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miR-379 mediates insulin resistance and obesity
through impaired angiogenesis
and adipogenesis regulated by ER stress
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We investigated the role of microRNA (miR-379) in the path-
ogenesis of obesity, adipose tissue dysfunction, and insulin
resistance (IR). We used miR-379 knockout (miR-379KO)
mice to test whether loss of miR-379 affects high-fat diet
(HFD)-induced obesity and IR via dysregulation of key miR-
379 targets in adipose tissue. Increases in body weight,
hyperinsulinemia, and IR in wild-type (WT)-HFD mice were
significantly attenuated in miR-379KO-HFD mice with some
sex differences. Relative to control chow-fed mice, in WT-
HFDmice, expression ofmiR-379 and C/EBP homologous pro-
tein (Chop) (pro-endoplasmic reticulum [ER] stress) and
inflammation in perigonadal white adipose tissue (gWAT)
were increased, whereas adipogenic genes and miR-379 target
genes (Vegfb and Edem3) were decreased. These changes, as
well as key parameters of brown adipose tissue dysfunction
(including mitochondrial defects), were significantly attenu-
ated in miR-379KO-HFD mice. WAT from obese human sub-
jects with and without type 2 diabetes showed increased miR-
379 and decreased miR-379 target genes. In cultured 3T3L1
pre-adipocytes, miR-379 inhibitors increased miR-379 targets
and adipogenic genes. These data suggest that miR-379 plays
an important role in HFD-induced obesity through increased
adipose inflammation, mitochondrial dysfunction, and ER
stress as well as impaired adipogenesis and angiogenesis.
miR-379 inhibitors may be developed as novel therapies for
obesity and associated complications.
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INTRODUCTION
Obesity is a highly prevalent metabolic disorder and a significant
healthcare challenge worldwide.1 Obesity and associated inflamma-
tion increase the risk of insulin resistance (IR), type 2 diabetes
(T2D), and vascular disorders.2 Although lifestyle and diet modifica-
tions prevent and correct obesity, in practice, adherence to such pro-
grams is often suboptimal.

Adipose tissue is composed of many cell types, including adipocytes,
macrophages, and endothelial cells, which, in certain situations, may
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contribute to chronic inflammation, oxidative stress,3 and impaired
angiogenesis,4 resulting in adipose tissue expansion and dysfunction.
Intake of a high-fat diet (HFD) promotes local infiltration of immune
cells, such as macrophages, into white adipose tissue and increases
inflammation and IR.5 Such changes are closely linked to visceral ad-
ipose tissue dysfunction, T2D, and cardiovascular disease.6

Non-coding RNAs (ncRNAs) represent an additional layer of gene
regulation. There is growing interest in the mechanistic role played
by ncRNAs (including long ncRNAs [lncRNAs] and microRNAs
[miRNAs]) and their specific gene targets in various human disor-
ders. lncRNAs are long transcripts (>200 nt) similar to messenger
RNAs (mRNAs) but lack protein-coding (translation) potential.7

lncRNAs regulate the expression of local and distal genes by various
mechanisms that include recruitment of histone-modifying com-
plexes, RNA-binding proteins, and modulation of transcription fac-
tors (TFs).8 lncRNAs also serve as host genes or sponges for miRNAs
(�22 nt). miRNAs participate in post-transcriptional regulation of
genes by repressing translation or inducing degradation of target
mRNAs, altering cellular functions and disease states.8,9 lncRNAs
and miRNAs are emerging as critical players in diabetes and its com-
plications.8–11

We have previously demonstrated a role of key miRNAs and
lncRNAs in the pathogenesis of diabetic kidney disease (DKD),
inflammation, and vascular disease.10,12–14 Among these, miR-379
is part of a miRNA cluster within the DLK-DIO3 genomic region
(mouse chromosome 12 [chr12], human chr14), which encompasses
py: Nucleic Acids Vol. 30 December 2022 ª 2022 The Authors. 115
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multiple miRNAs and lncRNAs.14,15 We have shown previously that
miR-379 and its host transcript lncRNA megacluster, lncMGC, were
regulated by the endoplasmic reticulum (ER) stress related TF C/EBP
homologous protein (CHOP) and increased in the renal glomeruli of
diabetic mice.14 Genetic deletion of miR-379 ameliorated early DKD
in diabetic mice by decreasing ER and oxidative stress and mitochon-
drial dysfunction. One of the targets of miR-379 with protective func-
tions in the kidney is mitochondrial fission 1 protein (FIS1), which
mediates adaptive mitophagy.15 However, the role of miR-379 in ad-
ipose tissue and HFD-induced obesity and IR is unknown.

To determine the in vivo functions of miR-379 in these metabolic dis-
orders, we used miR-379em1COH knockout (miR-379KO) mice gener-
ated by CRISPR-Cas9 editing.15 We found control wild-type (WT)
mice on a high-fat diet (HFD) showed increased body weight, miR-
379 expression in perigonadal white adipose tissue (gWAT), adipo-
cyte hypertrophy, impaired adipogenesis, and IR, as expected.
However, such changes were significantly reduced in miR-379KO
mice on an HFD with some sex differences. This protection was asso-
ciated with altered expression of miR-379 target genes implicated in
angiogenesis and ER stress as well as genes related to adipogenesis
in gWAT, along with reduced inflammation and IR.We also observed
improvement in parameters of mitochondrial function in brown ad-
ipose tissue (BAT) of miR-379KO-HFD mice. We also found in-
creases in miR-379 and decreases in miR-379 target genes in adipose
tissue from obese individuals with and without T2D, demonstrating
human relevance. Our data suggest that adipose tissue miR-379 plays
a key role in the pathology of obesity and could serve as a potential
therapeutic target.

RESULTS
HFD-induced obesity and adipocyte hypertrophy are attenuated

in miR-379KO mice

To determine the in vivo regulatory effect of miR-379 on obesity, we
compared WT and miR-379KO (male [M] and female [F]) mice on
an HFD or standard chow diet for 10 and 24 weeks (Figure S1).
The mouse lncMGC region hosts the miR-379 megacluster of miR-
NAs, within which miR-379 is the most 50 miRNA (Figure S2A).
We confirmed a significant reduction of miR-379 in gWAT of miR-
379KO mice compared with WT mice (Figure S2B). Body weight
was measured weekly up to 10 (Figures S3A and S3B) and 24 weeks
of HFD feeding (Figures S3C and S3D) forM and Fmice. At 24 weeks,
all mice had similar and normal blood glucose levels (BGLs) regard-
less of sex or genotype (Figures S3E and S3F).

