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MicroRNAs (miRNAs) are short, noncoding RNAs that associate with Argonaute (AGO) to influence mRNA
stability and translation, thereby regulating cellular determination and phenotype. While several individual
miRNAs have been shown to control adipocyte function, including energy storage in white fat and energy dissipa-
tion in brown fat, a comprehensive analysis of miRNA activity in these tissues has not been performed. We used
high-throughput sequencing of RNA isolated by cross-linking immunoprecipitation (HITS-CLIP) to comprehen-
sively characterize the network of high-confidence, in vivomRNA:miRNA interactions across white and brown fat,
revealing >20,000 unique AGO binding sites. When coupled with miRNA and mRNA sequencing, we found an
inverse correlation between depot-enriched miRNAs and their targets. To illustrate the functionality of our HITS-
CLIP data set in identifying specific miRNA:mRNA interactions, we show thatmiR-29 is a novel regulator of leptin,
an adipocyte-derived hormone that coordinates food intake and energy homeostasis. Two independent miR-29
binding sites in the leptin 3′ UTR were validated using luciferase assays, and miR-29 gain and loss of function
modulated leptinmRNA and protein secretion in primary adipocytes. This work represents the only experimentally
generated miRNA targetome in adipose tissue and identifies multiple regulatory pathways that may specify the
unique identities of white and brown fat.
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Worldwide obesity rates have nearly tripled over the last
four decades, and in the U.S. nearly 50% of adults are pro-
jected to be obese by 2030 (Ward et al. 2019). Obesity is
characterizedbyexcesswhite adipose tissue (WAT),which
accumulates in either subcutaneous or visceral depots.
While visceral obesity is strongly associated with a con-
stellation of chronic diseases, including type 2 diabetes,
cardiovascular disease, nonalcoholic fatty liver disease,
and certain cancers, subcutaneous obesity is generally
less deleterious (Neeland et al. 2019; Jayedi et al. 2020).
Mammals also possess brown adipose tissue (BAT)

(Rosen and Spiegelman 2014), which can dissipate energy
via adaptive thermogenesis and may offset many of the

risks associated with visceral adiposity. In mice, trans-
plantation of BAT decreases insulin resistance, improves
glucose tolerance, and lowers total fat mass (Stanford
et al. 2013). Adrenergic stimulation of BAT, such as by
cold exposure, similarly improves glucose uptake, in-
creases energy expenditure, and protects against diet-in-
duced obesity in mice (Kajimura et al. 2015). Cold
exposure additionally induces the activation of beige fat
cells in subcutaneous WAT, which engage in thermogen-
esis and confer many of the same metabolic benefits as
BAT (Wu et al. 2012). While BAT and beige fat may not
be as abundant in humans, recent studies suggest these
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thermogenically active fat cells can be activated in re-
sponse to cold or other stimuli (Cypess et al. 2009; van
Marken Lichtenbelt et al. 2009; Virtanen et al. 2009), pre-
senting an opportunity for therapeutic intervention.

Much of the work on adipocyte differentiation and phe-
notype over the past few decades has focused on transcrip-
tional regulators of cellular identity. These include
Pparg2, which is both necessary and sufficient for the de-
velopment and maintenance of white and brown adipo-
cytes (Tontonoz et al. 1994; Tontonoz and Spiegelman
2008), and Prdm16, which regulates brown and beige adi-
pocyte identity (Seale et al. 2007; Cohen et al. 2014).
More recently, it has become clear that post-transcription-
al regulators also play a key role in influencing adipocyte
phenotype. Studies with adipose-specific dicer KO mice
demonstrate that microRNAs (miRNAs) are essential in
regulating adipogenesis, insulin sensitivity, and nonshiv-
ering thermogenesis (Mori et al. 2014; Reis et al. 2016).
Several individual miRNAs have been shown to contrib-
ute to these phenotypes. For example, miR-133 represses
BAT function by directly targeting Prdm16 and inhibiting
expression of thermogenic genes (Trajkovski et al. 2012),
miR-196a induces browning of WAT by targeting Hoxc8
(Mori et al. 2012), miR-155 regulates the differentiation
of brown and beige adipocytes (Chen et al. 2013), and
miR-26 protects from diet-induced obesity by blocking
adipogenesis (Acharya et al. 2019). These studies, and
most others in adipose tissue, rely on computational pre-
dictions and low-throughput validation to identify
miRNA targets. Although high-throughput cross-linking
techniques to map the miRNA targetome have been ap-
plied to liver, brain, heart, and other organs (Chi et al.
2009; Spengler et al. 2016; Luna et al. 2017), thus far, no
comprehensive targetome has been reported for adipose
tissue.

Here, we performed miRNA sequencing to comprehen-
sively profile miRNA levels across adipose depots, fol-
lowed by HITS-CLIP to characterize miRNA binding
behavior in iBAT and eWAT. These data are complement-
ed by RNA sequencing to assess the effects of miRNA
binding on steady-state mRNA levels. Our data provide
a rich resource of miRNA expression coupled with in
vivomiRNA targeting behavior, whichwe used to charac-
terize the role of miR-29 in suppressing leptin production.
Moreover, these studies provide awealth of data for future
investigations of miRNA regulatory interactions in white
and brown fat.

