then measured the upper-quartile
expression value of edited miR-379-5p for samples with detectable
editing signals, and ranked it against the background expression dis-
tribution of WT miRNAs. For cancer types with at least 10 pairs of
matched tumor-normal samples, we compared the editing level of
miR-379-5p using paired Wilcoxon test and assessed the statistical
significance with the false discovery rate. To assess clinical signifi-

cance, we obtained TCGA patient clinical data, including patient age,
pathological stage, and disease-free survival time from NCI GDC. We
performed 3 analyses to test whether the editing level of miR-379-5p
correlated with the patient’s disease-free survival time: (a) the univari-
ate Cox proportional hazards model (47); (b) the multivariate Cox pro-
portional hazards model taking patient age as an independent factor;
and (c) the multivariate Cox proportional hazards model taking both
patient age and pathological stage as independent factors.

Cell culture and transfection. MDA-MB-231, OVCAR-8, 786-0, Hs
578T, HeyA8, PC-3, and HEK293 cells were obtained from MD Ander-
son Characterized Cell Line Core Facility. The A549 cell line was pur-
chased from American Type Culture Collection. All the cell lines were
confirmed by short tandem repeat analysis, and mycoplasma testing was
found to be negative. HEK293 cells were cultured in DMEM that con-
tained 4500 mg/L glucose supplemented with 10% FBS; and the others
were cultured in RPMI 1640 medium supplemented with 10% FBS.

The mutant ADARI and ADAR2 ORFs (ADAR1-E912A and ADAR?2-
E396A) were made by site-directed mutagenesis and confirmed by
Sanger sequencing as previously described (7). These mutant ORFs con-
tain an E-to-A amino acid change that abolishes ADAR editase activity
(48). Viruses were produced by transfection of HEK293 cells with the
green fluorescent protein (GFP) control vectors, pHAGE-V5-puromycin
expression vectors (carrying ADARI-WT or ADARI-E912A; ADAR2-
WT or ADAR2-E396A), and the lentiviral packaging plasmids psPAX2
and pMD2.G. Hs 578T and 786-0 cells were transduced by the virus fol-
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lowed by selection with puromycin (Hs 578T, 1 ug/mL; and 786-0O, 3 ng/
mL), and after 7 days of antibiotic selection, expression of the constructs
was verified by Western blots.

MiRNA mimics were purchased from Sigma-Aldrich (USA):
MISSION miRNA Negative Control 1 (HMC0002) and MISSION
microRNA Mimic hsa-miR-379-5p (HMI0547). The sense sequence
of hsa-miR-379-5p edited mimics is [AmC6F] CCUACGUUCCAUA-
GUCCAUCCAATAT, and the antisense sequence is UGGUGGACU-
AUGGAACGUAGGATAT. Cells were transfected with 25-50 nM of
the indicated miRNA mimics using Lipofectamine RNAIMAX reagent
(13778150, Thermo Fisher Scientific).

Three siRNAs against CD97 (CD97 siRNA #1: SASI HsO1_
00209256; CD97 siRNA #2: SASI_Hs01 00209257; and CD97 siRNA
#3: SASI_Hs01 00209258) were purchased from Sigma-Aldrich. Each
siRNA targeted a distinct region of target mRNA. MISSION siRNA uni-
versal negative control #1 from Sigma-Aldrich was used as control siRNA.

Full-length CD97 expression constructs including the 3-UTR
(pPCMV6-XL4-CD97 c¢DNA) were purchased from Origene (cata-
log SC109040). To express CD97 ORF only, expression constructs
(pCMV6-entry-CD97 ORF) were also purchased from Origene (catalog
RC202001). A control vector was generated from pCMV6-entry-CD97
ORF by Sgfl/Mlul double digestion and inserted the sequence that
could not target any known vertebrate gene (GAAATGTACTGCGC-
GTGGAGACGTTTTGGCCACTGACTGACGTCTCCACGCAGTA-
CATTT). Cotransfection of miRNA mimics (25-50 nM per well of 6-well
plates) and expression constructs (2 ug DNA) was conducted with Lipo-
fectamine RNAIMAX and Lipofectamine 3000 reagent (Invitrogen).

