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MicroRNA-223 is essential for maintaining functional 3-cell
mass during diabetes through inhibiting both FOXO1 and

SOX6 pathways
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The initiation and development of diabetes are mainly
ascribed to the loss of functional B-cells. Therapies designed to
regenerate [3-cells provide great potential for controlling glu-
cose levels and thereby preventing the devastating complica-
tions associated with diabetes. This requires detailed knowledge
of the molecular events and underlying mechanisms in this dis-
order. Here, we report that expression of microRNA-223 (miR-
223) is up-regulated in islets from diabetic mice and humans, as
well as in murine Min6 3-cells exposed to tumor necrosis factor
a (TNFa) or high glucose. Interestingly, miR-223 knockout
(KO) mice exhibit impaired glucose tolerance and insulin resis-
tance. Further analysis reveals that miR-223 deficiency dramat-
ically suppresses [-cell proliferation and insulin secretion.
Mechanistically, using luciferase reporter gene assays, histolog-
ical analysis, and immunoblotting, we demonstrate that miR-
223 inhibits both forkhead box O1 (FOXO1) and SRY-box 6
(SOX6) signaling, a unique bipartite mechanism that modulates
expression of several B-cell markers (pancreatic and duodenal
homeobox 1 (PDX1), NK6 homeobox 1 (NKX6.1), and urocortin
3 (UCN3)) and cell cycle-related genes (cyclin D1, cyclin E1, and
cyclin-dependent kinase inhibitor P27 (P27)). Importantly,
miR-223 overexpression in -cells could promote B-cell prolif-
eration and improve f3-cell function. Taken together, our results
suggest that miR-223 is a critical factor for maintaining func-
tional 3-cell mass and adaptation during metabolic stress.

Globally, the number of adults with diabetes has quadrupled
in the past three decades, and it is projected to increase to 642
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million in 2040 (1). Type 1 diabetes (T1D)? results from notable
insulin deficiency caused by autoimmune attack on B-cells,
which leads to pronounced B-cell death and dysfunction. Type
2 diabetes (T2D), which accounts for about 90% of all diabetes
cases, is believed to be the consequence of insulin resistance in
key organs such as liver, adipose tissue, and skeletal muscle (2).
However, accumulating evidence suggests that insulin resis-
tance leads to T2D only when accompanied by -cell dysfunc-
tion, in which B-cells can no longer compensate for the
increased demand of insulin by increasing functional output
and number (3). Therefore, loss of functional B-cells is a critical
culprit responsible for both types of diabetes.

Pancreatic B-cell mass is maintained through dynamic bal-
ance of neogenesis, proliferation, and apoptosis (4). At embry-
onic and neonatal stages, 3-cells are primarily generated via
differentiation from stem or progenitor cells, a process called
neogenesis; in adult pancreas, however, cell lineage tracing
studies have shown that replication/proliferation of existing
B-cells is the dominant mechanism to increase 3-cell mass (5).
Yet B-cell proliferation rate declines rapidly in early childhood
and ultimately reaches to almost zero in adults (4). Interest-
ingly, it has been proposed that B-cell dedifferentiation is
needed prior to proliferation (6, 7), followed by redifferentia-
tion into mature B-cells (8, 9). In fact, B-cell dedifferentiation
has been repeatedly reported to play a role in the pathogenesis
of T2D in both rodent and human studies (10-12), and the
redifferentiated cells are capable of correcting hyperglycemia
in T1D mice (13). Thus, it is very likely that, during early
stage of diabetes, pancreatic B-cells undergo the process of
dedifferentiation—proliferation—redifferentiation to expand
functional B-cell mass and cope with increasing demand of
insulin. Despite years of intensive research in this field, cur-
rently available therapies fail to prevent B-cells from their inev-

3 The abbreviations used are: T1D, Type 1 diabetes; T2D, Type 2 diabetes;
miRNA, microRNA; miR, microRNA; CD, chow-diet; HFD, high-fat diet; qRT-
PCR; quantitative real-time PCR; HOMA, homeostatic model assessment;
STZ, streptozotocin; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; HBSS, Hanks’ Balanced
Salt Solution; IPGTT, intraperitoneal glucose tolerance test; IPITT, intraperi-
toneal insulin tolerance test.
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itable deterioration. Although transplantation of B-cells has
been proposed to address this problem, it becomes implausible
because of the scarcity of B-cells from cadaveric donors and
transplant rejection (14). Therefore, it is urgently needed to
identify novel factors to preserve and restore functional 3-cell
mass, which can eventually lead to the development of B-cell
replacement or regeneration therapies.

