miR-26 suppresses adipocyte progenitor
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targeting FbxI19
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Fat storage in adult mammals is a highly regulated process that involves the mobilization of adipocyte progenitor
cells (APCs) that differentiate to produce new adipocytes. Here we report a role for the broadly conserved miR-26
family of microRNAs (miR-26a-1, miR-26a-2, and miR-26b) as major regulators of APC differentiation and adipose
tissue mass. Deletion of all miR-26-encoding loci in mice resulted in a dramatic expansion of adipose tissue in adult
animals fed normal chow. Conversely, transgenic overexpression of miR-26a protected mice from high-fat diet-
induced obesity. These effects were attributable to a cell-autonomous function of miR-26 as a potent inhibitor of APC
differentiation. miR-26 blocks adipogenesis, at least in part, by repressing expression of FbxI19, a conserved miR-26
target without a previously known role in adipocyte biology that encodes a component of SCF-type E3 ubiquitin

ligase complexes. These findings have therefore revealed a novel pathway that plays a critical role in regulating
adipose tissue formation in vivo and suggest new potential therapeutic targets for obesity and related disorders.
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MicroRNAs (miRNAs) comprise a class of diverse ~21- to
23-nt noncoding RNAs that were first discovered in C. ele-
gans and subsequently found to regulate the expression of
a large fraction of metazoan mRNAs (Krol et al. 2010; Bar-
tel 2018). Encoded either within the introns of protein-
coding genes or transcribed under the control of their
own promoters, miRNAs are produced through a defined
processing pathway involving sequential endonuclease-
mediated cleavages by the RNase Il enzymes DROSHA
and DICER (Ha and Kim 2014). After maturation,
miRNAs are loaded into a member of the Argonaute
(AGO) family of proteins, which they guide to sites of par-
tial complementarity predominantly within the 3’ UTRs
of target mRNAs, resulting in accelerated deadenylation,
increased turnover, and reduced translation (Jonas and
Izaurralde 2015; Gebert and MacRae 2019). Through the
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regulation of extensive target repertoires, miRNAs broad-
ly impact mammalian development and physiology,
while miRNA dysfunction has been causatively linked
to several human diseases including cancer and cardiovas-
cular disease (Bartel 2009; Mendell and Olson 2012).
Obesity, and associated metabolic abnormalities such
as Type 2 diabetes represent a growing public health crisis
in Western nations due to the association with cardiovas-
cular disease and all-cause mortality (Martin et al. 2015).
Several studies have uncovered important roles for
miRNAs in regulating obesity-associated metabolism
due to their ability to modulate cellular responses to die-
tary and metabolic cues such as cholesterol, glucose, and
insulin (Najafi-Shoushtari et al. 2010; Rayner et al. 2010;
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Dooley et al. 2016). A fundamental characteristic of obesi-
ty is the uncontrolled expansion and accumulation of
white adipose tissue (WAT) (Berry et al. 2013). In addition
to storing energy during times of caloric surplus, WAT
functions as a critical node in the regulation of systemic
metabolism by secreting signaling proteins and lipids
that influence key physiologic responses such as appetite,
glucose homeostasis, and immune responses (Deng and
Scherer 2010; Blither 2014). Under obesogenic conditions,
pre-existing adipocytes expand to accommodate excess
nutrients in the form of triglycerides. Additionally, new
adipocytes are generated from a proliferative population
of adipocyte progenitor cells (APCs) that localize to the
WAT vasculature where they resemble mural cells.
APCs can be distinguished from other nonadipogenic mu-
ral cells due to their expression of the master regulator of
adipogenesis, peroxisome proliferator-activated receptor y
(PPARy2) (Tontonoz et al. 1994; Wu et al. 1999; Rosen
and MacDougald 2006; Tontonoz and Spiegelman 2008).
Genome-wide profiling has revealed that PPARy2 occu-
pies the promoters of numerous adipogenic genes to drive
adipogenesis and terminal differentiation (Lefterova et al.
2008; Nielsen et al. 2008). While the transcriptional
hierarchy that drives APC mobilization and adipogenesis
has been extensively characterized, the importance of
miRNA-mediated regulation in this process remains un-
clear. Further insight into the functions of miRNAs within
this lineage would illuminate our understanding of adipo-
cyte development and function, and might reveal new
therapeutic approaches to counteract obesity.

The miR-26 family (miR-26a-1, miR-26a-2, and miR-
26b in mammals) represents a highly conserved family
of vertebrate miRNAs that have been implicated in a
broad array of developmental and physiological functions,
including neuronal differentiation (Dill et al. 2012), mus-
cle development (Dey et al. 2012; Icli et al. 2013), and he-
patic glucose and lipid metabolism (Fu et al. 2015). In
addition, miR-26 family members have been implicated
as tumor suppressors in multiple types of cancer, includ-
ing hepatocellular carcinoma (Ji et al. 2009; Kota et al.
2009) and colorectal cancer (Zeitels et al. 2014). Despite
the extensive prior investigation of the functions of these
miRNAs, however, our understanding of their importance
in mammalian development and physiology has been lim-
ited by the difficulty in studying the consequences of miR-
26 loss-of-function in vivo. The three ubiquitously ex-
pressed and likely redundant mammalian miR-26 family
members are produced from unlinked loci, which has de-
terred previous efforts to produce complete miR-26
knockout mice.