AlthoughWT andmiR-379KOmice gained weight on the HFD, miR-
379KO-HFDmice clearly appeared less obese thanWT-HFD-Mmice
at 24 weeks (Figure 1A). Consistent with this, average body weight
and fat were significantly higher in WT-HFD mice compared with
their respective controls, but miR-379KO-HFD-M mice exhibited
significantly less weight gain (Figure 1B) and body fat (Figure 1C)
than WT-HFD-M mice at 10 and 24 weeks. F miR-379KO mice
showed similar phenotypes (Figures 1A, 1D, and 1E). Fat tissue
expansion can manifest as increased adipocyte hypertrophy and
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size.16 We observed significantly larger adipocytes (hypertrophy) in
WT-HFD-M (Figures 1F and 1G) and WT-HFD-F (Figures 1F and
1H) mice, which was significantly attenuated in miR-379KO-HFD-
M and -F mice compared with the respective controls at 10 and
24 weeks (Figures 1F–1H). These results show that the increased
body weight and adipocyte hypertrophy observed in WT-HFD-M
and -F mice are significantly attenuated in miR-379KO-HFD (M
and F) mice.

miR-379KO-HFD mice show improved insulin sensitivity

We next measured insulin sensitivity using insulin tolerance tests
(ITTs). WT-HFD-M (Figures 2A and 2B) and WT-HFD-F
(Figures 2C and 2D) mice exhibited significant IR compared with
controls, as expected. In contrast, miR-379KO (M and F) mice
showed higher insulin sensitivity after 10 (Figures 2A and 2C) and
24 weeks on the HFD (Figures 2B and 2D).We calculated the area un-
der the curve (AUC) for ITTs at 10 and 24 weeks of HFD feeding. As
shown in Figures S4A and S4B, in M mice, the AUC was significantly
increased in WT-HFD-M mice at 10 and 24 weeks of HFD feeding
compared with WT-control (Con)-M mice. This increase was signif-
icantly lower in miR-379KO-HFD-M mice at 10 weeks of HFD
feeding. In F mice, the AUC was significantly increased in WT-
HFD-F mice and showed significant improvement in miR-379KO-
HFD-F mice at 10 and 24 weeks of HFD feeding (Figure S4C and
S4D). Plasma insulin levels were increased in WT-HFD-M and
WT-HFD-F mice (Figures 2E and 2F), but this was significantly lower
in miR-379KO-HFD (M and F) mice. In miR-379KO-F mice, insulin
levels after 24 weeks on theHFDwere even close to that inmice on the
Con chow diet (Figure 2F). We also measured homeostatic model
assessment of IR (HOMA-IR) as an index for IR. Increased
HOMA-IR values observed in WT-HFD-M (Figure 2G) and WT-
HFD-F (Figure 2H) mice were attenuated in miR-379KO-HFD
mice (Figures 2G and 2H). miR-379KO-HFD-F mice displayed a
higher level of insulin sensitivity compared with miR-379KO-HFD-
M mice (Figures 2G and 2H), demonstrating sex-specific differences.

Key metabolic parameters are not significantly different

between miR-379KO-HFD and WT-HFD mice

To investigate the mechanisms underlying the protection against
weight gain in miR-379KO-HFD mice, we measured key metabolic
parameters (Figure S5). As shown in Figure S5, food and water intake
were lower in WT-HFD and miR-379KO-HFD (M and F) mice
compared with the respective Cons, with no significant differences
between WT and miR-379KO mice (Figures S5A, S5B, S5D, and
S5E). We measured movement (distance traveled by each mouse)
to monitor activity differences. WT-HFD-M and miR-379KO-
HFD-M mice showed no differences in mobility relative to their
Cons (Figure S5C). WT and miR-379KO HFD-fed F mice displayed
reduced movement relative to the respective Con mice (but this was
not statistically significant). However, there was no significant differ-
ence between WT and miR-379KO-HFD-F mice (Figure S5F). Thus,
differences in food intake and movement likely do not contribute to
the lower body weight observed in miR-379KO-HFDmice. Using the
indirect calorimetry method, we also found no differences in energy
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Figure 1. HFD-induced obesity and adipocyte hypertrophy are attenuated in miR-379KO mice

(A) Representative image of male (M) and female (F) WT and miR-379KO control (Con) and HFD-fed mice after 24 weeks on the HFD. (B and D) Average body weight in (B) M

and (D) F mice at 10 and 24 weeks of HFD feeding. (C and E) Total body fat in (C) M and (E) F mice. n = 5–8/group for 10 weeks of study and n = 11–14/group for 24 weeks of

study in Mmice. n = 5–8/group for 10 weeks of study and n = 8–9/group for 24 weeks of study in F mice. Each dot represents one mouse/group. (F) The size of adipocytes in

gWAT sections (H&E staining), which are smaller in miR-379 KO-HFD mice versus WT-HFD mice at 10 and 24 weeks on the HFD in M and F mice, respectively. (G and H)

Quantitative analysis of adipocyte size in (G) M and (H) F mice. n = 100 adipocytes/group. One-way ANOVA with post hoc Tukey’s test for multiple comparisons; ±SEM;

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale bars, 50 mm; 40� magnification.
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expenditure between the WT-HFD and miR-379KO-HFD groups
(data not shown).

Lack of miR-379 is associated with increases in markers of

mitochondrial function in BAT

Because we observed no difference in metabolic parameters, we next
examined whether there were differences in key BAT parameters,
including whitening of BAT and mitochondrial defects between
HFD-fed WT and miR-379KO mice, because BAT contains high
levels of mitochondria and is specialized for thermogenesis. These ef-
fects decline in obesity because of whitening of the BAT.17 We first
examined BAT histology and structure using H&E staining (Fig-
ure 3A) and levels of FIS1, a target of miR-379 and key mediator of
adaptive mitophagy,15 (Figure 3B) as well as uncoupling protein-1
(UCP-1), a marker of thermogenesis and mitochondrial function in
BAT18 (Figure 3C), using immunohistochemistry (IHC) staining.
The increased whitening of BAT and lipid droplets noted in WT-
HFD-M and WT-HFD-F mice relative to the Cons were attenuated
Molecular Therapy: Nucleic Acids Vol. 30 December 2022 117
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Figure 2. miR-379KO-HFD mice show improved insulin sensitivity