MicroRNAs (miRNAs or miRs) are non—protein coding
RNAs of ~22 nucleotides, which can degrade or inhibit the
translation of hundreds of target mRNAs by binding to the 3’
untranslated region (UTR) (15). Therefore, miRNAs are able to
regulate a broad spectrum of biological processes such as cellu-
lar proliferation and survival. Genetic deletion of dicerl, an
essential processor of miRNAs, in pancreas or 3-cells results in
the development of diabetes because of smaller pancreatic size
and loss of insulin mRNA and protein (16, 17). This study sug-
gests that miRNAs, as an integrated entity in whole, may act as
single positive regulator of 3-cell development, survival, and
function. Like many other miRNAs, miR-223 is ubiquitously
expressed in tissues such as heart, adipose tissues, and liver (18).
Consistent with its tissue distribution, miR-223 has been impli-
cated in various physiological and pathological conditions
including cardiac hypertrophy (19), systemic cholesterol home-
ostasis (20), development of atherosclerosis (21), and adipose
tissue—associated insulin resistance (18). Furthermore, it has
been reported that miR-223 plays a critical role in regulating
cell proliferation in diabetic retinopathy and some cancers (22,
23). However, the functional role of miR-223 in pancreatic
B-cells and its underlying mechanism have never been investi-
gated. Thus, we performed in vivo loss-of-function and in vitro
gain-of-function studies to determine the role of miR-223 in
maintaining functional -cell mass. Our data unveil a unique
bipartite molecular mechanism whereby miR-223 positively
controls functional B-cell mass through regulating the Foxol
and Sox6 signaling cascades, providing potential effective tar-
gets for diabetes intervention.

Results

MiR-223 is up-regulated in 3-cells treated with TNFa or high
glucose as well as islets from diabetic mouse model and
human patients

To investigate the functional role of miR-223 in pancreatic
B-cells, we first characterized the expression levels of miR-223
in diabetic mouse islets and B-cells (Fig. 1, A—E). We observed
that, compared with chow diet (CD) control mice, levels of
miR-223 were increased by 5.6-fold and 12.8-fold in islets of
HFD and db/db mice, respectively (Fig. 1, A and B). Similar
results were noticed in islets of Akita mice, a genetic mouse
model associated with T1D because of Insulin 2 gene mutation
and increased B-cell toxicity (Fig. SLA). Consistent with these
in vivo data, the expression levels of miR-223 were increased by
2.5- and 3.4-fold, respectively, in Min6 B-cells treated with
TNFa or high glucose (25 mm) medium, compared with BSA or
low glucose controls (5 mm) (Fig. 1, C and D). More impor-
tantly, expression levels of miR-223 were also enhanced by
about 2-fold in islets from human donors with obesity and type
2 diabetes (Fig. 1E). Together, both in vivo and in vitro data
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Figure 1. miR-223 is up-regulated in B-cells treated with TNF« or high
glucose and islets from diabetic mouse model and human patients. Aand
B, expression of miR-223 in islets of mice with 18 weeks of HFD feeding (A) and
db/db mice (B). C and D, mRNA levels of miR-223 in Min6 insulinoma B-cells
treated with 25 mm glucose (C) or 5 ng/ml TNFa (D). E, levels of miR-223 were
detected in islets from healthy, obese, and type 2 diabetic human donors.
Data are shown as mean = S.E. (error bar).*, p < 0.05; ***, p < 0.001 versus
controls by t test.

clearly indicate that the miR-223 expression in 3-cells and islets
is dysregulated under various stress conditions.