In this study, we report the application of CRISPR/
Cas9-mediated genome editing to generate mice lacking
all miR-26 family members. Although analysis of these
animals showed that these miRNAs are dispensable for
overtly normal development, a critical role for miR-26
as a physiologic suppressor of adult adipogenesis was un-
expectedly revealed. miR-26 triple knockout (TKO) mice
exhibit excessive fat production due to precocious differ-
entiation of APCs. Furthermore, we provide evidence
that regulation of APC differentiation by miR-26 is medi-
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ated, at least in part, by repression of FbxI19, a novel miR-
26 target that encodes a component of SCF family E3 ubiq-
uitin ligase complexes. Together, these results reveal a
new pathway that regulates adipogenesis and uncover po-
tential therapeutic targets for obesity.

Results

Global Ioss of miR-26 results in excess body fat
and dyslipidemia

To investigate the role of miR-26 in mammalian physiol-
ogy in vivo, CRISPR/Cas9-mediated genome editing was
used to generate mice lacking all miR-26 family members.
In both mouse and human genomes, all three miR-26 fam-
ily members reside in the introns of genes coding for Car-
boxy-terminal domain RNA polymerase II polypeptide A
small phosphatase (CTDSP) proteins (Supplemental Fig.
S1A), an organization conserved to zebrafish (Dill et al.
2012). Due to the nearly identical sequences of miR-26a
and miR-26b, as well as their broad expression in mouse
tissues (Fig. 1A; Supplemental Fig. S1B,C), these miRNAs
most likely function redundantly. We therefore designed
single guide RNAs (sgRNAs) targeting each miRNA, tak-
ing advantage of a protospacer adjacent motif (PAM) near
the seed sequence (Fig. 1A). Despite a high degree of se-
quence similarity, the individual sgRNAs did not exhibit
detectable cross-targeting of the other miR-26 loci when
introduced into embryonic stem (ES) cells (Supplemental
Fig. S2A.

miR-26-targeting sgRNAs, together with Cas9 mRNA,
were co-injected into fertilized C57BL/6 oocytes, result-
ing in the generation of insertion/deletion mutations
at all three genomic loci (miR-26a-1, miR-26a-2, and
miR-26b). Alleles with small deletions that removed the
5 end of each miRNA, including the seed sequences
(Fig. 1A), were propagated and combined by standard
breeding to yield the total knockout, hereafter referred
to as miR-26 triple-knockout (TKO) mice. Initial analyses
revealed that miR-26-TKO mice were born at the expected
Mendelian ratio, were fertile, and displayed no overt phe-
notype at weaning (Supplemental Fig. S2B,C; data not
shown). Quantitative RT-PCR (qRT-PCR) confirmed the
loss of miR-26a and miR-26b expression in multiple tis-
sues (Supplemental Fig. S2D,E). Additionally, the deletion
mutations did not affect expression of the miR-26 host
transcripts (Supplemental Fig. S2F-H).

A careful examination of young adult mice revealed
that while most tissues appeared indistinguishable be-
tween wild-type and miR-26-TKO mice, both male and
female knockout animals exhibited an approximately
twofold to threefold increase in white adipose tissue
(WAT) (Fig. 1B,C; Supplemental Fig. S3A). An intermedi-
ate phenotype was observed in mice lacking five out of
six miR-26 alleles (hereafter referred to as 5/6-KO mice,
which harbor only a single intact allele of miR-26a-2). His-
tologic analysis of WAT demonstrated an absence of adi-
pocyte hypertrophy in TKO mice (Fig. 1D, top panels),
suggesting that the expansion of fat depots was a conse-
quence of excessive production of adipocytes.
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Figure 1. miR-26-TKO mice have excess body fat and dyslipidemia. (A) Sequences of mouse miR-26a-1, miR-26a-2, and miR-26b geno-

mic loci and deletion alleles generated using CRISPR/Cas9. Protospacer adjacent motif (boxed rectangle), miRNA seed region (red) and
sgRINA sequence used for targeting (Cas9 targeting site) are shown. (B) Relative weights of isolated fat depots and major organs from 3-
mo-old male mice of the indicated genotypes fed standard chow, normalized to wild type (n=6 mice per genotype). 5/6-KO denotes
mice with five of the six miR-26 alleles knocked out with only one wild-type copy of miR-26a-2 intact. (TKO) Triple knockout mice.
Fat depots: (IGW) Iguinal; (ISCW) interscapular; (PGW)| perigonadal; (RPW) retroperitoneal; (MWAT) mesenteric; (BAT) brown adipose tis-
sue. (C) Representative whole-mount images of subcutaneous and visceral white fat depots of mice from B. (D) Representative H&E
stained sections of IGW (top panels) and liver (bottom panels) from mice of the indicated genotypes. Scale bars, 100 uM. (E) Relative
weights of isolated fat depots and major organs from postnatal day 10 male mice (n=4-6 mice per genotype). No significant differences
were noted at this time point. (F) Fat content of male mice at indicated ages measured by whole body NMR (n =6 mice per genotype,
per timepoint). (G,H) Serum triglycerides (G) and cholesterol (H) in 3-mo-old male mice (n =6 mice per genotype). For panels B and E-
H, data are represented as mean = SD. (*) P<0.05; (**) P<0.01; (***) P<0.001, calculated using two-tailed t-test.