RNA isolation and quantitative real-time reverse transcriptase PCR.
To examine the effects on the potential miRNA target genes, total
RNAs were isolated using RNeasy Plus Mini Kit (Qiagen). RNAs were
transcribed into cDNAs using the High-Capacity cDNA Reverse Tran-
scription Kit (Life Technologies). Reactions were done in duplicate
using TagMan Fast Universal PCR Master Mix (2x), No AmpErase
UNG (Life Technologies), or SYBR Select Master Mix (Life Technolo-
gies). The primers 5'-3' from Thermo Fisher Scientific were as follows:
PTK2 primers (Hs01056457_m1), B-actin primers (Hs99999903_ml),
CD97 primers (forward: GAAATTAAAGAAGGCGAGGG; reverse:
GTAAACACATAGGTCAGCAC), and B-actin primers (forward:
ATTGGCAATGAGCGGTTCCG; reverse: CGTGGATGCCACAGG-
ACTCC). Quantitative reverse transcriptase PCR was performed by
Applied Biosystems 7900HT Fast Real-Time PCR system (Applied
Biosystems). The relative expression was calculated by the 274t meth-
od. Expression levels were normalized to B-actin.

Immunoblotting. Whole-cell lysates for Western blotting were
extracted with RIPA buffer (25 mM Tris-HCl pH 7.6,150 mM NaCl, 1%
NP-40, 1% sodium deoxycholate, 0.1% SDS, protease, and phospha-
tase inhibitor cocktail). Protein concentrations were determined using
Pierce BCA protein assay kit (catalog 23225, Thermo Fisher Scientif-
ic) assays according to the manufacturer’s instructions. Cell lysates
(20 pg) were loaded onto 4%-12% Criterion XT Bis-Tris Protein Gel
(Bio-Rad) and transferred to a PVDF membrane, and protein expres-
sion was depicted with an ECL Western blot detection kit (Amersham
Biosciences). The following antibodies were used: CD97 [EPR4427]
(1:1000; ab108368, Abcam), PTK2 (1:1000; CST-3285, Cell Signal-
ing Technology), V5 (1:5000; R960-25, Life Technologies), caspase-3
(31A1067) (1:500;5 sc-56053, Santa Cruz Biotechnology), and GAPDH
(1:3000; sc-25778, Santa Cruz Biotechnology).
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IncuCyte proliferation assays. MDA-MB-231, OVCAR-8, 786-0,
and A549 cell lines were seeded into 6-well plates, and transfected
with miRNA mimics. After transfection for 24 hours, cells were plated
in 96-well plates, and proliferation was monitored by analysis of the
occupied area (% confluence) of cell images over time. As cells prolif-
erate, the confluence increases. Confluence is an excellent surrogate
for proliferation, until cells are densely packed or when large changes
in morphology occur. The graphs from the phase of cell confluence
area were recorded at 0, 24, 48, 72, and 96 hours according to the
IncuCyte (Essen BioScience) manufacturer’s instructions.

Colony formation assay. Transfected cells were seeded into 6-well
plates (1000 cells per well) and cultured for 1 week. At the end of
the growth period, cells were fixed with ethanol and stained with
Coomassie brilliant blue R-250. The cell colonies were photographed,
and the number of colonies was counted for statistical analysis.

3D Matrigel assay. Eight-well glass chamber slides (catalog 354108,
BD Falcon) were coated with growth factor-reduced Matrigel (cat-
alog 354230, BD Biosciences). Coated chambers were incubated at
37°C while cells were trypsinized and counted. Cells suspended in 2%
Matrigel solution were added to coated chamber slides. Cells were
maintained 8 days in an incubator at 37°C, 5% CO, with fresh medium
containing 2% Matrigel added every 2 days. We monitored the morphol-
ogies by taking images. For cell viability assays, 10 pL PrestoBlue Cell
Viability Reagent (catalog A13261, Thermo Fisher Scientific) was add-
ed directly to the well with 100 pL cultured cells transferred from the
chamber slides, and incubated at 37°C for 10 minutes or longer based
on the total cell number. We recorded fluorescence using a microplate
reader with excitation/emission (nm) 530/604. The analysis of the rela-
tive perimeter and area was processed by Image] software (NIH).

Migration and invasion assays. Cells were transfected with miRNA
mimics as described above. Twenty-four hours after transfection, cells
(3.5x10*to 4.5 x 10*) were plated on uncoated (Corning BioCoat Con-
trol Insert; 8.0 pm; 24-well; 24/CS 354578, migration assay) or Matri-
gel-coated (Corning BioCoat Matrigel Invasion Chamber; 24-well;
24/CS 354483, invasion assay) Transwells in serum-free medium.
Serum-supplemented medium was used as chemoattractant. Assays
were allowed to proceed for 22-32 hours, at which time the invad-
ing/migrated cells on the lower side of the Transwells were fixed and
stained using crystal violet solution (Sigma-Aldrich). Ten random
low-power (x100) fields were photographed for each condition, and
cells were counted using Image]J software.