Results

Global profiling of microRNAs across fat depots

In order to broadly profile miRNAs across mouse adipose
tissues, we sequenced small RNAs covering the full spec-
trumof adipocyte phenotype, ranging fromwhite to brown
fat. These included two visceral fat depots, epididymal
WAT (eWAT) andmesentericWAT (mWAT); two subcuta-
neous fat depots, inguinal WAT (iWAT) and axillary WAT
(aWAT); and interscapular BAT (iBAT) (Fig. 1A; Supple-
mental Table S1). We first compared the four WAT depots

with iBAT and identified dozens of WAT-enriched
miRNAs in each depot (Supplemental Fig. S1A). Global
clustering analysis of the top 100 expressedmiRNAs iden-
tified depot-specific clusters, with a particularly distinct
profile observed in iBAT (Fig 1B). By comparison, the two
subcutaneous fat depots, which demonstrate the greatest
plasticity and have a molecular phenotype intermediate
from the visceral/BAT extremes (Wu et al. 2012; Rosen-
wald et al. 2013), cluster together and most closely match
the mean miRNA expression profile (Fig. 1B).

Given that many of the regulatory mechanisms govern-
ing subcutaneous fat function may only be revealed fol-
lowing perturbation, we also sequenced small RNAs
from iWAT of mice that had been cold-exposed (1 wk at
4°C) to stimulate beige fat biogenesis (cWAT). There
were significant changes in the abundance of several
miRNAs in response to cold exposure, including an in-
crease in let-7 and miR-30 and a decrease in miR-125
andmiR-27 (Fig. 1C,D), all of which have been implicated
in brown and beige adipocyte function (Fu et al. 2014; Sun
and Trajkovski 2014; Giroud et al. 2016a,b) . To assess the
effects of cold exposure on a global scale, we performed a
principal component analysis (PCA) with all samples (Fig.
1E). Cold exposure did not significantly change the
miRNA profile of iWAT along the first two principal com-
ponents (Fig. 1E). In contrast, eWAT and iBAT samples
clustered closely among biological replicates and diverged
significantly along the first principal component, suggest-
ing an important role for miRNAs in controlling pheno-
typic differences between these two types of adipose
tissue. A volcano plot analysis shows that many of the
miRNAs that differ most significantly between eWAT
and iBAT have been shown to impact iBAT function or
regulate adipocyte metabolism, including miR-30 (Hu
et al. 2015), miR-193b (Sun et al. 2011), miR-34 (Fu et al.
2014), and miR-107 (Trajkovski et al. 2011).

Differential AGO regulation in iBAT and eWAT depots

As eWAT and iBAT are the two most divergent types of
adipose tissue, both by phenotype andmiRNA expression
profiles, we examined in vivo miRNA targeting in these
two tissues. To capture a broad, unbiased map of
miRNA:mRNA interactions, we performed HITS-CLIP
to biochemically identify AGO/miRNA regulatory sites
in mRNAs in a high-throughput manner. Following UV
cross-linking, AGO:RNA complexes were immunopre-
cipitated (Supplemental Fig. S2A), radiolabeled, and sepa-
rated by gel electrophoresis. iBAT and eWAT samples
contained a range of RNA fragment lengths, illustrated
by a dense smear on the autoradiograph, compared with
IgG and noncross-linked controls (Supplemental Fig.
S2B). After excising AGO:RNA complexes of ∼110–170
kDa and sequencing AGO-associated RNAs, iBAT and
eWAT samples separated effectively by PCA (Fig. 2A)
and showed low inter-sample variability by Pearson corre-
lation (Supplemental Fig. S2C). mRNA tags (sequencing
reads corresponding to AGO-associated mRNA frag-
ments) were clustered into significant peaks, revealing a
total of 20,697 unique peaks across 5248 genes, with
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14,562 unique iBAT peaks and 928 unique eWAT peaks,
consistent with the greater number of iBAT unique
RNA reads (Supplemental Table S2). A slightly higher per-
centage of iBAT-specific peaks (59%) localized to 3′ un-
translated regions (UTRs) than eWAT-specific peaks
(55%), andmost of the remaining peaks localized to exons
(Fig. 2B). Next, we identified enriched KEGG pathways
among genes with increased AGO binding in iBAT and
eWAT (Fig. 2C), revealing that several genes involved in