Adipocytes are generated from progenitor populations
through distinct developmental and adult phases of adipo-
genesis. While developmental progenitors are primarily
responsible for producing a defined number of adipocytes
during embryogenesis, adult adipocyte progenitors re-
spond to a variety of environmental and dietary cues
such as high-fat diet to produce new adipocytes when
increased energy storage is required (Jiang et al. 2014;
Wang et al. 2015). In order to determine which phase of
adipogenesis is responsible for the increase in WAT in
miR-26-TKOs, we first analyzed mice at postnatal day
10 (P10), a time-point at which WAT is predominantly

derived from developmental progenitors. No difference
in WAT mass between wild-type and TKO mice was
detectable at this age (Fig. 1E; Supplemental Fig. S3B). In
contrast, young adult TKO mice, starting as early as
5 wk of age, exhibited a clear and progressive increase in
whole body fat content (Fig. 1F; Supplemental Fig. S3C),
suggesting excessive activation of the adult adipogenesis
program despite a diet of normal mouse chow. Moreover,
serum analysis indicated that TKO mice were dyslipi-
demic, with elevated levels of serum triglycerides (Fig.
1G; Supplemental Fig. S3D) and cholesterol (Fig. 1H; Sup-
plemental Fig. S3E). Despite producing excess WAT, TKO
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mice did not exhibit liver steatosis (Fig. 1D, bottom pan-
els), glucose intolerance (Supplemental Fig. S3F-I), or an
increase in overall body weight (Supplemental Fig. S3]J,
K). Furthermore, metabolic cage studies demonstrated
that wild-type and TKO mice had similar food intake,
physical activity, and energy consumption, as indicated
by oxygen consumption and carbon dioxide production
(Supplemental Fig. S4A-D). Thus, these data support a
previously unrecognized role for miR-26 as a physiologic
suppressor of adult adipogenesis.

miR-26a overexpression protects mice from diet-induced
obesity

Given the significant expansion of WAT in miR-26-TKO
mice, we hypothesized that this miRNA family may
function as a rheostat to control fat production in adult
animals. To further test this model, we took advantage
of a previously described transgenic mouse line with dox-
ycycline (dox)-inducible miR-26a expression (Fig. 2A,
M2rtTA; eGFP.miR-26a mice) (Zeitels et al. 2014) to
determine whether enforced expression of this miRNA

could suppress WAT expansion in adult mice. High fat
diet (HFD) is a potent stimulant of APC differentiation
and resultant de novo adipocyte production (Joe et al.
2009; Wang et al. 2013b; Jeffery et al. 2015; Vishvanath
et al. 2016). As expected, control mice (M2rtTA only)
fed a HFD for 12 wk exhibited significant weight gain
and an overall total body fat content close to 40% (Fig.
2B,C). In contrast, mice with global overexpression of
miR-26a were strongly resistant to weight gain and
HFD-induced WAT expansion (Fig. 2B-E). Notably, de-
spite a substantial reduction in total fat mass, hepatic
lipid storage was not altered in HFD-fed miR-26-overex-
pressing mice (Fig. 2D; data not shown). We also note
that an apparent decrease in pancreas weight in
miR-26a overexpressing animals (Fig. 2D) was most likely
due to a reduction in contaminating visceral adipose tis-
sue in dissected pancreata from these mice. In addition
to lower overall body fat, HFD-fed miR-26a transgenic
mice exhibited lower serum glucose and lipid levels com-
pared with controls (Fig. 2F-I). Thus, enforced miR-26a
expression protected against the adipogenic and metabol-
ic effects of HFD.
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Figure 2. Global overexpression of miR-26a protects mice from HFD-induced obesity. (A) Schematic of the dox-inducible mR-26a trans-
gene (eGFP.miR-26a) (Zeitels et al. 2014). TRE, Tetracycline-response element; pA, poly(A) signal. (B) Body weight of double transgenic
(M2rtTA; eGFP.miR-26a, abbreviated M2rtTA-26a) and control (M2rtTA only, abbreviated M2rtTA) male mice (n=6-8 per genotype) on
dox and HFD for 12 wk. M2rtTA-26a and M2rtTA male transgenic mice were switched to dox-containing water (2 mg/mL) at 6 wk of age.
Two weeks later, HFD was initiated and body weight was recorded weekly. (C) Whole body fat content of mice in B after 12 wk on HFD
analyzed by NMR. (D) Relative weights of isolated fat depots and major organs from mice from B after 12 wk on HFD. (E) Representative
images of isolated subcutaneous (IGW) and visceral (PGW and RPW) fat depots from mice of the indicated genotypes from B. (F-I) Blood
glucose (F), serum triglycerides (G), cholesterol (H), and nonesterified free fatty acids (I) in mice from B after 12 wk on HFD. Data presented
in B-I are part of the same experiment and representative of three independent experiments. Data represented as mean = SD. (*) P <0.05;

(**) P<0.01; (***) P<0.001, calculated using two-tailed t-test.
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To test whether miR-26a overexpression could also pro-
tect mice from weight gain on normal chow, control and
transgenic mice were analyzed after 1 yr of dox adminis-
tration. Similar to the results obtained after feeding a
HFD, miR-26a transgenic mice on normal chow gained
less weight, exhibited less total body fat, and displayed
dramatically smaller fat depots than control animals (Sup-
plemental Fig. S5A-E). Together with the loss-of-function
studies, these results demonstrate that miR-26 levels dic-
tate the extent of fat production in adult mice.

miR-26 regulates adipogenic differentiation in vitro

These initial studies used animal models with global miR-
26 loss- and gain-of-function. In order to investigate
whether this miRNA family functions intrinsically with-
in the adipocyte lineage to control adipogenesis, multiple
experimental strategies were pursued. First, we confirmed
that miR-26 is expressed within APCs. The stromal vas-
cular fraction (SVF) of WAT, obtained by enzymatic disso-

miR-26 regulates adipogenesis

ciation of adipose depots that have been depleted of
mature adipocytes, constitutes a heterogenous mixture
of mural cells, endothelial cells, immune cells, and
APCs. Fluorescence-activated cell sorting (FACS) was
used to isolate APCs from the SVF of Adipotrak mice
(Pparg-tTA; TRE-H2B-GFP), in which Pparg-expressing
APCs are labeled with GFP (Tang et al. 2008). miR-26a
and miR-26b expression was readily detectable in APCs
and modestly enriched relative to the GFP-negative SVF
population (Supplemental Fig. S6A,B).