Ablation of miR-223 exacerbates B-cell dysfunction in diabetic
condition

We next went on to assess the potential role of miR-223 in
the regulation of functional 3-cell mass under metabolic stress.
A global miR-223 KO mouse model was used to avoid con-
founding effects from organ crosstalks, since miR-223 can be
transported via exosomes or released into circulation (24, 25).
The results of qRT-PCR analysis confirmed that miR-223 was
deleted (Fig. 24 and Fig. S1B). After 18 weeks. of HFD feeding,
we did not observe any differences in body weight changes
between WTs and KOs (Fig. S1C). Interestingly, when com-
pared with chow diet—fed W'T mice, miR-223 KO mice showed
higher fasting blood glucose but lower insulin levels (Fig. 2, B
and C). More importantly, HFD-fed KO mice displayed exacer-
bated response, with 31% higher fasting glucose levels, whereas
insulin levels were 44% lower when compared with WT HFD
mice (Fig. 2, B and C). Next, we performed homeostasis model
assessment (HOMA) to estimate insulin resistance (HOMA-
IR) and steady-state 3-cell function (HOMA-%3) as described
previously (6). The results showed that KO CD mice exhibited
dramatic increase of insulin resistance and 81% decrease in
B-cell function, compared with chow diet—fed WTs, and fur-
ther aggravated upon HFD feeding (Fig. 2, D and E). In accord-
ance with HOMA index, KO HFD mice showed overall signif-
icantly higher increase in glucose levels during insulin tolerance
test, suggesting more severe systemic insulin resistance (Fig. 2,
Fand G). Furthermore, we observed higher blood glucose levels
during glucose tolerance test in KO HFD mice, when compared
with WT HFD controls (Fig. 2, H and /), indicating blunted
B-cell function to secrete insulin in response to glucose injec-
tion. Taken together, these data reveal that miR-223 ablation
provokes insulin resistance and B-cell dysfunction, which are
worsened in HFD-induced condition.
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Figure 2. Ablation of miR-223 exacerbates $-cell dysfunction in diabetic condition. A, deletion of miR-223 in KO mice was confirmed by 3% agarose gel
electrophoresis. Band C, fasting plasma glucose (B) and insulin levels (C) were measured. D and E, HOMA index for insulin resistance (D) and B-cell function (E)
were calculated based on fasting blood glucose and insulin levels. F and G, IPITT was performed after 6-h fasting (F) and quantification (G). H and /, IPGTT was
performed after overnight fasting (H) and quantification (/). Data are shown as mean = S.E. (error bar).*, p < 0.05; ***, p < 0.001 versus controls by t test.

MiR-223 deficiency leads to maladaptive 3-cell proliferation
and apoptosis

The impaired insulin secretion from B-cells in KO mice
could be because of either smaller 3-cell mass or 3-cell dysfunc-
tion. To assess the in vivo relevance of miR-223 in the adaptive
B-cell proliferative response upon metabolic stress conditions,
we adopted two approaches. First, we fed 5-/6-week-old WT
mice and miR-223 KO mice with HFD for 18 weeks and ana-
lyzed B-cell proliferation by immunofluorescent staining and
flow cytometry. We noticed significant reduction in K;-67 sig-
nal, a marker of cell proliferation, in miR-223 KO mice under
basal condition (Fig. 3, A—D). More importantly, we detected a
~36% decrease in insulin-positive cells (Fig. 3, A and B) and a
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~39% reduction in the number of K;-67—positive cells (Fig. 3, A
and C) in HFD-fed miR-223 KO mice, when compared with
age-matched HFD-fed W'T mice, suggesting impaired compen-
satory B-cell proliferation. This was further confirmed by stain-
ing with additional proliferation marker pHH3 and decreased
cyclin D1 mRNA levels (Fig. S2, A—C). Similarly, H&E staining
of pancreas tissue showed reduced islet sizes in KO mice (Fig.
3E). In the second model, we injected WT and miR-223 mice
with STZ to deplete B-cells. These mice became and remained
diabetic (blood glucose >250 mg/dl) 10 days after injection.
Although no spontaneous reversal of diabetes was observed,
there was noticeable amount of proliferating -cells to cope
with hyperglycemia in WT mice. However, such adaptive 3-cell
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Figure 3. miR-223 deficiency leads to maladaptive B-cell proliferation. A-C, pancreatic tissues from WT and miR-223 KO mice after HFD or STZ injection
were stained with insulin and K-67 antibodies. Quantification of insulin-positive area (B), and percent of K-67 positive cells within insulin-positive area (C) were
shown. D, flow cytometry analysis of pancreatic tissue from WT and KO mice showed decreased K-67 signal within insulin-positive population. £, H&E staining
and quantification of pancreatic tissue were shown. Scale bar, 100 wm. Data are shown as mean = S.E. (error bar).*, p < 0.05; **, p < 0.01; ***, p < 0.001 versus

controls by t test.

proliferative response was diminished in miR-223 KO STZ
mice, which was supported by a reduction in the number of
B-cells that costained positive for insulin and K,-67 (29% lower
in KO STZ compared with WT STZ mice) (Fig. 3, A and C),
leading to overall smaller insulin-positive islet size (Fig. 3, A and
B).In addition, TUNEL staining revealed more 3-cell apoptosis
in KO mice when compared to WT controls. A similar trend
was observed in mice fed with HFD (Fig. S2, D—F). Together,
these data provide evidence for the necessity of miR-223 to
preserve 3-cell proliferation and survival.