thermogenesis, including Pparg and Pnpla2, show in-
creased AGO binding in iBAT. miR-27, a known suppres-
sor of beige fat function is among the miRNAs targeting
an iBAT-specific peak in Pparg (Sun and Trajkovski
2014), while miR-182, a highly iBAT-enriched miRNA,
targets an iBAT-specific peak in Pnpla2 (Supplemental
Fig. 2 D,E; the complete set of miRNA seed-to-peak
matches used for analysis in this study is in Supplemental
Table S4 and is based on a valley depth of 0.9 for peak
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Figure 1. miRNA-seq identified divergent miRNA profiles in eWAT and iBAT depots. (A) Anatomical schematic of sampled adipose de-
pots (left) and their locations relative to other organs (right) in themalemouse. (B) Global cluster analysis ofmiRNA-seq expression profile
of the top 100 expressed miRNAs clustered by adipose depot from 13-wk-old male mice housed at room temperature (three mice pooled
per group, n= 3 biological replicates per depot). (C,D) miRNAs with a significant increase (C ) or decrease (D) in inguinal adipose tissue
in response to cold exposure for 1 wk at 4°C prior to sacrifice (cold-exposed WAT=cWAT). Expressed as normalized miRNA abundance.
(∗) P<0.05, (∗∗) P <0.005, (∗∗∗) P<0.0005. The black horizontal bar is the median, the box shows the 25th–75th percentile, and whiskers
showmax andmin. (E) Principal component analysis ofmiRNA expression profiles by adipose depots defined inA, including cWAT. Sam-
ples are color-coded based on depot. (F ) Volcano plot of significantly differentially expressedmiRNAs (DESEQ2) between iBATand eWAT.
(Green) miRNAs enriched in iBAT relative to eWAT, (blue) miRNAs enriched in eWAT relative to iBAT. The most significantly differ-
entially expressed miRNAs are highlighted.
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disaggregation; as an additional resource, Supplemental
Table S5 shows a less stringent analysis using a valley
depth of 0.5).

Next, to identify peaks with depot-specific regulation
while accounting for differences in total AGO binding,
peaks enriched in iBAT or eWAT were subsetted from
geneswith equal levels of total tags, resulting in 226 genes
with eWAT-specific peaks, 122 genes with iBAT-specific
peaks, and 42 genes with both iBAT- and eWAT-specific
peaks (Fig. 2D; Supplemental Table S3). Among these
were several genes known to influence adipocyte metabo-
lism, including Pik3r1 (Fig. 2E) and Irs1 (Fig. 2F), both of
which are involved in insulin signal transduction. Interest-
ingly, miR-10b-5p is a highly expressed eWAT-enriched
miRNAthatbinds to peak1293 in Irs1, suggesting a poten-
tial role in promoting insulin resistance in visceral fat.

CLIP peak-score elucidates AGO-driven changes in RNA
steady-state levels across iBAT and eWAT depots

AGO regulation is just oneway inwhich a cell can control
gene expression in the setting of a dynamically changing
transcriptional profile. To account for changes in the tran-
scriptome, we normalized CLIP tags for transcript abun-
dance, allowing AGO targets to be ranked by relative
binding. We first performed RNA sequencing of eWAT
and iBAT tomeasure transcript abundance for each depot.
Next, we calculated a “CLIP score” to define AGO bind-
ing affinity at each peak site based on both cross-linked
events determined via CLIP and transcript abundance de-
termined via RNA-seq, as described previously (Sawicka
et al. 2019). We summarized CLIP tag density for each
peak (per replicate) and correlated it with transcript
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Figure 2. HITS-CLIP identifies differential AGO regulation in iBAT and eWAT depots. (A) PCA analysis of HITS-CLIP peaks from iBAT
and eWAT (15-wk-oldmalemice, twomice pooled per group, n =6 groups for BAT, n =3 groups for eWAT). (B) Genomic location of depot-
specific HITS-CLIP peak distribution by annotated region and depot, expressed as fraction of total peaks. (Shared) Peak is significant in
both iBAT and eWAT, (all) peak is significant when iBAT and eWAT reads are pooled before scanning for peaks. (C ) KEGG gene set en-
richment analysis of genes with iBAT- and eWAT-specific peaks (significant differential peak defined as |log2FC| > 1 and Padj < 0.05). (D)
Venn diagram depicting differential peak usage across depots. One-hundred-twenty-two genes contained iBAT-specific but no eWAT-spe-
cific peaks, 226 genes contained eWAT-specific but no iBAT-specific peaks, and 42 genes contained both iBAT- and eWAT-specific peaks.
(E,F ) Gene tracks of miRNA-dependent differentially regulated targets Pik3r1 (E) and Irs1 (F ) showing 3′ UTR-localized HITS-CLIP tags.
(Purple) Significant peaks called from aggregated reads, (red) significant peaks called from eWAT reads only, (teal) significant peaks called
from iBAT reads only. Scale for each gene track was normalized by the tallest peak.
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abundance (Supplemental Fig. S3A). We then used this to
generate a “CLIP peak score” for each binding site, which
quantifies AGO binding relative to all other transcripts of
comparable abundance (Supplemental Table S3). For each
CLIP replicate, a linear regression was fitted through a
plot of CLIP tags versus RNA-seq tags per million
(TPMs), and the position of each peak was determined rel-
ative to the fitted line. For a given peak, the greater the dis-
tance above the regression line, the higher the CLIP peak
score and the greater the inferred AGO binding.
Our study aims to characterize differential AGO regula-