We next examined the consequences of modulation of
miR-26 activity on adipogenesis using an in vitro SVF dif-
ferentiation assay (Fig. 3A). To avoid systemic effects of
miR-26 loss-of-function from influencing APC numbers
or behavior prior to in vitro culture, SVF cultures were es-
tablished from wild-type mice and miR-26 was inhibited
after SVF isolation using locked nucleic acid (LNA) anti-
sense oligonucleotides (Fig. 3B). Acute miR-26 inhibition
resulted in a robust induction of adipogenic gene expres-
sion (Fig. 3C) and adipocyte differentiation (Fig. 3D) in
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Figure 3. miR-26 regulates adipogenesis in vitro. (A) Schematic of isolation and in vitro differentiation of stromal vascular fraction (SVF)
from pooled fat depots of adult mice. (B) qRT-PCR analysis of mature miR-26a, miR-26b, and miR-19b (an unrelated control miRNA) in

wild-type SVF cultures transfected with miR-26 LN A antisense in
n =23 biological replicates per condition. (C) qRT-PCR analysis of
LNA-transfected SVF cultures from B, relative to scrambled contr

hibitors (26-LNA) or scrambled control LNA oligonucleotides (Sc-LNA).
adipogenic gene expression following in vitro differentiation of miR-26
ol transfected SVFs. (D) Representative images of Oil Red O-stained SVF

cultures from B. (E) qRT-PCR analysis of miR-26a or miR-19b levels in SVFs derived from M2rtTA; eGFP.miR-26a transgenic mice, cul-
tured with or without dox (1 ug/mL) for 4 d prior to induction of differentiation. n = 3 biological replicates per condition. (F) QRT-PCR anal-
ysis of adipogenic gene expression following in vitro differentiation of dox-treated SVF cultures from E, relative to untreated cultures. (G)

Representative images of Oil Red O-stained SVF cultures from E

. Data represented as mean = SD.
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this system. Increased adipogenesis was also observed in
SVF cultures derived from young miR-26-TKO mice
relative to cultures derived from age- and sex-matched
wild-type animals (Supplemental Fig. S6C-E). Converse-
ly, doxycycline-induced overexpression of miR-26a in
SVF cultures from MZ2rtTA; eGFP.miR-26a mice (Fig.
2A) strongly inhibited adipogenesis (Fig. 3E-G), while dox-
ycycline treatment of SVFs obtained from M2rtTA control
mice had no antiadipogenic effect (Supplemental Fig. S6F—
H). Together, these data support a direct role for miR-26 as
a suppressor of adipogenesis via its activity within the ad-
ipocyte lineage.

miR-26a expression in adult SMA* APCs confers
resistance to HED-induced obesity

To further assess whether miR-26 expression within adi-
pocyte progenitors is sufficient to suppress adult adipo-
genesis in vivo, we utilized a miR-26a transgene that is
activated by both dox treatment and Cre expression (Fig.
4A, M2rtTA; LSL.eGFP.miR-26a mice) (Zeitels et al.
2014). Adult APCs reside in the perivascular niche of
fat depots and resemble pericytes or mural cells (Rode-
heffer et al. 2008; Tang et al. 2008; Gupta et al. 2012; Berry
and Rodeheffer 2013). A smooth muscle actin (SMAJ-
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Figure 4. Overexpression of miR-26a in adult APCs prevents HFD-induced obesity. (A) Schematic of the dox- and Cre-inducible miR-26a
transgene (LSL.eGFP.miR-26a) crossed to tamoxifen-inducible SMA-Cre®87?/* for overexpression of miR-26a in adult APCs. (B) Experi-
mental time course. Tamoxifen (TM) was administered to 6-wk-old M2rtTA; LSL.eGFP.miR-26a; SMA-Cre®X72/* (M2/26a/Cre) and con-
trol M2rtTA; SMA-CreP*7?/* (M2/Cre) mice, followed by administration of dox to activate miR-26 expression in the APC lineage. Mice
were then fed a HFD for 12 wk. (C) Body weight of control (M2/Cre) and transgenic (M2/Cre/26a) mice on HFD (n = 6-8 mice per genotype)
recorded weekly. (D) Whole body fat content of mice from C measured by NMR after 12 wk on HFD. (E) Relative weights of isolated fat
depots and major organs of mice from C after 12 wk on HFD. (F) Representative whole-mount images of subcutaneous IGW and visceral
PGW and RPW fat depots from mice from C after 12 wk on HFD. (G-]) Blood glucose (G), serum cholesterol (H), triglycerides (I), and non-
esterified fatty acids (J) from mice from C after 12 wk on HFD. Data represented as mean = SD. (*) P<0.05; (**) P<0.01; (***) P<0.001 cal-

culated using two-tailed t-test.
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Cre®RT?/* allele, which is expressed in adult APCs but not
mature adipocytes (Wendling et al. 2009; Jiang et al. 2014),
was used to activate the miR-26 transgene within this lin-
eage. Transgenic mice (M2rtTA; LSL.eGFP.miR-26a;
SMA-Cre®R™/*) were administered tamoxifen to activate
Cre-recombinase, then treated with dox to turn on miR-
26a expression in APCs (Fig. 4B). Mice were subsequently
fed a HFD for 12 wk. Overexpression of miR-26a in the
SMA* APC lineage conferred strong protection against
HFD-induced weight gain (Fig. 4C). Relative to control
mice, miR-26a overexpressing mice had lower total body
fat, smaller fat depots, and reduced serum glucose and lip-
ids (Fig. 4D-J). These data further support a cell-autono-
mous role for miR-26 in suppressing adult adipogenesis,
although it remains possible that additional effects of
miR-26 overexpression on food intake, nutrient absorp-
tion, or energy expenditure also contribute to protection
from weight gain.