(A and B) Insulin tolerance test (ITT) in Mmice after (A) 10 and (B) 24 weeks of HFD feeding. (C and D) ITT in Fmice at (C) 10 and (D) 24weeks of HFD feeding. n = 4–8/group. (E

and F) Plasma insulin levels in (E) M and (F) F mice after 24 weeks of HFD feeding. n = 7–11/group for M; n = 5/group for F. (G and H) Homeostatic model assessment of IR

(HOMA-IR) in (G) M and (H) F mice. n = 7–11/group for M; n = 5/group for F. Each dot represents one mouse/group. (A–D) *p < 0.05, **p < 0.01, ***p < 0.001 versus WT-Con.
+p < 0.05, ++p < 0.01versus WT-HFD, using two-way repeated measures ANOVA. One-way ANOVA with post hoc Tukey’s test for multiple comparisons; ±SEM; *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001.
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in miR-379KO-HFD mice (Figure 3A). Expression of FIS1 and
UCP-1 was significantly reduced inWT-HFD (M and F) mice relative
to WT-Con, and this was significantly restored in miR-379KO-HFD-
M and F mice (Figures 3B–3G). Expression of miR-379 was signifi-
cantly increased in BAT from WT-HFD-M and F mice compared
with WT-Con mice (Figures 3H and 3I). Gene expression of Fis1
and Ucp-1 was also reduced in BAT from WT-HFD-M mice versus
WT-Con but not in the corresponding miR-379KO-HFD-M mice.
In miR-379-HFD-F mice, levels of Fis-1 were higher than in WT-
HFD-F mice (Figure 3K). Because some miRNA targets are also regu-
lated at the post-transcriptional/translational level, translation of Fis1
protein in BAT may also be regulated by miR-379. Male UCP-1 gene
expression (Figure 3L) and protein expression (Figure 3F) were
consistent with each other, but data for female UCP-1 between
gene (Figure 3M) and protein level expression (Figure 3G) were not
very consistent. The reason for this is not clear and may be due to dif-
ferences in mRNA or protein stability in F mice.

Next, to strengthen our conclusions related to mitochondrial func-
tion, we performed transmission electron microscopy (TEM) exami-
nation in BAT from WT and miR-379KO-HFD-fed (M and F) mice.
As shown in Figures S6A and S6B, the abnormal mitochondrial struc-
tures and disrupted mitochondrial cristae observed in WT-HFD-M
and -F mice were attenuated in miR-379KO-HFD-M and -F mice.

We also measured the expression of Pgc-1a as a marker of mitochon-
drial biogenesis in BAT from WT and miR-379KO mice. Pgc-1a
118 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
mRNA expression was significantly reduced in WT-HFD (M and
F) mice relative to WT-Con, and this reduction was significantly
reversed in miR-379KO-HFD-M and -F mice (Figures S7A and
S7B). Next, we measured PGC-1a protein levels using IHC staining.
The data in Figure S7C and the bar graph quantifications in
Figures S7D and S7E show that, relative to the Cons, PGC-1a levels
were significantly decreased in WT-HFD-M and -F mice, and this
was restored in miR-379KO-HFD (M and F) mice. These data
demonstrate that increases in key parameters of mitochondrial
dysfunction in BAT of WT-HFD mice are significantly attenuated
in miR-379KO-HFD mice.

Increased expression of miR-379 and Chop and decreased

expression of adipogenic markers in gWAT of WT-HFDmice are

reversed in miR-379KO-HFD mice

We observed increased expression of miR-379 (Figures 4A and 4B) as
well as Chop (Figures 4C and 4D), which encodes the ER stress-
related TF CHOP, in gWAT of WT-HFD (M and F) versus WT-
Con mice. These increases were significantly ameliorated in gWAT
of miR-379KO-HFDmice (Figures 4C and 4D). Adipose tissue differ-
entiation is an important feature of adipose tissue function and adipo-
genesis.19 Therefore, we measured expression of key adipogenic
markers. In gWAT from WT-HFD (M and F) mice, Pparg (peroxi-
some proliferator-activated receptor g) expression was decreased
(Figures 4E and 4H); however, this was not observed in gWAT
from miR-379KO-HFD mice versus the corresponding Cons.
C/EBPb (CCAAT-enhancer-binding protein) expression showed
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similar trends (Figures 4F and 4I). Forkhead-boxO1 (FOXO1) is a
downstream target of AKTkinase (Protein kinase B)20 that also regu-
lates Pparg expression.21 Expression of FoxO1 was also decreased in
gWAT from WT-HFD mice (the decrease in M was not statistically
significant), but this decrease was not observed in gWAT from
miR-379KO-HFD (M and F) mice (Figures 4G and 4J).

We measured the expression of two other miRNAs in the cluster,
miR-411 and miR-494, in gWAT from WT and miR-379KO mice.
As shown in Figures S8A–S8D, expression of these miRNAs was
not altered between the four groups of mice (M and F).
Decreased expression of miR-379 target genes in gWAT of WT-

HFD mice is reversed in miR-379KO-HFD mice

Previously, using the unbiased Argonaute2-CLASH (cross-linking,
ligation, sequencing hybrids) approach, we identified key miR-379
targets in mouse kidney mesangial cells, including Edem3, Vegfb,
Fis1, and Txn1.15 Vascular endothelial growth factor B (VEGFB) a
proangiogenic factor, modulates adipose tissue vascularization.22

EDEM3 is an ER stress negative regulator,14 and FIS1 promotes adap-
tive mitophagy and is important for mitochondrial function.15

Expression of Edem3 and Vegfb was significantly reduced in gWAT
from WT-HFD-M mice (Figure 4K), and that of Fis1 and Vegfb
was significantly reduced in gWAT from WT-HFD-F mice (Fig-
ure 4L) relative to the corresponding Cons. These reductions were
significantly ameliorated (fully or partly) in the corresponding miR-
379KO-HFD mice (Figures 4K and 4L). Binding of VEGFB to its
receptor VEGFR1/Flt1 activates the VEGF/VEGFR2 pathway and
promotes angiogenesis, leading to increased capillary density and
enhanced adipose tissue function.22 The decreased expression of
Flt1 observed in gWAT from WT-HFD mice was significantly
reversed in miR-379KO-HFD mice (Figures 4M and 4N).