tion across iBAT and eWAT depots. Therefore, we asked

how changes in AGO binding compare with changes in
mRNA abundance across these two depots. When we ex-
amined the relationship between CLIP peak score and
mRNAabundance,we found thatmanyof thehigh affinity
iBAT binding sites are in genes that are more highly ex-
pressed in iBAT relative to eWAT (Fig. 3A, quadrant I).
Likewise, a portion of high-affinity eWAT binding sites
are localized to mRNAs that are more highly expressed
in eWAT relative to iBAT (Fig. 3A, quadrant III). These rep-
resent depot-specific AGObinding sites likely linkedwith
transcriptional regulation. In addition to identifyingAGO-
regulated peaks with depot-specificity, we identified a
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Figure 3. CLIP peak score for predicting AGO-driven changes in RNA steady-state levels. (A) Difference in mRNA abundance (iBAT–
eWAT mRNA) plotted against difference in CLIP peak score (iBAT–eWAT) for AGO-binding sites. (Quadrant I) mRNA enriched in
iBAT and a higher iBATCLIP score than eWAT. (Quadrant II) mRNA enriched in eWAT and a higher iBATCLIP score than eWAT. (Quad-
rant III) mRNA enriched in eWAT and a higher eWAT CLIP score than iBAT. (Quadrant IV) mRNA enriched in iBAT and a higher eWAT
CLIP score than iBAT. (B) Bar plot of the top 20 miRNA families with 8-mer miRNA seed-matched sites in Ago peaks. (C,D) Dual-lucif-
erase assay validation conducted by cotransfecting HEK-293A cells with plasmid containing luciferase enzymes and either a scrambled
control miRNA or miR-29a. (Mut) Luciferase plasmid containing point mutations in seed sequence binding site. Lep 1 and Lep 2 refer to
themiR-29 binding sites in leptin. Luciferase/renilla luminescencewas normalized to scrambled control transfected cells and is presented
as a fold change (n =4). (E–G) iBAT miR-29a, leptin mRNA, and conditioned media (CM) leptin concentration from primary adipocyte
cultures transfected with a miR-29a mimic or a mutated miR-29 mimic (n=6). (H–J) eWAT miR-29a, leptin mRNA, and conditioned
media (CM) leptin concentration from primary adipocyte cultures transfected with a miR-29a mimic or a mutated miR-29 mimic (n=
6). (K–M ) iBAT miR-29a, leptin mRNA, and CM leptin concentration in primary adipocyte cultures transfected with a miR-29 LNA or
a scrambled LNA (n =6). (N–P) eWAT miR-29a, leptin mRNA, and CM leptin concentration in primary adipocyte cultures transfected
with a miR-29 LNA or a scrambled LNA (n =3). Results for C–P are presented as mean±SEM. Two-way ANOVA was used for miR-29a
to control comparisons in C and D and Student’s t-tests were used for comparisons in E–P. (∗) P<0.05, (∗∗∗) P< 0.0005, (∗∗∗∗) P <0.00005.
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subset of regulatory sites that display an increase in AGO
affinity in eWATdespite highermRNA levels in iBAT (Fig.
3A, quadrant IV), aswell as peakswith an increase inAGO
affinity in iBATdespite highermRNAlevels in eWAT (Fig.
3A, quadrant II; Supplemental Table S3).

To demonstrate the utility of our HITS-CLIP data set in
exploring specific miRNA:mRNA interactions, we first
identified miRNAs most responsible for regulating gene
expression in adipose tissue by ranking candidates by
high-confidence seedmatches (8-mer binding sites within
the top 1000 peaks) (Fig. 3B). Many of the top ranked can-
didates have been thoroughly studied in adipocytes, in-
cluding let-7 and miR-30 (Ventayol et al. 2014; Hu et al.
2015; Giroud et al. 2016a; Koh et al. 2018). For this reason,
we focused on miR-29, an abundantly expressed miRNA
that has been described previously as a regulator of the glu-
cocorticoid receptor (GR) in adipocytes (Glantschnig et al.
2019) but has otherwise not been well studied in fat cells
(our data show a miR-29 binding site in the iBAT GR,
but not eWAT). Among miR-29’s top binding sites, as
ranked by peak score, was a peak localized to the leptin
3′UTR (SupplementalTable S4).Additionally, a second se-
quence complementary to the miR-29 seed was identified
in the leptin 3′ UTR, distal to the first. To validate these
sites, miR-29a mimics were cotransfected into HEK-
293A cells with a dual luciferase plasmid containing
miRNA binding sites cloned into the 3′ UTR of firefly lu-
ciferase. Normalized luminescence was significantly de-
creased with miR-29a, but not a scrambled control, and
mutations introduced specifically within the miR-29-3p
seed sequencebinding siteswere sufficient to block this ef-
fect (Fig. 3C,D).

To assess the function of these binding sites, we trans-
fected primary adipocytes with a miR-29a mimic. Seven-
ty-two hours post-transfection, miR-29a-3p levels were
substantially increased in both brown and white adipo-
cytes (Fig. 3E,H). LeptinmRNA levels correspondingly de-
creased by 40% in brown adipocytes (P= 0.0054) and 80%
in white adipocytes (P< 0.00001), relative to cells trans-
fected with a mutated miR-29a mimic (Fig. 3F,I). Leptin
secretion from primary adipocytes was lower than that
from adipocytes in vivo; however, the conditioned media
(CM) of primary fat cells contained a sufficient amount
of leptin to be detected by ELISA. We observed a 50%
decrease in leptin protein in CM from both brown and
white adipocytes (Fig. 3G,J).Asanalternativegain-of-func-
tion approach, primary cells were transduced with an ade-
novirus expressing miR-29a or a scrambled miRNA
control. Consistent with themiRNAmimic experiments,
an increase inmiR-29a caused a 50%–60%decrease in lep-
tin mRNA (Supplemental Fig. S3B,E). Next, primary cells
were transfected with a locked nucleic acid (LNA) to
knock down endogenous miR-29a-3p. Both primary
iBAT and eWAT adipocytes showed a significant decrease
in miR-29a-3p levels (Fig. 3K,N) and corresponding in-
creases in leptin mRNA of 55% (P= 0.015) and 90% (P=
0.044), respectively (Fig. 3L,O). In CM from both brown
andwhite adipocytes, secreted leptin protein significantly
increased in parallel with leptin mRNA (Fig. 3M,P). For
each experiment, RNA levels of the general adipocyte dif-