Precocious differentiation of APCs in miR-26-TKOs

To definitively assess whether loss of miR-26 triggers adi-
pogenic differentiation in vivo, we performed a lineage
tracing experiment to monitor the differentiation of
APCs to mature adipocytes. To indelibly label adult
APCs and their descendants, we utilized SMA-Cre®*7%/*
in combination with a reporter allele that produces tdTo-
mato when coexpressed with Cre (R26R'""*) (Fig. 5A;
Wendling et al. 2009). Cre recombinase was activated at
P25 by tamoxifen administration and the fate of labeled
APCs was followed over time to determine the extent to
which they gave rise to mature adipocytes (Fig. 5B). As ex-
pected, analysis of adipose depots 2 d after Cre activation
resulted in robust labeling of the vasculature, most likely
representing smooth muscle and perivascular cells in-
cluding APCs (Fig. 5C, top panels). Importantly, at this
time point, no reporter expression was observed in mature
adipocytes. Similarly, very few labeled adipocytes were
present >3-wk later at P50 in wild-type mice (Fig. 5C, bot-
tom panels; Supplemental Fig. S7A). In contrast, extensive
labeling of mature adipocytes was apparent at P50 in miR-
26-TKO mice. To determine whether this increase in
APC-derived adipocytes could be the result of an expan-
sion of the APC population in miR-26-TKO mice, we
quantified the numbers of tdT*; Sca-1* cells (Sca-1 distin-
guishes APCs from smooth muscle) in fat depots from ta-
moxifen-treated animals using flow cytometry. These
experiments confirmed that loss of miR-26 does not result
in an overt increase in the overall number of APCs (Sup-
plemental Fig. S7B). Together, these data strongly support
the conclusion that miR-26 is necessary to suppress preco-
cious differentiation of APCs into mature adipocytes.

To determine the physiologic consequences of preco-
cious APC differentiation in miR-26-deficient animals,
we next examined cohorts of wild-type and miR-26-TKO
mice fed a HFD. Young (6-wk-old) wild-type and miR-
26-TKO mice exhibited comparable weight gain over a
12-wk period on a HFD (Fig. 5D, E). Surprisingly, however,
older miR-26-TKO mice gained significantly less weight
and accumulated significantly less body fat than age-

miR-26 regulates adipogenesis

matched controls (Fig. 5F-I). These data suggest that ex-
cessive differentiation of APCs in young miR-26-deficient
mice results in a depletion of the APC pool, ultimately re-
sulting in defective production of new adipocytes in re-
sponse to caloric excess later in life.

Fbx119 is a novel miR-26 target that promotes
adipogenesis

To investigate the mechanisms through which miR-26
suppresses adult adipogenesis, we performed RNA-seq
on primary SVF cultures from wild-type or miR-26-TKO
mice, or M2rtTA; eGFP.miR-26a mice with or without
dox treatment (Fig. 6A). From these data, we sought genes
that (1) were up-regulated at least 1.5-fold in miR-26-TKO
cells, (2) were down-regulated at least 1.5-fold in dox-treat-
ed M2rtTA; eGFP.miR-26a cells, and (3) had multiple con-
served predicted miR-26 binding sites according to
Targetscan7.2 (Agarwal et al. 2015). Two genes, which
to our knowledge have not previously been implicated
in the regulation of adipogenesis, fulfilled these criteria:
F-box and leucine rich repeat protein 19 (FbxI19) and
STE20 related adaptor B (StradB). FBXL19 is a component
of Skp1-Cullin-F-box E3 ubiquitin ligase complexes and
has been shown to trigger proteasome-mediated degrada-
tion of protein targets involved in inflammation, apopto-
sis, and cell migration (Zhao et al. 2012, 2013; Dong
et al. 2014). More recently, a role for FBXL19 in the epige-
netic activation of lineage-specific genes during embryon-
ic stem cell differentiation was uncovered (Lee et al. 2017;
Dimitrova et al. 2018). STRADB is a pseudokinase that
regulates activity of the LKBI kinase (Boudeau et al.
2003). Up-regulation of FbxI19 and StradB in miR-26-
TKO SVF cultures or down-regulation in dox-treated
M2rtTA; eGFP.miR-26a cultures, was confirmed by
gRT-PCR (Fig. 6B,C; Supplemental Fig. S7C,D). An in-
crease in FBXL19 protein in miR-26-TKO cultures was
further documented by Western blotting (Fig. 6D).

To directly assess the role of FbxI19 and StradB in adi-
pogenesis, siRNA was used to knockdown these genes
in primary SVF cultures (Supplemental Fig. S7E). As ex-
pected, knockdown of Pparg2, an essential regulator of
adipogenesis, strongly inhibited adipogenic differentia-
tion (Supplemental Fig. S7F). While StradB knockdown
had no effect, reduced FbxI19 expression dramatically
impaired adipogenesis in wild-type SVFs (Fig. 6E; Supple-
mental Fig. S7F). Accordingly, adipogenic gene expression
was strongly reduced in FbxI19, but not StradB, knock-
down cultures (Fig. 6F; Supplemental Fig. S7G). Moreover,
knockdown of FbxI19 in miR-26-TKO cultures restored
adipogenesis to wild-type levels (Fig. 6E,F). Conversely,
overexpression of FBXL19 robustly stimulated adipogene-
sis to an extent that was comparable to the effect of
PPARy2 overexpression (Fig. 6G,H) and strongly induced
adipogenic gene expression (Fig. 6I).