Apoptosis assay. The cell lines were transfected with miRNA mim-
ics, siRNA, or constructs for 72-96 hours at indicated concentrations
and stained with AV-FITC and PI (K101-100, Biovision). Apoptosis was
analyzed by flow cytometry using a Becton Dickinson Flow Cytometer
FACScan according to the manufacturer’s protocol. Both early-apop-
totic (AV* and PI') and late-apoptotic (AV* and PT") cells were included
in the analyses.

Cell cycle analysis. Cells were fixed in 75% ethanol at -20°C over-
night. The cells were then washed with cold PBS and treated with 0.5
mL of FxCycle PI/RNase Staining Solution (catalog F10797, Thermo
Fisher Scientific). Cell cycle profiles were analyzed by flow cytometry
using the Becton Dickinson Flow Cytometer FACScan.

Analysis of edited miR-379-5p target genes. MDA-MB-231, 786-0,
HeyA8, OVCAR-8, and PC-3 cells transfected with WT and edited miR-
379-5p mimics were subjected to mRNA sequencing (the sequencing
platform was HiSeq4000 and the paired-end reads were at 2 x 76 bp)
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at the MD Anderson Sequencing and Microarray Core Facility. We
mapped FASTQ raw reads and performed differential gene expression
analysis using TopHat2 alignment with default parameters (49) and
HTSeq-count with mode “union” (50), followed by EdgeR (51). We pre-
dicted the target gene set of WT and edited miR-379-5p using miRDB
(http://www.mirdb.org), and assessed the efficiency of miRNA overex-
pression by evaluating whether the predicted targets were enriched in
downregulated genes using gene set enrichment analysis (52). We iden-
tified the new targets of edited miR-379-5p by comparing the expres-
sion of the paired samples of edited miR-379-5p and control mimics.
High-confidence predicted targets of edited miR-379-5p were selected.

We obtained TCGA CD97 mRNA expression data from NCI
GDC PanCanAtlas (https://gdc.cancer.gov/about-data/publications/
pancanatlas). Samples with sufficient coverage of miR-379-5p (reads
aligned 210) were included in the analysis. We first classified all the
samples into 10 bins, and then used the median value of each bin to
calculate the correlation between CD97 expression and miR-379-5p
editing level. The Spearman rank correlation test was used to assess
the significance.

Luciferase reporter assay. The human CD97 3'-UTR fragment (367
bp) was PCR-amplified from the genomic DNA and subcloned into
the pMIR-REPORT luciferase construct using the following cloning
primers: forward, 5-GATTGGGAGCTCCATATGAAGGCGCATG-
GTTCTGGAC-3’; reverse, 5-CCGGCACGCGTCAAAGACATGA-
GAGGAAAAGTCCAGGATG-3". HEK293 cells of 50% confluence in
24-well plates were transfected with 50 nM miRNA mimics by Lipo-
fectamine RNAIMAX reagent. After 6 hours, the cultured medium
was changed, and the pMIR-REPORT firefly luciferase reporter gene
construct (50 ng) and 5 ng of the pRL-TK Renilla luciferase construct
(for normalization) were cotransfected per well using Lipofectamine
3000 reagent (Invitrogen). Cell extracts were prepared 48 hours
after transfection, and the luciferase activity was measured using the
Dual-Luciferase Reporter Assay System (E1910, Promega).

Xenograft tumor studies. MiRNA mimics for in vivo delivery were
encapsulated into DOPC. DOPC and miRNA mimics were mixed in the
presence of excess tertiary butanol at a ratio of 1:10 (wt/wt) miRNA/
DOPC. Tween-20 was added to the mixture in a ratio of 1:19 Tween-20/
miRNA-DOPC. The mixture was vortexed, frozen in an acetone/dry ice
bath, and lyophilized. Before in vivo administration, this preparation
was hydrated with PBS at room temperature at a concentration of 500
ug miRNA per kilogram per mouse injection (each mouse received 200
uL of DOPC-miRNA-PBS solution by the intraperitoneal route).