ferentiation markers Pparg2, Adipoq, and Ap2 were mea-
sured. The expression of these differentiation-dependent
genes was modestly increased in adipocytes transfected
with miRNA mimics (Supplemental Fig. S3F,G), consis-
tent with previous reports that miR-29 promotes adipo-
genesis in human cells (Zhang et al. 2016). Importantly,
leptin levels decreased in mimic-transfected cells despite
the increase in markers of differentiation. Adenoviral
gain-of-function andLNA-based loss of functiondidnot al-
termarkersof adipocytedifferentiation (Supplemental Fig.
S3H–K).

In obese mice and humans, leptin mRNA and circulat-
ing protein are generally increased compared with lean
controls, in proportion to body fat mass (Frederich et al.
1995; Maffei et al. 1995). We hypothesized that miR-29
levels would be inversely correlated with adiposity in
models of obesity. Mice fed a HFD for 15 wk were 60%
heavier than chow-fed controls (Fig. 4A) and had a fourfold
increase in leptin mRNA in iBAT (basal levels of leptin in
iBAT are very low), a 12-fold increase in eWAT, and an
eightfold increase in serum leptin (Fig. 4B,C). miR-29a-3p
levels were correspondingly reduced by ∼30% in iBAT
(P = 0.027) and 60% in eWAT (P< 0.00001) (Fig. 4D). To
confirm our findings, we next measured miR-29a abun-
dance in a genetic model of obesity. Ob/ob mice were
hyperphagic and obese relative to littermate controls
(Fig. 4E) due to anonsensemutation in the leptin coding se-
quence that led tohigh levels of leptinmRNA,butno func-
tional protein (Fig. 4F,G). miR-29a in iBAT and eWAT of
these mice was reduced by 24% (P= 0.017) and 31% (P =
0.011), respectively (Fig. 4H).Wealso considered the possi-
bility that circulating leptin levelsmight regulatemiR-29a
expression. To that end, 60-d-old ob/obmice were treated
with recombinant leptin (300 ng/hvia osmoticminipump)
for 2d.Tocontrol for leptin’s effects on food intake, a group
of ob/obmicewas treatedwith PBS and pair-fed to the lep-
tin-treated group. After 2 d, both groups of animals lost a
comparable amount of weight (Supplemental Fig. S4A,B).
We found no significant change inmiR-29a abundance be-
tween these groups in iBAT or eWAT (Fig. 4I,J).

Human miR-29a-3p is identical in sequence to murine
miR-29a-3p, and human leptin contains two TargetScan-
predicted binding sites (Agarwal et al. 2015) that are mod-
eratelywell conservedwith those inmice (Fig. 4K). IfmiR-
29a-3p serves as a physiologically relevant regulator of
leptin in humans, our findings suggest that miR-29a-3p
should be reduced in obese patients. Indeed, previously
published work demonstrated that in a cohort of 66 men
and women, ranging from lean to obese, miR-29a-3p in
visceral and subcutaneous WAT is negatively correlated
with BMI (Glantschnig et al. 2019). A second human study
found an increase in miR-29a-3p in subcutaneous WAT
from 19 obese individuals following diet- and exercise-
induced weight loss (Kristensen et al. 2017).

Discussion

In conclusion, we have conducted the first comprehensive
biochemical mapping of miRNA:mRNA binding in white
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and brown adipose tissue, providing an easily accessible
resource for future studies. The stark phenotypic differ-
ences between iBAT and eWAT are mirrored by highly
divergent miRNA expression profiles (Fig. 1E,F) and by
AGO/miRNA regulatory behavior (Fig. 2C,D). iBAT-spe-
cific peaks indicate a role for miRNAs in controlling the
citric acid cycle and thermogenesis, two pathways known
to display significant heterogeneity across adipose depots
(Rosen and Spiegelman 2014), suggesting that miRNAs
may be important contributors to these phenotypic differ-
ences. Similarly, many eWAT-enriched peaks belong to
the PI3K-Akt and insulin signaling pathways, consistent
with eWAT being more prone to exhibiting insulin resis-
tance (Hardy et al. 2012).
To further increase the utility of our data, we com-

bined HITS-CLIP with mRNA-seq data to generate
peak scores, which reflect AGO:mRNA affinity and al-
low for a ranking of miRNA targets (Fig. 3A). Compari-
sons between iBAT and eWAT revealed a number of
peaks with peak scores that were the inverse of mRNA
steady-state levels, indicative of depot-specific regulation
(Fig. 3A). For example, our data show that Lpl, an eWAT-
enriched gene that plays a central role in lipolysis, is
more strongly bound by AGO in iBAT. In total, the
1079 peaks with inverse peak score/mRNA levels pro-
vide a rich source of previously unexplored, depot-specif-
ic interactions (Supplemental Table S3) that will serve as