Using IHC, we observed lower EDEM3 integrated density (InDen) in
gWAT ofWT-HFD-M and -F mice versus the respective Cons, which
was restored in part inmiR-379KO-HFD (M and F)mice (Figures 5A,
5D, and 5E). VEGFB InDen was also significantly lower in gWAT of
WT-HFD (M and F) mice compared with miR-379KO-HFD mice
(Figures 5B, 5F, and 5G). Angiogenesis is reduced in inflamed adipose
tissue.23 To determine the functional outcome of altered VEGFB
levels, gWAT tissue sections were stained for CD31, an endothelial
cell marker, and for Perilipin, a cell surface marker of adipocytes (Fig-
ure 5C). Quantitative analysis showed significant reduction in
capillary density (angiogenesis) and CD31 expression in gWAT
from WT-HFD mice, and these aberrant changes were reversed in
miR-379KO-HFD mice (Figures 5H and 5I).
Figure 3. Lack of miR-379 promotes mitochondrial function markers in BAT

(A) H&E staining shows increased lipid droplets and whitening of brown adipose tissue

arrow indicates lipid droplets in BAT. (B andC) IHC staining of (B) FIS1 and (C) UCP-1 in B

F mice after 24 weeks of HFD feeding. n = 20 areas/group. (F and G) Quantitative analys

areas/group/M. n = 40 areas/group/F. Scale bars, 50 mm; 20�magnification. (H and I)

gene expression in (J) M and (K) Fmice. (L andM)Ucp-1 gene expression in (L) M and (M)

group. One-way ANOVA with post hoc Tukey’s test for multiple comparisons; ±SEM; *
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HFD-induced expression of inflammatory genes in gWAT of WT-

HFD mice is reduced in miR-379KO-HFD mice

We next assessed the expression of proinflammatory genes associated
with IR, including interleukin 1 beta (Il-1b), and monocyte chemoat-
tractant protein 1 (Mcp-1/Ccl2) in gWAT samples. Il-1b levels were
significantly increased in gWAT from WT-HFD-M and -F mice
but not in miR-379KO-HFD mice (M and F). Mcp-1 levels were
significantly increased in gWAT from WT-HFD-M and -F mice
and in miR-379KO-HFD-M mice but not in miR-379KO-HFD-F
mice (Figures 6A–6D). Quantitative analyses of immunofluorescence
(IF) images showed that levels of F4/80, a marker of macrophage infil-
tration and inflammation, were increased in gWAT from WT-HFD
mice but markedly attenuated in miR-379KO-HFD mice (M and
F). Macrophage infiltration appeared to be generally lower in females
than males on the HFD (Figures 6E–6G). The extracellular matrix
(ECM) accumulation detected by periodic acid-Schiff (PAS) staining
that was clearly increased in WT-HFD mice was attenuated in miR-
379KO-HFD mice (M and F) (Figure 6H). These data demonstrate
that obesity-induced increases in inflammation and ECM accumula-
tion in gWAT during HFD are attenuated in miR-379KO mice with
some sex differences.
Insulin signaling is attenuated in gWAT of miR-379KO-HFDmice

relative to the corresponding WT-HFD mice

Insulin signaling via its receptor (insulin receptor [INSR]) and down-
stream AKT kinase regulates adipose metabolism, and this is downre-
gulated during IR.24 To determine the potential regulatory effect of
miR-379 on insulin signaling in adipose tissue, we measured levels of
p-AKT(phospho-S473) andp-INSR (phospho-Y1361)by IHCstaining
(Figures 6I–6N). We observed decreases in p-AKT levels in gWAT of
WT-HFD-M mice compared with WT-Con but not in miR-379KO-
HFD-M compared with the respective Con mice (Figure 6J). In F
mice, levels of p-AKTwere higher inmiR-379KO-HFD-Fmice relative
to other groups (Figures 6I and 6K). We also observed decreases in p-
INSR levels in gWAT of WT-HFD-M and -F mice compared with the
respective Cons. Quantitative evaluations showed that these reductions
were significantly attenuated in miR-379KO-HFD-M and -F mice
compared with WT-HFD (M and F) mice (Figures 6L–6N).

These data show that parameters of IR are improved in gWAT of
miR-379KO mice and more so in F mice than M mice. This matches
earlier data showing that the improvements in ITT and IR as well as
inflammation in gWAT are more pronounced in F miR-379KO-HFD
mice than M mice, revealing sex-specific differences. On the other
hand, improvements in parameters of BAT function were similar in
M and F miR-379KO-HFD mice relative to WT-HFD mice.
(BAT) in M and F WT-HFD mice, which are reduced in miR-379KO-HFD mice. The

AT inM and Fmice. (D and E) Quantitative analysis of FIS1 expression in (D) M and (E)

is of UCP-1 expression in (F) M and (G) F mice after 24 weeks of HFD feeding. n = 20

miR-379 gene expression in BAT of (H) M and (I) F mice. n = 5/group. (J and K) Fis1

Fmice at 24 weeks of HFD feeding. n = 5–6/group. Each dot represents onemouse/

p < 0.05, ***p < 0.001, ****p < 0.0001.
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Figure 4. Increased expression of miR-379 and Chop and decreased expression of adipogenic markers in gWAT of WT-HFD mice are reversed in samples

from miR-379KO-HFD mice

(A and B) miR-379 expression in (A) M and (B) Fmice. n = 5–7/group. (C and D)Chop expression in (C) M and (D) Fmice. n = 5–6/group. (E–J) expression of the adipogenesis-

related genes Pparg,Cebpb, and Foxo1 in (E–G) M and (H–J) Fmice in gWAT. n = 4–6/group. (K and L) Expression of miR-379 target genes (Edem3, Fis1, and Vegfb) in (K) M

and (L) F mice. (M and N) Expression of Flt1 (VEGF receptor 1) in (M) M and (N) F mice. 24 weeks of HFD experiments. n = 5–6/group. Each dot represents one mouse/group.