MiR-223 directly targets Foxo1 and Sox6 pathways

To seek potential mechanisms underlying the miR-223 KO-
mediated decrease in 3-cell mass, we first performed bioinformat-
ics analysis using the database TargetScan. Two potential targets,
forkhead box protein O1 (Foxol) and sex determining region
Y-box (Sox6), were identified. As shown in Fig. 4, A and B, the
3’-UTRs of Foxol and Sox6 contain miR-223 interacting region
that is highly conserved among human, mouse, and rat species.

SASBMB

Using luciferase reporter assay, we validated that miR-223 directly
recognized both 3'-UTRs of Foxol and Sox6 in HEK293 cells (Fig.
4, C and D). Cotransfection of miR-223 strongly inhibited lucifer-
ase activity from the reporter constructs harboring 3'-UTR seg-
ments of Foxol and Sox6, whereas no effect was observed when a
control miRNA was cotransfected with either reporter construct
(Fig. 4, C and D). Similar results were also obtained when tested
using Min6 B-cells (Fig. 4, E and F).

Remarkably, immunofluorescence analysis of pancreatic tis-
sue showed significantly increased number of insulin-positive
cells that were also expressing Foxol. Of more interest, islets of
miR-223 KO mice showed higher levels of nuclear localization
of Foxol (Fig. 54). Consistently, Western blotting results
showed that the expression of Foxol and Sox6 were increased
by 2- and 3.3-fold in pancreas of miR-223 KO mice, respectively
(Fig. 5B), when compared with WT controls. Considering that
1) the activity and stability of Foxol is regulated by posttrans-
lational modification such as phosphorylation (26); 2) Akt-me-
diated phosphorylation of Foxol results in Foxol translocation

J. Biol. Chem. (2019) 294(27) 10438-10448 10441
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Figure 4. miR-223 directly targets Foxo1 and Sox6 pathways. A and B, the
putative miR-223-binding sites in the 3'-UTR regions of Foxo1 (A) and Sox6
(B) are conserved among mammalian species (human, mouse, and rat). Cand
D, luciferase reporter assays showed that Foxo1 (C) and Sox6 (D) were authen-
tic targets of miR-223 in HEK293 cells. £ and F, similar Luciferase reporter
assays performed using Min6 3-cells. 3-Gal was used as a transfection control.
Similar results were observed in three additional independent experiments.
Ctl, control. Data are shown as mean = S.E. (error bar).*, p < 0.05; **, p < 0.01
versus controls by t test.

from nucleus to cytoplasm, thereby inactivating its transcrip-
tional activity (26, 27); and 3) miR-223 increases phosphoryla-
tion of Akt in cardiomyocytes (19), we next hypothesized that
deletion of miR-223 might reduce Akt phosphorylation, result-
ing in lower levels of Foxol phosphorylation, and subsequently
increases its accumulation in nucleus. Indeed, Western blot
results revealed that phosphorylation levels of Akt at both Thr-
308 and Ser-473 sites were lower in pancreas of KO mice than
WT controls, leading to 47% decrease in the phosphorylation
levels of Foxol protein (Fig. 5B).

Foxol is known to inhibit the expression of Pdx1, a master
regulator of B-cell growth and function (28), and a recent pub-
lication has shown that impaired B-cell function is mediated by
Foxol-Pdx1-Glut2 pathway (29). On the other hand, it has been
reported that Sox6 can control B-cell function and proliferation
via repressing Pdx1 and cyclin D1 (30, 31). Therefore, we next
determined whether miR-223 deficiency affects the expression
levels of Pdx1, a common downstream target of Foxol and
Sox6. The results of Western blotting and qPCR analysis
showed that the expression levels of Pdx1 were markedly
decreased in pancreas of miR-223 KO mice compared with WT
controls, which are consistent with existing literature (29). As a

10442 J Biol Chem. (2019) 294(27) 10438 -10448

consequence, levels of Glut2 protein were greatly reduced (Fig.
5, C and D). Additionally, protein levels of cell cycle inhibitor
p27, another downstream target of Foxol, were 2.4-fold higher
in pancreas of KO mice than WT controls (Fig. 5C). Overall,
these results indicate that the repressed proliferative response
of B-cells in miR-223 KO mice is mainly mediated by activated
Foxol and Sox6 signaling cascades.

To further assess the effects of miR-223 KO on -cell identity,
we performed qRT-PCR analyses to determine the expression lev-
els of various B-cell markers. Surprisingly, the results showed 2.4-
fold increase in Ucn3 levels, but no change in the expression of
Mafa, whereas levels of Nkx6.1 and neurogenin 3 (Ngn3), were
significantly reduced in islets of miR-223 KO mice, compared with
WT-controls (Fig. 5D). These data suggest the bidirectional effects
of miR-223 on 3-cell identity with an overall net effect of reduced
functional B-cell mass upon miR-223 ablation.