a valuable tool for future investigations into adipose tis-
sue biology.
Finally, we focused our attention on the miR-29:leptin

interaction to illustrate the functionality of the HITS-
CLIP data set. While lncRNAs have been shown to modu-
late leptin expression (Lo et al. 2018; Dallner et al. 2019),
much of leptin’s regulatory control remains unexplored.
Our data describe miR-29 as a novel post-transcriptional
regulator of leptin. These findings complement the pre-
viously described role of miR-29 in controlling mammali-
an metabolism, acting in the liver, heart, pancreas, and
other organs (Pullen et al. 2011; Kurtz et al. 2015; Caravia
et al. 2018). In addition to the leptin-miR-29 interaction,
our data provide thousands of high-affinity miRNA:
mRNA associations, demonstrating the power of HITS-
CLIP in identifying novel regulatory relationships in adi-
pose tissue and providing a valuable resource for future
discovery.

Materials and methods

Mouse experiments

Animal studieswere performed according to procedures approved
by the Institutional Animal Care and Use Committee at the
Rockefeller University. Unless stated otherwise, all mice were
males purchased from The Jackson Laboratory and on the
C57BL/6 background, including ob/ob (stock no. 000632), WT

E F

BA C D

I

K

J

G H

Figure 4. miR-29a and leptin levels are in-
versely correlated in obese mice. (A–D),
Twenty-one-week-old HFD versus chow
mouse (n=6) body weights (A), leptin
mRNA (B), serum leptin (C ), and miR-29a
levels (D). (E–H) Nine-week-old ob−/− ver-
sus ob+/−mouse (n =9) bodyweights (E), lep-
tin mRNA (F ), serum leptin (G), and miR-
29a levels (H). (I,J) miR-29a levels in iBAT
(I ) and eWAT (J) from ob/ob mice treated
with leptin or saline (PBS) and pair-fed to
mice treated with recombinant leptin (n=
3 for PBS treatment, n =4 for leptin treat-
ment). (K ) miR-29 binding seed sites (red)
within the leptin 3′ UTR in mice and hu-
mans; the number in parentheses indicates
location fromstart of the 3′ UTR.All results
are presented as mean±SEM. Two-way
ANOVA was used for leptin mRNA and
miR-29a comparisons in B, E, F, and H and
Student’s t-test was used for all other com-
parisons. (∗) P<0.05, (∗∗) P <0.005, (∗∗∗∗) P<
0.00005).
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(stock no. 000664), and high-fat diet (HFD)-fed mice (stock no.
380050). Controls for ob/ob mice were heterozygous littermates.
Mice were group housed at five mice per cage (four for HFD) and
maintained on 12-h light:dark cycles at 23°C. HFDmice were fed
a diet composed of 60% dietary fat (Research Diets D12492) from
6wk of age. All other animals weremaintained on a chow diet, ad
libitum. Mice chronically exposed to cold were individually
housed at 4°C and closely monitored by laboratory personnel.
For leptin experiments, 8.5-wk ob/ob singly housed female
mice were treated with recombinant leptin (R&D 498OB05M)
at 300 ng/h (ALZET osmotic minipump #2002) for 2 d (n=4).
The control group (n =3) of ob/ob mice was treated with PBS
and pair-fed to the leptin-treated group.

CLIP sequencing

iBAT and eWAT tissues were dissected from 15-wk-old male
C57BL/6J mice and immediately flash-frozen in liquid nitrogen.
Frozen iBAT and eWAT pairs were then pooled into groups of
two, ground with a tissue pulverizer (Cellcrusher), and cooled
in liquid nitrogen. Frozen samples were spread to a thin layer
on Petri dishes precooled on dry ice and UV cross-linked three
times at 400 mJ/cm2 using a Stratalinker 2400 (Stratagene). All
samples were stored at −80°C until tissue lysis.
For each sample, 400 μL of protein A Dynabeads (Invitrogen)

was pooled, then prepared by washing three times with 1 mL of
antibody binding (AB) buffer (AB; PBS, 0.02% Tween). Following
the final wash, beads were resuspended in 400 μL of AB per sam-
ple, 50 μL of rabbit anti-mouse bridging antibody (Jackson Immu-
noResearch 315005008) was added, and beads were rotated for 1 h
at room temperature. Beads were then washed three times with 1
mL of AB, resuspended in AB, and incubated for 2 h at room tem-
perature with either 12 μL of pan-Ago antibody (clone A28)
(Moore et al. 2014), or 12 μL ofmouse normal IgG (SantaCruz Bio-
technology sc-2343).
Tissue pellets were lysed with 800 μL of lysis buffer (PXL[1×