One-way ANOVA with post hoc Tukey’s test for multiple comparisons; ±SEM; *p < 0.05, **p < 0.01, ***p < 0.001.
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miR-379 is increased in adipose tissue from obese individuals

The mouse miR-379 megacluster and lncMGC are located within the
largest miRNA cluster identified in the DLK-DIO3 genomic region
(mouse chr12) and is conserved in the human genome (human
chr14).14 To demonstrate human relevance, we measured expression
of miR-379 and several targets in WAT from lean, obese, and obese
T2D individuals (obese/T2D). The clinical characteristics of the do-
nors are described in Table S1. Relative to lean donors, obese and
obese/T2D individuals had a significantly higher BMI (Figure 7A)
and greater adipocyte hypertrophy in WAT samples (Figure 7B).
miR-379 expression was significantly higher in WAT from obese
and obese/T2D subjects (Figure 7C), and miR-379 expression in
WAT positively correlated with BMI (Figure 7D).
miR-379 target genes are decreased in adipose tissue from

obese individuals

We next examined the human adipose samples for expression of key
miR-379 targets and related genes identified in mouse gWAT. We
found that EDEM3, VEGFB, and FLT1 were decreased in WAT
from obese and obese/T2D individuals versus lean individuals (Fig-
ure 7E). We also found increased expression of CHOP and reduced
expression of PPARG (Figures 7F and 7G). Expression of tumor ne-
crosis factor alpha (TNF-a) (Figure 7H), which is augmented in hy-
pertrophic and inflamed adipocytes and infiltrating macrophages,25

was significantly increased in fat from obese and obese/T2D donors.
IHC staining confirmed lower expression of VEGFB (Figures 7I and
7J) and VE-Cadherin (endothelial markers) (Figures 7I and 7K) in
Molecular Therapy: Nucleic Acids Vol. 30 December 2022 121
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WAT from obese and obese/T2D donors. These data support the as-
sociation of increased miR-379 and ER stress and decreased vascular-
ization in fat tissue related to human obesity.

Alteration of miR-379 levels in mouse pre-adipocytes and

differentiated adipocytes changes downstream gene

expression

Mouse 3T3L1 pre-adipocytes were transfected with an miR-379
mimic oligonucleotide (oligo), miR-379 inhibitor oligo, or negative
Con (NC) oligos for 24 h (Figures 8A–8H). Transfected cells were
differentiated into adipocytes over 7 days using differentiation me-
dium (Figures 8I–8R). Undifferentiated 3T3L1 pre-adipocytes were
also treated with locked nucleic acid-modified antisense GapmeR oli-
gos targeting miR-379 (miR-379-GapmeR) or NC GapmeR oligos for
4 days (Figures 8S–8X). miR-379 expression was significantly
increased in cells transfected with miR-379 mimics and decreased
in cells receiving the miR-379 inhibitor (Figures 8A, 8B, 8I, and 8J).
Differentiated cells demonstrated lipid droplets (oil red O staining),
which were significantly lower in cells transfected with miR-379
mimics (Figures 8K and 8L). 3T3L1 pre-adipocytes (Figures 8C and
8D) and differentiated adipocytes (Figures 8M and 8N) transfected
with the miR-379 mimics showed decreased expression of the miR-
379 target genes Edem3 and Vegfb, which were restored by miR-
379 inhibitors. GapmeR-mediated inhibition of miR-379 (Figure 8S)
also upregulated the target genes (Figures 8T and 8U). Chop expres-
sion was decreased by a miR-379 inhibitor (Figures 8E and 8O) or
miR-379-GapmeR (Figure 8V) relative to the respective NCs. Finally,
we observed a significant increase in the adipogenic markers Cebpb,
Foxo1, and Pparg in pre-adipocytes (Figures 8F–8H) and in differen-
tiated adipocytes (Figures 8P–8R) treated with a miR-379 inhibitor or
miR-379-GapmeR (Figures 8W and 8X). These results suggest that
miR-379 has a regulatory role in adipocyte differentiation, at least
in part through modulating ER stress.

DISCUSSION
Our current results strongly indicate that upregulation of miR-379
plays an essential role in promoting gWAT and BAT dysfunction
during obesity via downregulation of key miR-379 targets that have
protective functions in adipose tissue. Our data demonstrate that
miR-379 is upregulated in gWAT and BAT of WT-HFD-fed M and
F mice and is associated with weight gain, adipocyte hypertrophy, hy-
perinsulinemia, and IR. These factors were significantly attenuated in
miR-379KO-HFD mice, with some sex differences, with F miR-
379KO-HFD mice showing relatively more protection from parame-
ters of IR in gWAT relative to M mice. The decreased expression of
mitochondrial function markers (FIS1, UCP-1, and PGC-1a) and
mitochondrial damage in BAT of WT-HFD mice were restored or
Figure 5. miR-379KO reverses HFD-mediated suppression of EDEM3 and the a

(A–C) Immunofluorescence (IF) staining of EDEM3 (A), IHC staining of VEGFB (B), and IF s

of EDEM3 in (D) M and (E) F mice. n = 20 areas/group. Scale bars, 100 mm. 20�magni

mice. n = 40 areas/group. Scale bars, 50 mm. 40�magnification. (H and I) Quantitative a

magnification Green, CD31; red, Perilipin; blue, nucleus, DAPI. 24 weeks of HFD experim

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
ameliorated in miR379KO-HFD mice (M and F), further supporting
the involvement of miR-379 in pathologic processes related to adi-
pose tissue dysfunction and obesity. The decreased expression of
key miR-379 target genes with putative protective functions in adi-
pose tissue (Vegfb and Edem3), increased expression of an ER stress
marker (Chop) and proinflammatory genes (IL-1b and Mcp-1), and
decreased expression of adipogenesis-related genes (Pparg, Cebpb,
and Foxo1) in gWAT in WT-HFD mice were reversed in miR-
379KO-HFD mice with some sex differences. Our gain- and loss-
of-function experiments in cultured adipocytes (3T3L1 cells)
validated these target genes and provided mechanistic support for
the regulatory effect of miR-379 on adipocyte differentiation. Similar
to obese mice, we found increased expression of miR-379 in adipose
tissue of obese individuals that positively correlated with their BMI. In
parallel, we observed significant adipocyte hypertrophy and decreased
vascularization and VEGFB expression along with increased CHOP
and decreased PPARG expression in adipose tissue from obese indi-
viduals. Our finding that miR-379 expression is dysregulated in
obesity is consistent with previous incidental findings showing that
miR-379 is one of the miRNAs upregulated in adipose tissue7 and
liver in mouse models of obesity26,27 as well as human donors with
obesity.27,28

Adipose tissue expansion in obesity arises from adipocyte hypertrophy
and/or hyperplasia as needed for increased lipid storage.29 Adipocyte
hypertrophy increases cellular stress; adverse metabolic profiles,
including decreased insulin sensitivity; increased plasma insulin levels;
and subsequent diabetes.2 IR is a pathological feature of dysfunctional
adipose tissue,19 specifically visceral adipose tissue,30 and increases
during overnutrition. Several miRNAs have been shown to contribute
to these pathologies.31–35 Besides free fatty acids and various adipo-
kines released from hypertrophic adipocytes, pro-inflammatory cyto-
kines produced locally and from infiltrating macrophages promote
inflammation and IR in obesity.36 During HFD feeding, IR results
from inhibition of insulin signaling via its insulin receptor and down-
stream IRS/Akt phosphorylation,24 which also leads to impaired adi-
pogenesis.37,38 Our data suggest that miR-379 can have adverse effects
of key factors related to insulin signaling in WAT and that miR-379
KO, especially in females, can attenuate these aberrant events.