MiR-223 regulates (3-cell growth in a cell-autonomous manner

To further clarify the in vivo findings, we utilized Min6
B-cells, which were infected with adenovirus encoding inhibi-
tory miR-223 sequence (Ad.223o0ff) for 48 h to knock down the
expression of miR-223, followed by a series of experiments.
qRT-PCR analysis validated that the expression levels of miR-
223 were reduced by about 50% in Ad.223off-infected Min6
B-cells, compared with control cells (Fig. 6, A and B). Consist-
ent with our in vivo findings, knockdown of miR-223 in Min6
B-cells significantly suppressed proliferation as indicated by
40% decrease in K;-67—positive cells after FACS analysis, when
compared with Ad.GFP-infected control cells (Fig. 6, Cand D).
In addition, down-regulation of miR-223 increased Min6 cell
death as evidenced by MTS assay and FACS analysis with pro-
pidium iodide staining (Fig. 6E and Fig. S3, A and B). Moreover,
cell death was exacerbated upon H,O, and palmitate treatment
(Fig. 6E). Similar to the in vivo findings on the molecular change
pattern, Western blot results showed that down-regulation of
miR-223 resulted in significantly higher levels of Foxol, Sox6,
and p27, whereas phosphorylated Foxol, Pdx1 and Glut2 pro-
tein levels were decreased (Fig. 6, F and G). In addition, the
protein levels of phosphorylated Akt were reduced in Ad.223off
group, when compared with Ad.GFP controls (Fig. S3C). Fur-
thermore, Ucn3 expression levels were greatly increased, and
the expression levels of Nkx6.1, Ngn3, cyclin D1, and cyclin E1
were severely reduced when miR-223 was down-regulated (Fig.
6H). Overall, these data clarify that cell-autonomous mecha-
nisms regulated by miR-223 contribute to the diminished func-
tional B-cell mass exhibited by KO mice.

Overexpression of miR-223 rescues Min6 3-cell by improving
proliferation and viability

Given that deficiency of miR-223 displayed overall detrimen-
tal effect on B-cells, we tested whether up-regulating miR-223
could rescue -cell growth and function. Using adenovirus
encoding miR-223 construct (Ad.miR-223), we overexpressed
miR-223 in Min6 cells for 48 h (Fig. 7, A and B). Cell prolifera-
tion was increased by about 2-fold in Ad.miR-223-8-cells, com-
pared with control Ad.GFP-cells (Fig. 7, C and D). Importantly,
results of MTS assay revealed that elevation of miR-223 could
promote Min6 cell viability under basal condition. Such protec-
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measured. Scale bar, 100 wm. Data are shown as mean = S.E. (error bar).*, p < 0.05; **, p < 0.01; ***, p < 0.001 versus controls by t test.

tive effects were also observed when Min6 cells were treated
with H,O, and palmitate (Fig. 7E). In contrast to KO mice,
Ad.miR-223 B-cells showed significant decrease in protein lev-
els of Foxo1, Sox6, and p27, whereas p-Foxol, Pdx1, Glut2, and
phosphorylated Akt were dramatically increased (Fig. 7, F and
G and Fig. S3D). qRT-PCR results also showed reversed expres-
sion pattern of B-cell markers: Ucn3 levels were reduced,
whereas the levels of Nkx6.1, Ngn3, cyclin D1, and cyclin E1
were increased. Expression of Mafa and NeuroD1 were unaf-
fected when miR-223 was up-regulated (Fig. 7H). Moreover, as
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the result from glucose-stimulated insulin secretion assay
showed, overexpression of miR-223 could rescue and further
augment insulin secretion (Fig. 7I). Taken together, these
results demonstrate that up-regulation of miR-223 is able to
promote 3-cell proliferation, viability, and function.

Discussion

Our study is the first attempt to elucidate the effects of miR-
223 on functional B-cell mass. We observed higher miR-223
levels in islets of diabetic mice and humans as well as in Min6
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B-cells treated with TNFa and high glucose. We also demon-
strate that deletion of miR-223 interrupted glucose homeosta-
sis. Further investigation revealed that miR-223 deficiency
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reduced proliferation rate and increased B-cell death under
basal condition, and the compensatory response of 3-cells to
HFD-induced insulin resistance was blunted. Insights into the
mechanism involved in the regulation of proliferative response
in B-cells have been provided by examining Foxol and Sox6,
two direct targets of miR-223. Our data showed that ablation of
miR-223 caused increased expression and nuclear localization
of Foxol, which suppressed Pdx1 and Glut2 expression but
increased p27 protein levels. In addition, increased protein lev-
els of Sox6 also contributed to the down-regulation of Pdx1 and
cyclin D1. Furthermore, overexpression of miR-223 in 3-cells
was able to improve their proliferation and function. Taken
together, our data unveil a critical molecular mechanism
whereby miR-223 is essential for maintaining functional B-cell
mass by controlling Foxo1 and Sox6 signaling cascades (Fig. 8),
providing potential effective targets for diabetes intervention.