PBS, 0.1% SDS, 0.5% Na-DOC, 0.5% NP-40], RNase inhibitor
[Promega N2615, one Complete EDTA-free protease inhibitor
cocktail tablet [Roche 11873580001] per 10 mL) and subjected
to DNase treatment (24407355), using 30 μL of DNase (Promega)
and incubated by shaking at 1100 rpm for 5min at 37°C. Samples
were then centrifuged at 20,000g for 20 min, and a needle was
used to withdraw 800 μL of aqueous protein lysatewhile avoiding
the lipid layer and pellet. Lysates were then treatedwith 20U/mL
RNaseA (Affymetrix), first diluted to the indicated concentration
by volume (e.g., 1:100 for “high RNase,” or 1:10,000 for “low RN-
ase”) in lysis buffer and then added at 8 μL/mL of lysate. Then
samples were digested by shaking at 1100 rpm for 5 min at 37°
C. Following RNase digestion, samples were added directly to
prepared antibody-bound beads and rotated for 3 h at 4°C.
After IP, the followingwashes were performed: twicewith lysis

buffer, twice with high-salt lysis buffer (5× PBS, 1% Igepal, 0.5%
deoxycholate, 0.1% SDS), twice with stringent wash buffer (15
mM Tris at pH 7.5, 5 mM EDTA, 2.5 mM EGTA, 1% Triton X-
100, 1% NaDOC, 0.1% SDS, 120 mM NaCl, 25 mM KCl), twice
with high-salt wash buffer (15 mM Tris at pH 7.5, 5 mM EDTA,
2.5 mM EGTA, 1% Triton X-100, 1% NaDOC, 0.1% SDS, 1 M
NaCl), twice with low-salt wash buffer (15 mM Tris at pH 7.5,
5 mM EDTA), and twice with PNK wash buffer (50 mM Tris at
pH 7.4, 10 mM MgCl2, 0.5% NP-40). The second of each wash
was rotated for 2–3 min at room temperature. Tags were dephos-
phorylated as described (Moore et al. 2014) and subjected to over-
night 3′ ligation at 16°C with a preadenylated linker (Moore et al.
2018) with the following ligation reaction: 2 μL of 25 uM linker, 2
μL of T4 RNA ligase 2, truncated K227Q (NEB), 1× ligation buffer

(supplied with ligase), 2 μL of superasin RNase inhibitor (Prom-
ega), and 8 μL of PEG8000 (supplied with ligase). The resulting
beads were washed, 32P-labeled, and subjected to SDS-PAGE
and transfered as described (Moore et al. 2014).
Tags were collected from nitrocellulose using phenol:chloro-

form:IAA (25:24:1 at pH 6.6) and tags were precipitated with a
standard NaOAC precipitation. Cloning was performed using
the BrdU-CLIP protocol as described (Moore et al. 2018) with a
few exceptions. Briefly, the RT primer contained a 14-nt degener-
ate linker (a 3-nt degenerate sequence, a 4-nt multiplexing index,
and a 7-nt uniquemolecular identifier), a 5′ linker for PCR ampli-
fication, a spacer to prevent rolling circle amplification after
circularization, and the reverse complementary sequence of the
3′ linker for reverse transcription. BrdUTP-labeled cDNA was
specifically isolated via two sequential BrdUTP immunoprecipi-
tations (with Abcam AB8955) and circularized with CircLigase II
(Epicenter CL9025K). Ago-CLIP libraries were sequenced by
MiSeq (Illumina) to obtain 75-nt single-end reads.

CLIP data analysis (CTK)

Sequencing files were demultiplexed (barcode.txt), linkers were
trimmed, and reads were collapsed. Reads were aligned to
mm10 genome assembly usingNovoalign. All rawCLIP read pro-
cessing and significant peak calling were performed using the
CTK software package (Shah et al. 2017). CLIP peaks and CIMS
analysis was carried out as previously described (Moore et al.
2014).

CLIP data analysis (in R)

CLIP peak and unique tag output files were analyzed in R (Chan
2018) using Bioconductor (Gentleman et al. 2004).

RNA sequencing

FormiRNA-seq, total RNAwas extracted from fat pads of 13-wk-
oldC57BL/6Jmalemice housed at room temperature and from in-
guinal fat pads of 13-wk-old mice housed for 1 wk at 4°C prior to
sacrifice. Following extraction, RNAwas pooled into three groups
of three mice for iWAT, eWAT, iBAT, aWAT, and cWAT fat
(mWATwas not pooled). The TruSeq small RNA library prepara-
tion kit (Illumina) was used to prepare libraries for sequencing,
which was performed by LC Sciences on an Illumina Hiseq
platform.
For mRNA-seq, iBAT and eWAT tissue was dissected from 15-

wk-old C57BL/6J male mice and immediately flash-frozen in liq-
uid nitrogen (dissected from the same cohort of mice used for
HITS-CLIP). RNA was extracted and pooled into groups of two,
a library was prepared using the Illumina TruSeq stranded total
RNA library preparation kit, and sequencing was performed on
an Illumina NextSeq 500.