Our results support involvement of miR-379 in pathologic pro-
cesses related to obesity. Despite the similar effect of miR-379 dele-
tion on reducing weight gain in M and F mice, we observed more
significant improvements in whole-body IR and hyperinsulinemia
in miR-379KO-HFD-F mice versus WT-HFD mice (Figures 1
and 2) relative to miR-379KO-HFD-M mice. This is consistent
with our results showing that the decreases in macrophage
ngiogenic markers VEGFB and CD31 in gWAT

taining of CD31 (C) in gWAT sections of M and Fmice. (D and E) Quantitative analysis

fication. Green, EDEM3. (F and G) Quantitative analysis of VEGFB in (F) M and (G) F

nalysis of CD31 in (H) M and (I) F mice. n = 20 areas/group. Scale bars, 100 mm. 20�
ents. One-way ANOVA with post hoc Tukey’s test for multiple comparisons, ±SEM;
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infiltration and parameters of IR in gWAT were more significantly
ameliorated in miR-379KO-HFD-F mice relative to miR-379KO-
HFD-M mice (Figure 6).

Therefore, in miR-379KO mice, improvements in BAT function may
control obesity through mitochondrial functions regulated by miR-
379, whereas changes in gWAT may control IR through targeting
inflammation, ER stress, and insulin signaling regulated by miR-
379. Thus, our data suggest that the obesogenic effect of miR-379
arises from its effects in BAT and gWAT (Figure S9). It is possible
that parameters of IR and insulin signaling showed greater improve-
ments in F miR-379KO-HFD mice relative to M mice because,
overall, M mice showed greater increases in body weight as well as
inflammation in gWAT. Because estrogen can decrease inflamma-
tion,39 it could potentially be involved in protective effects and
reduced inflammation in gWAT in miR-379KO-HFD-F mice.

ER stress in adipose tissue is increased during obesity and is strongly
associated with chronic inflammation, IR, and T2D.40 We previously
identified Edem3, a negative regulator of ER stress, as one of the targets
of miR-379 in the kidneys.14,15 Here we found that HFD upregulated
theER stress-responsivemarkerChop anddownregulatedEdem3 in ad-
ipose tissue of obese human subjects versus lean subjects as well as in
gWATofWT-HFDversusmiR-379KO-HFDmice. Because regulation
by the ER stress-relatedTFCHOP is onemechanismbywhichmiR-379
and the miR-379 cluster of miRNAs can be upregulated,14 these data
suggest that HFD increasesChop expression, which promotes ER stress
and upregulation of miR-379 in gWAT. Deletion of miR-379 can thus
reduce ER stress in a feedback manner by reducing Chop and subse-
quently decreasing miR-379 expression (Figure S9). This is consistent
with reports showing upregulation of Chop in adipose tissue in the
obese state.41,42 CHOP can promote M1 polarization of adipose tissue
macrophages to link ER stress with inflammation and IR.41 Chop defi-
ciency decreases adipose tissue inflammation and prevents IR41 and in-
hibits downregulation of Pparg,41,43 which is essential for adipogenesis
and maintenance of the differentiated state.19,30

Using cultured 3T3L1 cells, we also demonstrated that miR-379 has a
regulatory effect on adipogenesis. miR-379 mimics downregulated
expression of key miR-379 targets as well as the adipogenic markers
Cebpb and Pparg compared with NC-treated cells. Conversely,
miR379 inhibitor oligos increased expression of some of these adipo-
genic markers, including Foxo1. This is in line with reports showing
that some miRNAs regulate adipogenesis by targeting PPARg or pro-
teins involved in PPARg activity.44 Other studies have shown decreased
Figure 6. miR-379 regulates inflammatory gene expression and insulin signalin

(A–D) Expression of IL-1b in gWAT in (A) M and (B) F mice andMcp-1 in (C) M and (D) F m

signals) in gWAT sections in M and F mice. (F and G) Quantitative analysis of F4/80 in (F

gWAT sections. 24 weeks of HFD experiments. Scale bars, 50 mm; 40�magnification. (I–

Levels of p-AKT inM and Fmice. (J and K) Quantitative analysis of pAKT in (J) M and (K) F

mice after 24 weeks of HFD feeding. n = 20–30 areas/group. Scale bars, 50 mm

comparisons ±SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
expression of adipose tissue Pparg inHFD-fedmice19,33,45 and obese hu-
man individuals.46 Adipogenesis is a complex process regulated directly
or indirectly by several regulatory factors, including the C/EBPs and
PPARg.11,47 However, upregulation of anti-adipogenic TFs such as
CHOP prevents activation of CEBPb.48 Interaction between CHOP
and C/EBPmodulates the transcriptional activity at CEBP-binding sites
in the promoters of various genes important for maintaining the fat cell
phenotype.49Foxo1, amember of theForkheadTFs expressed in insulin-
responsive tissues, is involved in adipocyte differentiation50 and is regu-
lated by ER stress.51,52 Adipocyte differentiation is severely impaired in
Foxo1-deficient 3T3L1 adipocytes, and downregulation of Foxo1 de-
creases expression of Pparg.21 Healthy expansion of adipose tissue is
associated with proper angiogenesis regulated by a fine balance between
actions of anti- and pro-angiogenic factors, such as VEGFs.22 Persistent
stress and long-term and severe hypoxia can impair angiogenesis and
promote unhealthy adipose tissue expansion.53 Our current results sug-
gest that miR-379KO can also protect against HFD-induced gWAT
dysfunction by increasing VEGFB and angiogenesis.