It has been proposed that transient -cell dedifferentiation is
required prior to proliferation, which plays a pivotal role in
their in vivo dynamics (6, 7). A recent study reported that
TGEFBR3 could reverse B-cell dedifferentiation ex vivo, evi-
denced by restoration of Ucn3 (32). In addition, TGFB receptor
I inhibitor, Alk5 inhibitor II, reversed B-cell dedifferentiation
and restored key transcription factors such as Pdx1 and Nkx6.1
(32). However, Alk5 inhibitor II can also inhibit SMAD7-in-
duced B-cell proliferation, which reiterates the intriguing
hypothesis that B-cell dedifferentiation proceeds before prolif-
eration. Indeed, as Alk5 inhibitor II reverses B-cell dedifferen-
tiation under cytokine stress condition, it increases gene
expression of Foxol, which has been widely reported as a
repressor of B-cell proliferation (26, 33). In contrast, it has been
shown that -cells with Foxo1 deficiency could undergo dedif-
ferentiation (10). In the present study, we also showed that
miR-223 could directly target TGFBR3 (Fig. S4, A and B), which
was up-regulated in miR-223 knockdown B-cells (Fig. S4C). As
shown in Fig. 7H, gene expression of Ngn3 was enhanced when
miR-223 was up-regulated, this suggests that miR-223 might be
able to induce B-cell dedifferentiation, yet further investigation
is required to confirm this hypothesis.

Foxo family proteins play critical roles in the regulation of
whole body energy metabolism. Of interest, Foxol, a key tran-
scription factor in insulin signaling, is highly expressed in pan-
creatic B-cells, in which Foxol is best known for its role in
regulating the expression of Pdx1 (26, 28). Nonetheless, numer-
ous studies have suggested that the multifunctional roles of
Foxol may be attributed to its involvement in crosstalk
between various intracellular signaling pathways. For example,
Foxol inhibition is required for the proliferative effects of
GLP-1 on B-cells (34). It has also been reported that ER stress-
or lipotoxicity-triggered B-cell apoptosis could be attenuated
by overexpressing dominant-negative Foxol (27). Further-
more, Foxol inhibits cell proliferation via up-regulating cyclin-
dependent kinase inhibitor such as p27 (26). In fact, inactiva-
tion of Foxol-p27 cascade mediates the proliferative action of
liraglutide in B-cells (33). In accordance with current literature,
our study presented here shows that miR-223 is essential for
B-cell proliferation via targeting the Foxol signaling pathway.
Therefore, inhibition of Foxol by overexpression of miR-223
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may possess great potential to promote 3-cell proliferation and
alleviate diabetes.

Given that miR-223 directly targets Sox6, a key molecule
known to suppress -cell redifferentiation (8), up-regulation of
Sox6 in miR-223 KO B-cells might inhibit the process of their
redifferentiation. Nonetheless, further experiments and proper
animal model would be needed to validate this conclusion.
There is another limitation in this work that needs to be
addressed. In vitro evidence of the beneficial effects of miR-223
was based on experiments involving substantial overexpression
in Min6 cells; such findings should be evaluated in a more phys-
iological setting, ideally using 3-cell-specific overexpression of
miR-223 animal model.

SASBMB

It is important to note that previous studies have shown up-
regulation of miR-223 in the blood, heart, and adipose tissue of
type 2 diabetic patients (36 —38). In line with our present find-
ings, these results suggest that increased miR-223 levels in dia-
betic conditions may represent a compensatory mechanism to
protect against T2D, as miR-223 could augment functional
B-cell mass to cope with the increasing demand of insulin
under obese/T2D conditions. Furthermore, miR-223 has been
reported to protect against inflammatory response in adipose
tissue and insulin resistance (18). Therefore, increased levels of
miR-223 may be the compensatory outcome to mitigate the
progression of T2D. Indeed, our data presented here demon-
strate that down-regulation of miR-223 resulted in the loss of
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Figure 8. Graphical summary. Proposed scheme for the mechanism illus-
trating the regulation of B-cell function plasticity by miR-223.

functional B-cell mass during diabetes. Taken together, the cur-
rent and prior observations consistently indicate that miR-223
is a critical factor for maintaining functional B-cell mass and
adaptation to metabolic stress.