Six-week-old female J:NU, also known as outbred athymic nude,
mice (stock 007850) were purchased from The Jackson Laborato-
ry and housed under pathogen-free conditions. Outbred nude mice
are immunodeficient tumor transplant hosts and the standard in vivo
model for drug efficacy testing oncology. All studies were approved
and supervised by the Institutional Animal Care and Use Committee
of MD Anderson Cancer Center. For the breast cancer xenograft mod-
el, MDA-MB-231 cells (5 x 109) expressing luciferase in 200 uL growth
medium were injected into the fourth mammary fat pad. For the lung
cancer xenograft model, A549 cells (3 x 10°) in 100 uL growth medium
were injected subcutaneously into the right flank. To study the effect
of miRNAs incorporated in DOPCs on tumor development, mice bear-
ing tumors were randomly assigned to the following treatment groups
8 days after cell injection (MDA-MB-231, n = 20 mice per group; A549,
n = 8-10 mice per group): (a) negative control miRNA-DOPC, (b) WT
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miR-379-5p-DOPC, (c) edited miR-379-5p-DOPC. A dose of 500 pug
miRNA/kg/mouse was packaged within DOPC nanoliposomes and
delivered intraperitoneally at twice-weekly intervals as previously
described (33,53, 54). This concentration was determined by the Center
for RNA Interference and Noncoding RNAs at MD Anderson Cancer
Center, which ensures efficient delivery and knockdown of target genes.
The body weight of the 6-week-old female J:NU mouse was 19.84 +1.01
g, and for therapeutic experiments, a dose of 10 ug miRNA per mouse
injection was used. Twice-weekly treatments via intraperitoneal injec-
tions commenced 8 days after cell inoculation and continued until the
mice were euthanized. Tumor size was measured every 3 days using a
caliper, and tumor volume was calculated using the standard formula:
0.5 x L x W?, in which L is the longest diameter and W is the shortest
diameter. For the luciferase-expressing MDA-MB-231 xenografts,
weekly luciferase imaging was performed using the Xenogen IVIS 200
(PerkinElmer) system within 15 minutes following injection of 150 mg/
kg VivoGlo Luciferin (Promega) per mouse. Living Image 2.5 software
was used to determine the regions of interest, and the average photon
radiance (p/s/cm?/sr) was measured for each mouse. The endpoint for
tumor monitoring was set at 4-6 weeks, based on tumor volume or the
end of treatment duration. The person who provided animal care and
measured tumor growth was blinded to the group allocation during all
animal experiments and outcome assessment.

For survival analysis, mice were euthanized with carbon dioxide
when they met the institutional euthanasia criteria for tumor size and
overall health condition. Kaplan-Meier analysis was performed, and
survival curves were generated using Prism 6 software (GraphPad).

After the mice were euthanized, tumors were harvested. The fresh-
ly dissected tumor tissues were frozen for lysate preparation and fixed
in 4% buffered formalin overnight, washed with PBS, transferred to
70% ethanol, embedded in paraffin, sectioned, and stained with H&E.

Immunohistochemistry. Samples were deparaffinized and rehy-
drated. Antigen was retrieved using 0.01 M sodium citrate buffer
(pH 6.0) at a sub-boiling temperature for 10 minutes after boiling
in a microwave oven. To block endogenous peroxidase activity, the
sections were incubated with 3% hydrogen peroxide for 10 minutes.
After 15 minutes of blocking in Background Sniper (BS966, Biocare
Medical), the samples were incubated with antibody against Ki-67
(CRM325, Biocare Medical) or cleaved caspase-3 (CP229, Biocare
Medical) at 1 hour at room temperature. The sections were incubat-
ed with a secondary antibody goat anti-rabbit IgG-HRP (ab6721,
Abcam), and then incubated and visualized with a DAB chromogen
kit (DB801, Biocare Medical) according to the manufacturer’s pro-
tocol. Counterstaining color was carried out using hematoxylin. All
immunostained slides were scanned on the Image] software for quan-
tification by digital image analysis.

Data access. The RNA sequencing data from this study were sub-
mitted to the NCBI Sequence Read Archive (https://www.ncbi.nlm.
nih.gov/sra) under accession number SRP075557.

Statistics. Editing-level comparisons between matched tumor and
normal samples were performed with paired Wilcoxon test. Adjusted
P value (g) was reported. Patient survival analysis was performed with
(univariate or multivariate) Cox proportional hazards model and log-
rank test. Cox model P value and log-rank test P value were reported.
All in vitro experiment results were compared using ANOVA followed
by Tukey’s test for multiple test corrections, and P less than 0.05 was
considered to be statistically significant. In vivo tumor size compar-
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isons across different time points were compared with 2-way ANOVA
(treatment and time as 2 factors), each measurement was considered
independent, and the treatment P value was reported. Tumor size com-
parison of MDA-MB-231 xenograft model at the single time point was
compared using 1-sided ¢ test. Correlation analysis was performed using
Spearman’s rank test, and the corresponding P value and correlation
coefficient were reported. Pless than 0.05 was considered significant.

Study approval. All animal experiments were performed in accor-
dance with protocols approved by the Institutional Animal Care and
Use Commiittee at The University of Texas MD Anderson Cancer Cen-
ter (Houston, Texas, USA).
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