Primary adipocyte culture

Primary adipocytes were isolated from 6-wk-old male C57BL/6J
eWAT and iBAT adipose depots. Dissected adipose depots were
incubated in 10 mL of digestion buffer for 16 min (eWAT) or 40
min (iBAT) in a 37°C shaking water bath (140 rpm). iBAT diges-
tion buffer was prepared as follows: 15mg of collagenase B (Roche
11088831001) was dissolved in 5 mL of 2× master mix consisting
of 125 mM NaCl, 5 mM KCl, 1.3 mM CaCl2, 5 mM glucose, 1%
penicillin-streptomycin, 4%BSA inH2O, and 5mL of PBS. eWAT
digestion buffer was prepared as follows: 100mg of collagenase D
(Roche 11088882001) was dissolved in a solution of 10mL of PBS,
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200 μL of 120mg/mLdispase II (Roche 04942078001), and 40 μL of
2.5 M CaCl2. Following digestion, the stromal vascular fraction
was isolated by centrifugation and filtration at 100 μm and 70
μm, then plated in 12-well collagen-coated plates.
All primary adipocyte cultures were maintained at 37°C with

10% CO2. Prior to differentiation, iBAT cells were cultured in
GlutaMAX media (Gibco 10565) supplemented with 10% FBS
and 1% penicillin-streptomycin and eWAT cells were cultured
in ITS media (ITS media: 56.65% 1 g/L glucose DMEM
[Gibco11885-084], 37.65% 1× MCDB210 at pH 7.25 [Sigma
M6770], 2% FBS, 2% ITS premix [Corning 354352], 1% 10 mM
L-ascorbic acid 2-phosphate in DMEM, 0.01% 100 μg/mL bFGF
BD Bio 13256-029], 0.5% penicillin-streptomycin, 0.2% primo-
cin). Following induction of differentiation, iBAT cells and
eWAT cells were cultured in GlutaMAX media.
When iBAT preadipocytes reached 100% confluency and

eWAT preadipocytes reached 95% confluency, differentiation
was induced using a standard cocktail of 0.5 mM IBMX, 1 mM
dexamethasone, 850 nM insulin, and 1 mM rosiglitazone dis-
solved in GlutaMAX media. After 48 h, media was replaced
with fresh media containing only 850 nM insulin and 1 mM rosi-
glitazone and after 96 hmediawas replaced with freshmedia con-
taining only insulin.

Dual-luciferase assays

5′-phosphorylated oligonucleotides containing predicted binding
sites of miR-29 target genes, 6 bp of flanking DNA, and SacI/XhoI
restriction site overhands were annealed then ligated into the
dual luciferase reporter plasmid (Promega E1960). Formutated se-
quences, three to four points were induced in the miR-29a seed
binding site using the Q5 site-directed mutagenesis kit (NEB
E0554S). Twenty nanograms of recombinant dual-luciferase plas-
mid and 6 pmol of either miR-29a mimic or scrambled control
weremixedwith 100 μL of Opti-MEMcontaining 1 μL of lipofect-
amine RNAiMax (Invitrogen 13778) in 24-well plates. Reverse
transfection was initiated by adding 90,000 HEK-293A cells/
well in 500 μL. After 48 h, firefly activity was measured by lumi-
nescence and normalized to Renilla activity.

LNA and miRNA mimic transfections

All cells were transfected on 12-well plates 4 d after inducing dif-
ferentiation. For each well, 3 μL of 10 μMdouble-strandedmature
miRNA mimic (Dharmacon) or 20 μM LNA (Qiagen) was mixed
with 3 μL of lipofectamine RNAiMAX in 100 μL of Opti-MEM re-
duced serummedia and added to cells following a 15-min incuba-
tion. RNA was collected in TRIzol (Invitrogen) 72 h after
transfection.

RNA extraction, reverse transcriptase PCR, and quantitative PCR

RNAwas extracted from tissues and cells using a TRIzol (Invitro-
gen)/chloroform extraction, followed by purification with
RNeasy mini kits (Qiagen). To retain small RNAs during RNA
purification, 1.5× volumes of 100% ethanol was used to precipi-
tate RNA prior to column loading and RW1 buffer was substitut-
ed with RWT (Qiagen). For cDNA synthesis of mRNAs, the
Applied Biosystems high-capacity cDNA synthesis kit was used
with 1 μg of purified RNA. For cDNA synthesis of miRNAs, re-
verse transcription using the universal primer 5′-CAGGTCC
AGTTTTTTTTTTTTTTTVN-3′ was used as previously report-
ed (Balcells et al. 2011). qPCR for both mRNAs and miRNAs
was performed on a QuantStudio 6 Flexmachine (Applied Biosys-
tems) using SYBR Green fluorescent dye (Applied Biosystems).

qPCR reactions were carried out in 384-well plates with a volume
of 10 μL containing 0.5 μM forward and reverse primers, 1× qPCR
master mix, and 5 ng of mRNA-based cDNA or 1 ng of miRNA-
based cDNA. MiRprimer2.0 was used to design primers for
miRNA qPCR (Busk 2014).

Leptin ELISA

Amouse leptin ELISA kit (Crystal Chem90030) was used tomea-
sure leptin concentrations in serum (5 μL per assay) or CM (100 μL
per assay) according to the manufacturer’s instructions.

Data availability

All raw data fromHITS-CLIP andmRNA/miRNA sequencing are
available through the Gene Expression Omnibus (GSE142677).

Notes on statistical analyses

All measurements and analyses were performed using distinct
samples. All t-tests were two-tailed with an assumption of nor-
mality. Significance cutoffs for HITS-CLIP tag differential com-
parisons (tags per gene and tags per peak) were adjusted for
multiple comparisons.
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