Theprotectivephenotype observed inmiR-379KO-HFDmice could be
the cumulative effects ofmiR-379KOnot only in adipose but also other
insulin-sensitive tissues. However, we found that, relative toWT-HFD
mice, ourmiR-379KO-HFDmice (M and F) also showed higher mito-
chondrial function (UCP-1, FIS1, and PGC-1) in BAT (Figures 3, S6,
and S7), along with decreases in BAT whitening, suggesting that these
effects in BATmay contribute to protection fromHFD-inducedweight
gain. On the other hand, because miR-379KO females showed greater
protection from IR in gWAT (likely dependent on ER stress) relative to
males, it suggests distinct functions of miR-379 in BAT and gWAT
with some sex differences. Our unpublished data showed attenuated
lipid accumulation in the liver of miR-379KO-HFD mice relative to
WT-HFD mice, but further studies are needed to systematically
examine the involvement of miR-379 and its targets in the liver and
other insulin-responsive tissues. miR-379 may also have additional ef-
fects via still unidentified targets in adipose and other tissue.

Our data implicate ER stress resulting from increased expression of
miR-379 and concomitant reduction of its targets as key integrating
mechanisms in HFD-induced adipose tissue inflammation and
dysfunction, which involves a “feedback amplification loop” because
of downregulation of Edem3 and upregulation of Chop, which, in
turn, amplifies ER stress (Figure S9).14,15 Our data also suggest that
increased miR-379 can promote BAT dysfunction via changes in
mitochondria (Figure S9). Thus, inhibiting miR379 using modalities
like GapmeRs can have beneficial effects on adipose dysfunction,
g under HFD feeding

ice. n = 4–8/group. Each dot represents 1 mouse/group. (E) IF staining of F4/80 (red

) M and (G) F mice (n = 40–50 areas/group). (H) PAS (periodic acid-Schiff) staining in

N)miR-379 plays a role in HFD-mediated suppression of insulin signaling in gWAT. (I)

mice. n = 15 area/group. (M andN) Quantitative analysis of p-INSR in (M) M and (N) F

; 40� magnification. One-way ANOVA with post hoc Tukey’s test for multiple
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Figure 7. miR-379 is increased, and key targets of miR-379 are decreased, in adipose tissue from obese human subjects

(A) Body mass index (BMI) in lean, obese, and obese individuals with T2D (obese/T2D). n = 10–11/group. (B) Quantitative analysis of adipocyte size (n = 100 adipocytes/

group). (C) Adipose tissue miR-379 expression (n = 8–10/group). (D) Correlation of miR-379 gene expression with BMI (n = 18). (E) Expression of target genes in adipose

tissue from lean, obese, and obese/T2D donors. (F–H) adipose tissue gene expression of (F) CHOP, (G) PPARG, and (H) TNF-a. n = 4–7/group. (I) IHC staining of VEGFB

(scale bars, 50 mm; 40� magnification) and IF staining of VE-Cadherin in adipose tissue from lean, obese, and obese/T2D donors. Scale bars, 50 mm; 40� magnification.

Green, VE-Cadherin; red, Perilipin; blue, nucleus, DAPI. (J and K) Quantitative analysis of (J) VEGFB (n = 20–30 areas/group) and (K) VE-Cadherin (n = 20 areas/group). Data

were analyzed using Student’s t tests for comparisons between two groups. ±SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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obesity, and obesity-associated comorbidities, including T2D, with
therapeutic implications because miRNA inhibitors are already in
clinical trials for various human disorders.54

MATERIALS AND METHODS
Mouse model of obesity and metabolic parameters

All animal studies were conducted according to protocols approved by
the Institutional Animal Care and Use Committee at the Beckman
126 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
Research Institute of City of Hope. We used homozygous miR-
379�/� (miR-379KO) mice generated by CRISPR-Cas9 editing as re-
ported by us.15 Eight-week-old M and F C57BL/6J WT mice and
miR-379KO mice were randomly divided into groups and fed a Con
chow diet or HFD (60% kcal from fat) (D12492I, Research Diets) for
10 and 24 weeks. Body weight and BGLs were measured weekly. After
euthanasia, plasma was collected to measure insulin, and gWAT and
BAT were harvested (Figure S1).
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Figure 8. miR-379 regulates key factors related to adipogenesis in 3T3L1 adipocytes

3T3L1 pre-adipocytes were transfected with the miR-379 mimic oligo and miR-379 inhibitor (200 nmol/L). Cells transfected with negative Con (NC) oligos (200 nmol/L) were

used as NCs. (A) miR-379 expression in cells transfected with the miR-379mimic oligo. (B) miR-379 expression in cells transfected with the miR-379 inhibitor. n = 3–4/group.

(C and D) Expression of the miR-379 target genes (C) Edem3 and (D) Vegfb. (E–H) Expression of (E) Chop and the adipogenesis-related genes (F) Cebpb, (G) Foxo1, and (H)

Pparg. n = 8–12/group. (I–R) 3T3L1 pre-adipocytes were transfected with miR-379mimic or miR-379 inhibitor oligos or NC. (I) miR-379 expression in miR-379mimic-treated

cells. (J) miR-379 expression in miR-379 inhibitor-transfected cells. n = 4/group. (K) Differentiation was confirmed using oil red O staining. Cells transfected with NC oligos

(legend continued on next page)
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For ITTs,micewere fasted 2 h55 and then injected intraperitoneally with
0.5 U insulin/kg body weight. BGLs weremeasured at 15, 30, 60, 90, and
120 min. The AUC was calculated with GraphPad Prism software.
Plasma insulin levels were measured using a mouse ELISA kit (Crystal
Chem, 90080).HOMA-IRwas calculated according to the following for-
mula: fasting insulin (mU/L) � fasting glucose (nmol/L)/22.5.56 Body
composition and metabolic parameters were measured in the City of
Hope Comprehensive Metabolic Phenotyping core as described previ-
ously.15 Whole-body composition was determined using quantitative
magnetic resonance imaging (EchoMRI 3-in-1; Echo Medical Systems,
Houston, TX). Body composition andmetabolic parameters, such as en-
ergy expenditure, food intake, water consumption, and locomotor activ-
ity, were measured using an indirect calorimetry cage system
(PhenoMaster, TSE Systems, Bad Homburg, Germany), as described
previously.15Energy intakepermousewas calculatedusing the following
equation as described previously:57 kcal = food intake (g)� diet energy
(kcal/g) (standard chow diet, 3.80 kcal/g; HFD, 5.34 kcal/g).

Human adipose tissue samples

We received discard de-identified human visceral adipose tissue from
the Southern California Islet Cell Resource Center (City of Hope) for
use in obesity- and diabetes-related research. The study was approved
as exempt by the City of Hope institutional review board. Visceral
WAT was divided into 3 categories (lean, obese, and obese/T2D)
based on the donor’s BMI and hemoglobin A1c (HbA1c) (Table S1).