Finally, we tested the ability of miR-26 to directly regu-
late FbxI19 expression. The FbxI19 3’ UTR contains two
closely spaced highly conserved 8mer binding sites for
miR-26 (Fig. 6]; Agarwal et al. 2015). Placement of these
sites within the 3’ UTR of a luciferase reporter transcript
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Figure 5. Loss of miR-26 results in precocious differentiation and depletion of APCs. (A) Schematic of transgenes used for lineage tracing
of adult APCs in wild-type and miR-26-TKO mice. (B) Experimental time course. Adult wild-type and miR-26-TKO mice were pulsed with
tamoxifen (TM) at postnatal day 25 (P25) to label the APCs with tdTomato using SMA-Cre872/* and R26R**"*. One-half of the animals
from both genotypes were sacrificed on P27 to ensure efficient labeling. Reporter expression in the remaining mice was analyzed at P50 to
assess adipocyte labeling. (C) Representative stained sections of IGW fat depots from mice of the indicated genotypes, induced with ta-
moxifen at P25 and analyzed at P27 (Pulse, top half) or P50 (Chase, bottom half). R26R**/* expression was detected by antibody staining
for tdTomato (red) on FFPE sections. Nuclei are marked with DAPI (blue) and Perilipin (Plin) marks mature adipocytes (green). These data
are representative of two independent experimental cohorts of animals. (D) Body weight of mice of indicated genotypes fed HFD starting at
6 wk of age (n = 10-12 mice per genotype) recorded weekly. (E) Whole-body fat content of mice in D measured by NMR after 12 wk on HFD.
(F) Body weight of mice of indicated genotypes fed HFD starting at 14 wk of age (1 = 10-12 per genotype) recorded weekly. (G) Whole-body
fat content of mice in F measured by NMR after 12 wk on HFD. (H) Representative whole-mount images of subcutaneous (IGW) and vis-
ceral (PGW and RPW) fat depots from mice in F after 12 wk on HFD. (I) Relative weights of isolated fat depots and major organs of mice in F
after 12 wk on HFD. Data represented as mean = SD. (*) P<0.05; (**) P<0.01, calculated using two-tailed t-test.
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was sufficient to confer miR-26-mediated repression,
which was abolished by mutations that disrupted interac-
tion with the miR-26 seed sequence (Fig. 6K). Together,
these data validate FbxI19 as a direct miR-26 target and
support its role as a regulator of adipogenesis that func-
tions downstream from the miR-26 family within the
APC lineage.

Discussion

Obesity, or excess body fat, is a global health problem that
represents a major risk factor for several chronic diseases,
including type 2 diabetes, nonalcoholic fatty liver disease,
cardiovascular disease, stroke, and cancer. The molecular
mechanisms that regulate adipose tissue homeostasis are
key to understanding the pathogenesis of obesity and met-
abolic dysfunction. Nevertheless, the genes and pathways
that influence adipocyte size and number in vivo remain
incompletely understood. Here we describe a new path-
way that plays a critical role in the control of adipogenesis
in vitro and in vivo. Through the characterization of mice
lacking the highly conserved miR-26 miRNA family, we
unexpectedly discovered that loss of these miRNAs re-
sults in the dramatic expansion of adipose tissue early in
adult life. Several lines of evidence, including in vitro dif-
ferentiation assays, lineage-specific miRNA overexpres-
sion experiments, and fate mapping of adult APCs in
knockout animals, established that this phenotype is
due to a cell-autonomous function of miR-26 as a suppres-
sor of adipogenic differentiation. Furthermore, FbxI19,
which encodes a component of Skp—Cullin—-F-box-con-
taining (SCF) E3 ubiquitin ligase complexes and epigenet-
ic regulator, was validated as a novel miR-26 target that
functions downstream from this miRNA family to drive
adipogenesis. These studies therefore establish a previous-
ly uncharacterized miR-26-Fbx119 axis as a major regula-
tor of APC mobilization and adipose tissue expansion in
mammals (Fig. 7).

Given their ability to proliferate and produce new adipo-
cytes, a population of perivascular APCs are now appreci-
ated to function as crucial regulators of WAT
maintenance and expansion (Berry et al. 2016; Hepler
et al. 2017). Genetic lineage tracing methodologies have
been instrumental in establishing the importance of this
cell population for adult adipose tissue homeostasis.
Fate mapping studies have provided direct evidence that
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Figure 7. miR-26 suppresses adipocyte progenitor cell differenti-
ation. miR-26 functions within the APC lineage to inhibit mobi-
lization and subsequent adipocyte production by down-
regulating FBXL19, a novel driver of adipogenesis.
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a subpopulation of mural cells characterized by distinct
marker gene expression (SMAY; PDGFRB*; PDGFRa";
CD34%; Scal*; Zfp423*; Ppary2*; CD317; CD457) function
as adipocyte precursors that contribute to the mainte-
nance and high-fat diet-induced expansion of adipose de-
pots in adult mice (Gupta et al. 2012; Jiang et al. 2014;
Vishvanath et al. 2016). Our studies of the miR-26 family
have revealed a new pathway that robustly regulates the
behavior of these cells in vivo. Loss of miR-26 triggers pre-
cocious APC differentiation, resulting in adipocyte hyper-
plasia and WAT expansion, in a manner that resembles
the physiologic response to caloric excess. Over time, ex-
cessive APC differentiation leads to a depletion of this
progenitor compartment, such that older miR-26-TKO
mice exhibit impaired weight gain and adipogenesis
when fed a HFD. On the other hand, enforced miR-26 ex-
pression strongly suppresses activation of APCs, robustly
suppressing WAT expansion. These findings have there-
fore uncovered a previously unanticipated miRNA-medi-
ated checkpoint that plays a critical role in controlling
APC mobilization.