Experimental procedures
Mouse manipulation

Pre-miR-223 knockout mice (B6.Cg-Ptprca MiR223tm1Fcam/))
and WT mice (C57BL6 background) were purchased from
The Jackson Laboratory (Bar Harbor, ME). All animal pro-
tocols followed the Guidelines for the Care and Use of Lab-
oratory Animals prepared by the National Institutes of
Health and were approved by the University of Cincinnati
Animal Care and Use Committee.

Diabetic mouse models

To generate type 1 diabetes, male adult mice (5— 6 weeks old)
were intraperitoneally injected with STZ (50 mg/kg body
weight; S0130-1G, Sigma-Aldrich), or citrate buffer as control,
daily for 5 days. At days 7 and 10 after the first injection, blood
glucose levels were measured. Mice with glucose above 250
mg/dl were considered diabetic and used for experiments. For
high-fat diet feeding paradigm, starting at age of 5 or 6 weeks,
male mice were given 60% kcal HFD (D12492, Research Diet,
New Brunswick, NJ) for 18 weeks; mice fed with normal CD
were used as control. In addition, db/db mice (stock no.
000697) were purchased from The Jackson Laboratory; islets
were isolated from 14-week-old male mice for experiments.
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Islet isolation

Mouse islets were isolated as described previously (35).
Briefly, mice were anesthetized and the pancreas was perfused
with collagenase and neutral protease (Clzyme RI, catalog no.
005-1030, VitaCyte, Indianapolis, IN) followed by incubation in
37 °C water bath for 15 min with gentle swirling every 3 min.
Then HBSS (with 0.3% BSA) was added to pancreas and centri-
fuged at 290 X g for 1 min. Supernatant was discarded, and cell
pellets were resuspended in 10 ml HBSS, which were then fil-
tered through a plastic tea strainer and rinsed with another 10
ml HBSS. After centrifugation at 330 X gfor 2 min, supernatant
was discarded and cell pellets were resuspended in 10 ml cold
Histopaque-1100 and 10 ml HBSS. After centrifugation at 900 X g
for 18 min, entire 20 ml of supernatant was collected and passed
through an inverted 70-um filter, which was rinsed into a Petri
dish with 10 ml media. Islets were then handpicked for future
experiments. Human islets from both male and female healthy
donors (ages 2957 years old, BMI 21.2-25.9 kg/m? HbAlc
4.6-5.7%), obese donors (ages 20— 62 years old, BMI 31-36.9
kg/m? HbA1lc5-5.8%), and type 2 diabetic donors (ages 58 — 66
years old, BMI 30.3-32.7 1<g/m2, HbAlc 6.5-6.7%) were pur-
chased from Prodo Laboratories.

Cell culture and treatment

Mouse insulinoma Min6 3-cells were purchased (C0018008,
AddexBio, San Diego, CA) and maintained in DMEM supple-
mented with 10% heat-inactivated FBS, 50 um 3-mercaptoeth-
anol (M3148, Sigma-Aldrich), 10 mm HEPES, and 1% antibiotic
antimycotic solution (30-004-Cl, Corning, Corning, NY) in
humidified 5% (v/v) CO,, 95% (v/v) air at 37 °C. Min6 cells were
seeded on 100-mm dishes with 2 X 10° density and exposed to
TNFa (5 ng/ml, 410-MT-050, R&D Systems, Minneapolis,
MN) for 24 h. BSA-treated cells were used as control. For glu-
cose treatment, Min6 cells were first incubated in low-glucose
medium (5 mMm) for 4 h, then treated with low- (as control) or
high-glucose (25 mm) medium for 24 h.

MiR-223- overexpressing adenovirus (Ad.miR223) was con-
structed as described previously (21) and miR-223-inhibitory
adenovirus (Ad.2230ff) was purchased (mr5233, Applied Bio-
logical Materials, Richmond, BC, Canada). Plated cells on dish-
es/wells were infected with Ad.miR-223 or Ad.2230offat 10 mul-
tiplicity of infection; adenovirus carrying only GFP vector
(Ad.GFP) was used as control. After 48 —72 h, cells were treated
or harvested for further experiments.