Quantitative reverse transcriptase polymerase chain reaction

Quantitative reverse transcriptase polymerase chain reaction (qRT-
PCR) analysis was performed as described previously.14,15 mRNA
expression was normalized to Cypa as an internal Con. For miRNAs,
the universal primer was used as the reverse primer andU6 as an inter-
nal Con (Quanta Biosciences, Gaithersburg, MD).15 PCR primer se-
quences are shown in Table S2.

Histology and IHC analysis

Paraffin-embedded gWATsectionswere used for routine histology.De-
paraffinized tissue slides were stained with H&E for morphological
structure and PAS stain for ECM. Adipocyte size was assessed using
light microscopy and quantified through Image-Pro Premier 9.2
software.

Antibodies targeting the proteins EDEM3 (1:100, NBP1-88342, No-
vus Biologicals, Centennial, CO, USA), VEGFB (1:200, MAB751,
R&D Systems, Minneapolis, MN), UCP-1 (1:1,000, ab10983, Abcam,
Waltham, MA), p-AKT (1:50, 4060, Cell Signaling Technology), and
p-INSR (1:50, ab60946, Abcam) were used in IHC. Biotinylated goat
anti-rabbit (1:400, BA-1000, Invitrogen) was used as a secondary anti-
(200 nmol/L) were used as NCs. (L) Percentage of oil red O-positive area (n = 20 area/gro

R) Expression of (O) Chop and the adipogenesis-related genes (P) Cebpb, (Q) Foxo1, a

GapmeR or miR-379-GapmeR (1 mmol/L) as described under materials and methods. N

and U) Expression of the miR-379 target genes (T) Edem3 and (U) Vegfb. (V–X) Expressi

group. Data were analyzed using Student’s t tests for comparisons between two group
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body. Images were taken at 20�magnification, and InDen was quan-
tified using ImageJ software.

Antibodies for other proteins characterized by specific IF included
anti-F4/80 (1:200, 14-4801-82, Invitrogen), anti-EDEM3 (1:100,
NBP1-88342, Novus Biologicals), anti-CD31 (1:20, ab28364, Abcam),
anti-VE-Cadherin (1:150, ab33168, Abcam), and anti-Perilipin
(1:300, 20R-PP004, Fitzgerald Industries). Secondary antibodies em-
ployed were Alexa Fluor 488, goat anti-rabbit (1:400, A11034, Invitro-
gen), and Alexa Fluor 555, goat anti-mouse (1:400, A21422, Invitro-
gen). Images were taken at 20� magnification (KEYENCE-BZ-�800
series, Osaka, Japan), and fluorescence intensity was measured using
ImageJ software (ImageJ.win32).
TEM

BAT was collected fromWT and miR-379KOHFD-fed mice, fixed in
2.5% (v/v) glutaraldehyde solution, and processed for TEM examina-
tion according to routine TEM processing and staining protocols for
tissue in the City of Hope ElectronMicroscopy and Atomic Force Mi-
croscopy Core. TEM was performed on an FEI Tecnai 12 transmis-
sion electron microscope equipped with a Gatan Ultrascan 2 K
charge-coupled device (CCD) camera.14,15
Cell transfection

Oligo mimics and inhibitors of miR-379 (200 nmol/L) and the corre-
sponding Con oligos (NC) (200 nmol/L) were from Integrated DNA
Technologies (IDT) or Thermo Fisher Scientific (Waltham, MA).
3T3L1 cells (�106/transfection) were transfected with these oligos us-
ing an Amaxa Nucleofector (Program A-033, Lonza, VPI-1004,
Switzerland), as described previously.15,58 Cells were collected 1 day
after transfection or left for differentiation before RNA extraction.
Cell differentiation

3T3L1 pre-adipocytes were cultured in DMEM with 10% (v/v) bovine
calf serum. Differentiation into adipocytes was promoted by culturing
cells in differentiation medium (90% DMEM, 10% fetal bovine
serum,1.0 mmol/L dexamethasone, 0.5 mmol/L methylisobutylxan-
thine, 5.0 mg/mL insulin) for 48 h. After 2 days, the medium was re-
placed with adipocytemaintenancemedium (90%DMEM, 10% bovine
calf serum, 5.0 mg/mL insulin), which was changed every 48 h until the
cells were differentiated at �7 days. The presence of lipid droplets in
mature adipocytes was confirmed using 0.5% oil red O. Briefly, the cells
were fixed with 10% formalin for 10 min, then changed to 2 mL fresh
formalin, and incubated for 1 h. After rinsing with double-distilled wa-
ter (ddH2O) and60% isopropanol (5min), the cellswere stainedwithoil
redO(10min) (Sigma,O-0625). Excess stainwas removedbywashing 4
up). (M and N) Expression of the miR-379 target genes (M) Edem3 and (N) Vegfb. (O–

nd (R) Pparg. n = 4–8/group. (S–X) 3T3L1 pre-adipocytes were transfected with NC

on-transfected cells were used as a Con. (S) miR-379 expression (n = 8/group). (T

on of (V) Chop and the adipogenic related genes (W) Cebpb and (X) Pparg. n = 6–8/

s. ±SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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times with ddH2O, and then cells were counterstained with
hematoxylin.
GapmeR targeting miR-379

Locked nucleic acid (LNA)-modified GapmeRs (DNA-LNA chimeric
antisense oligos) were optimized,14,59 and the most effective GapmeR
sequence, (379F [full 21-mer 50-CCTacgttccatagtctaCCA-3’]; LNA[up-
percase], DNA [lowercase], phosphorothioate [PS; backbone]) from
IDT was used. 3T3L1 pre-adipocytes were transfected with 1 mmol/L
miR-379-GapmeR or NCGapmeR (50-ATTttattcggaGCT-30 LNA [up-
percase], DNA [lowercase], PS [backbone]) for 4 days by Gymnosis60

and cultured in 12-well plates. Untreated cells were used as Cons.58
Statistics

Animal cohorts consisted of 5–12 mice/group. Power calculations to
estimate the sample size showed that eight animals per group would
yield 80% power to detect a mean difference of 1.5 SD (effect size, 1.5)
with two-tailed tests at a significance level of p < 0.05. In vitro exper-
iments were performed at least three times. Data were analyzed with
GraphPad Prism software, using Student’s t tests for comparisons be-
tween two groups or two-way repeated-measures ANOVA or one-
way ANOVA with post hoc tests for multiple groups.
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