The discovery of a role for miR-26 as a regulator of adult
adipogenesis expands our understanding of the functions
of this miRNA family in mammalian metabolic homeo-
stasis. Previously, miR-26 was found to be down-regulated
in the livers of obese humans and mice (Fu et al. 2015;
Kim et al. 2019). Hepatic overexpression of miR-26a was
demonstrated to improve, whereas miR-26 inhibition
was shown to decrease insulin sensitivity (Fu et al. 2015).
Our studies have revealed the adipose tissue, and the
APC population specifically, as another major site of
miR-26 action in the regulation of systemic metabolism.
Enforced miR-26 expression in the APC lineage was suffi-
cient to block HFD-associated weight gain, adipose tissue
expansion, hyperglycemia, and hyperlipidemia. Interest-
ingly, it has recently been suggested that exosome-mediat-
ed miRNA transfer from adipose tissue-derived immune
cell populations to other tissues, such as liver, muscle,
and pancreas, modulates insulin sensitivity (Ying et al.
2017; Guay et al. 2019). In light of these findings, and the
potent effects of miR-26 expression on APC differentia-
tion, future studies are warranted to examine whether
transfer of miR-26 from immune cells to APCs provides
a mechanism to regulate the APC population and, conse-
quently, fat production.

In addition to revealing a critical role for miR-26 in con-
trolling adult adipogenesis, these studies have also uncov-
ered a new role for FBXL19 as a major regulator of this
process. FBXL19 is a component of SCF E3 ubiquitin li-
gase complexes that mediate targeted ubiquitylation of
proteins destined for proteasomal degradation (Jin et al.
2004). Of the >70 F-box proteins that have been identified
in humans, the most well-studied facilitate degradation of
cell cycle regulators (Nakayama and Nakayama 2006).
Previous work has identified a limited number of ubiqui-
tylated substrates of FBXL19, including members of the
Ras and Rho family of small GTPases and a receptor for
IL-33, implicating the protein in diverse cellular functions
including proliferation, migration, apoptosis, and im-
mune responses (Zhao et al. 2012, 2013; Dong et al.



2014). More recent work has highlighted a nuclear role for
FBXL19 as a CpG island-binding protein via its N-termi-
nal CxxC-Zn finger domain (Lee et al. 2017; Dimitrova
et al. 2018). Upon binding CpG islands upstream of genes
involved in lineage specification, FBXL19 activates gene
expression by promoting RNF20-mediated histone H2B
mono-ubiquitylation and/or by directly recruiting the me-
diator complex, thereby promoting embryonic stem cell
differentiation. In principle, both the targeted proteaso-
mal degradation of FBXL19 ubiquitylation substrates as
well as the activation of lineage-specific gene expression
could contribute to the adipogenic properties of this
protein. Elucidation of the downstream pathways con-
trolled by FBXL19 in adipocyte progenitors therefore rep-
resents an important priority for future work and is likely
to reveal new mechanisms that impact adipose tissue
homeostasis.

In sum, the data reported here highlight the potentially
beneficial effects of increasing miR-26 activity, or inhibit-
ing its downstream targets, in the setting of obesity. This
concept is further supported by the observation that sus-
tained global overexpression of miR-26 does not result
in any overt toxicities in mice (Zeitels et al. 2014). Further
investigation of the miR-26-FbIx19 pathway as well as the
identification of additional miR-26 targets that mediate
the beneficial metabolic activities of these miRNAs
promises to reveal new insights into the biology of obesity
and potentially new therapeutic strategies.

Materials and methods

Mouse strains

miR-26-TKO mice were generated and maintained on a pure
C57Bl/6 background. Mice were housed in a 12-h light-dark cycle
with normal chow (Harlan Teklad, TD.2916) provided ad libitum.
Wild-type C57Bl/6 mice (Jackson Laboratory, 000664) were ob-
tained from the mouse-breeding core at the University of Texas
Southwestern Medical Center and maintained in the same colo-
ny. SMA-Cre"®™2/* mice were generously provided by Dr. Pierre
Chambon (IGCMB, Strasbourg, France). Activation of Cre recom-
binase in these mice was achieved by tamoxifen administration
(0.1 mg/g body weight) by oral gavage. Generation of LSL.eGFP.-
miR-26a transgenic mice was described previously (Zeitels et al.
2014). To induce miR-26a expression, dox (2 mg/mL in 1%
sucrose) was provided in drinking water starting at 6 wk of age.
Unless otherwise specified, for HFD studies, male mice were
fed a high-fat high-sucrose diet (Research Diets, D12331) for a to-
tal duration of 12 wk, starting at 6-8 wk of age. All animal studies
were approved by the University of Texas Southwestern Medical
Center Animal Care and Use Committee in accordance with NIH
guidelines (Animal protocols 2017-102001 and 2015-101187).

T7 endonuclease assay

Plasmid pX330 expressing Cas9 and sgRNA (Conget al. 2013) was
linearized with Bbs1. A pair of oligonucleotides (sequences pro-
vided in Supplemental Table S1) corresponding to each of the in-
dividual miR-26 family members was annealed and ligated to the
linearized vector. E14 mouse embryonic stem (mES) cells were
maintained in Dulbecco’s knockout media supplemented with
15% fetal bovine serum (Sigma), 2 mM GlutaMAX (Life Technol-
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ogies), nonessential amino acids (1x), Sodium pyruvate (1 mM),
LIF (Millipore), B-ME (Sigma), 100 U/mL penicillin, and 100 pg/
mL streptomycin. Cells were transfected with plasmid DNA us-
ing X-Fect mESC Transfection Reagent (Clontech, PT5004-2). Af-
ter 48 h, genomic DNA was extracted using DNeasy Blood and
Tissue kit (Qiagen) following manufacturer’s protocol. Genomic
DNA surrounding the CRISPR target site for each of the miR-26
genes was PCR amplified (primer sequences in Supplemental Ta-
ble S1) and the products were purified using QiaQuick spin col-
umns (Qiagen). A total of 200 ng of the purified PCR product
was subjected to denaturation followed by gradual reannealing
to enable heteroduplex formation (for 10 min at 95°C , 95°C to
85°C ramping at 2°C/sec, 85°C to 25°C ramping at 0.25°C/sec,
and hold for 1 min at 25°C). Reannealed PCR products were di-
gested with T7 endonuclease (New England Biolabs), and the di-
gested products were analyzed on a 1% agarose gel.