RNA isolation and quantitative RT-PCR (qRT-PCR)

Total RNA was extracted from pancreatic islets or Min6 cells
with miRNeasy Mini Kit (217004, Qiagen, Venlo, Netherlands)
following the manufacturer’s protocol, and qRT-PCR was per-
formed using miScript PCR Starter Kit (218193, Qiagen). U6
and GAPDH were used as internal control. The primer
sequences are shown in Table S1.

Blood glucose and insulin measurement

Mice were fasted overnight, and blood glucose was measured
through tail tip bleeding with the use of Accu-Chek Smartview
Nano meter (Roche Diabetes Care). For insulin measurement,
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whole blood was drawn from submandibular vein, and plasma
was separated by centrifugation at 12,000 rpm at 4 °C for 15
min. in microvette tubes coated with EDTA (KMIC-EDTA,
KentScientific, Torrington, CT). Plasmainsulinlevels were mea-
sured by mouse ELISA kit (cat. no. 90080, Crystal Chem, Elk
Grove Village, IL) according to manufacturer’s instructions.
The HOMA index was used to calculate insulin resistance
(HOMA-IR) and B-cell function (HOMA-%p). The following
formula was used: HOMA-IR = (fasting glucose X insulin)/
22.5; HOMA-%B = (20 X fasting insulin)/(fasting glucose —
3.5)%. Units of glucose and insulin are mm and milliunit/liter,
respectively.

Intraperitoneal glucose tolerance testing (IPGTT) and insulin
tolerance testing (IPITT)

Mice were fasted overnight (for IPGTT) or for 6 h (for IPITT)
prior to injection. Glucose (2 g/kg body weight) or insulin (0.75
units/kg body weight) was injected intraperitoneally. Glucose
levels were measured in blood collected from tail tip prior to
and at 15, 30, 60, 90, and 120 min after injection.

Histological analysis

Immunohistochemistry staining was performed as described
previously (19). For measuring cell apoptosis, TUNEL staining
was performed using DeadEnd Fluorometric TUNEL System
(catalog no. G3250, Promega) following manufacturer’s
protocol.

Images of insulin-positive cells were taken from pancreatic
sections using Zeiss LSM710 LIVE Duo Confocal Microscope
(20X objective, Live Microscopy Core, University of Cincin-
nati). Zen/ZenLight software or Image] were used to quantify
allinsulin-positive cells or cells costained with insulin and K;-67
or pHH3 or Foxo1. Images of sections from a minimum of three
mice per group, three to five pancreas sections per mouse, were
captured.

Luciferase reporter assay for validation of miR-223 targets

Luciferase reporter experiments were performed as
described previously (21). Briefly, 3'-UTR segments of Foxol
and Sox6 and their respective mutants were amplified and val-
idated prior to transfection in HEK293 or Min6 cells. 100 nm
mimic miR-223 or mimic miR control (Thermo Fisher Scien-
tific) were added to each well in 12-well plates. Cell lysates were
prepared 48 h later, and luciferase activity was measured and
expressed as relative light units. All transfections were per-
formed in triplicate from three independent experiments.

Western blotting

Western blotting was performed as described previously
(19). The antibodies used are listed in Table S2.

MTS assay

Min6 B-cells were plated on 96-well plates at 10* seeding
density and transfected with adenovirus for 48 h followed by
24 h palmitate (0.5 mm) or 1 h H,0O, (200 mMm) treatment. Cell
viability was assessed using the MTS incorporation assay kit
(Promega) according to the manufacturer’s protocol.
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Flow cytometry

Mice were anesthetized and pancreases were perfused with
collagenase and neutral protease followed by incubation in
37 °C for 30 min using 700 agitation. Digestion was stopped by
adding excessive volume of cold HBSS, and digested tissue was
filtered through 70-um cell restrainer and washed with HBSS.
Cells were then stained with insulin (catalog no. FAB1544P,
R&D Systems, Minneapolis, MN) and K;-67 (catalog no.
61-5698-82, Invitrogen).

For in vitro experiments, after adenovirus infection, cells
were fixed with cold 75% ethanol and stored at —20 °C for at
least 2 h. Cell proliferation was determined by staining with
Alexa Fluor 647 mouse anti—K;-67 antibody (catalog no.
558615, BD Biosciences). For cell death analysis, cells were
stained with propidium iodide staining solution (00-6990, eBio-
science, Waltham, MA). Flow cytometry was performed using
LSRII Analyzer (SHC Flow Cytometry Core, Cincinnati) and
analyzed with FCSexpress software.

Statistical analysis

Animals were randomly assigned to groups, and sample size
estimates were not used. All data were analyzed by two-tailed
Student’s ¢ test and reported as mean = S.E. or S.D. as specified.
A p < 0.05 was considered statistically significant.
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