CRISPR/Cas9-mediated genome editing of miR-26 loci

For editing of miR-26 genomic loci, Cas9 mRNA and sgRNAs
were coinjected into the pronucleus of fertilized C57BL/6 one-
cell eggs following in vitro transcription (Wang et al. 2013a).
Briefly, T7-Cas9 or T7-sgRNA PCR products (primer sequences
in Supplemental Table S1) were gel purified and used as
the template for in vitro transcription (IVT) using the mMES-
SAGE mMACHINE T7 ULTRA kit (Life Technologies) or the
MEGAshortscript T7 kit (Life Technologies), respectively. Both
Cas9 mRNA and sgRNAs were purified using the MEGAclear
kit (Life Technologies) and eluted in RNase-free water. Founders
with disrupted miRNA seed sequences were identified by TA
cloning and Sanger sequencing. Founders with deletions of the
seed sequence were crossed with C57BL/6 mice for six genera-
tions followed by intercrossing to generate the global miR-26 tri-
ple knockout. Since the probability of obtaining a TKO and wild-
type in the same cross is very low (1/64 in a triple heterozygote
cross), knockouts were compared to age- and sex-matched wild-
type C57BL/6 mice bred under the same conditions. Additionally,
as a littermate control, 5/6-KO mice (deleted for five of the six
miR-26 alleles, bearing only one functional allele of miR-26a-2)
were also included in most analyses.

SVF culture and differentiation

Allin vitro differentiation assays were performed as previously de-
scribed (Tang et al. 2008) using primary stromal vascular fraction
(SVF) cultures derived from 6- to 8-wk-old adult mice. Briefly, sub-
cutaneous and visceral white fat depots were pooled, minced, and
digested by slow shaking in adipocyte isolation buffer (100 mM
HEPES at pH 7.4, 120 mM NacCl, 50 mM KCI, 5 mM glucose,
1 mM CaCl,, 1.5% BSA, 1 mg/mL collagenase type I) for 2 h at
37°C. The suspension was then centrifuged at 800 rpm for
10 min to yield the floating adipocyte layer and the crude stromal
vascular (SV) pellet. The pellet was first suspended in erythrocyte
lysis buffer, filtered through a 100-um mesh, and spun at 1300 rpm
for 5 min. The resulting pellet was suspended in 1x PBS, passed
through a 40-um mesh, and spun at 1300 rpm for 5 min to obtain
the SVF. Cells from the SVF were cultured in DMEM supplement-
ed with 10% FBS. Dox was added to induce miR-26a overexpres-
sion in SVF cultures derived from transgenic mice (M2rtTA;
eGFP.miR-26a) at a concentration of 1 ug/mL. LNA inhibitors
for miR-26a and miR-26b (Exiqon, Inc.) and siRNA SMARTpools
(Dharmacon) targeting mouse FbxI19, StradB, and Ppary2 were re-
verse-transfected into primary SVFs using RNAiMax (Thermo
Fisher Scientific). Knockdown efficiency was monitored 48 h
after transfection by qRT-PCR. Overexpression of FBXL19 and
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PPARY?2 in primary SVF cultures was achieved by nucleofection
using the SE cell line 4D-Nucleofector X-kit (Lonza). Flag-tagged
OREF clones for FBXL19 (Origene, MR209945) and PPARy2 (Ori-
gene, MR208132) were transfected into wild-type SVFs (~3 x 10°
cells) using the CM137 program. Differentiation was induced
2 d after the cells had reached confluency using an adipogenic
cocktail containing 5 nM dexamethasone, 0.5 pg/mL insulin,
and 0.5 mM isobutylmethylxanthine in culture medium. After
72 h, medium was replaced with DMEM containing 0.5 pg/mL
insulin. Oil Red O staining was performed as previously described
(Tang et al. 2008). Briefly, differentiated adipocytes were fixed
in 4% paraformaldehyde for 30 min, washed with deionized
water, and incubated in 60% isopropanol for 10 min. Adipocytes
were then stained in Oil Red O solution for 30 min, rinsed with
tap water, and imaged using a Nikon Eclipse TS100 inverted
microscope.

Metabolic phenotyping assays

Blood glucose was measured in tail blood using a Bayer Contour
blood glucose monitoring system. For serum measurements,
blood was collected by cardiac puncture, incubated at room
temp for 30 min, and centrifuged at 8000 rpm for 10 min to obtain
the serum. Serum triglyceride, cholesterol, and NEFA were mea-
sured in adult mice in the UT Southwestern Metabolic Phenotyp-
ing Core. GTT was performed as previously described (Zeve et al.
2012). Total body fat mass of mice was measured by NMR spec-
troscopy using a Minispec mq spectrometer (Bruker).

Metabolic cage studies

Wild-type, 5/6-KO, and miR-26-TKO mice on normal chow were
monitored in metabolic chambers. Mice were housed individual-
ly and acclimatized to the metabolic chambers for 5 d before data
collection was initiated. For the subsequent 5 d, food intake, VO,,
VCO,, and physical activity were monitored over a 12-h light/
dark cycle with food provided ad libitum.

RNA extraction, quantitative RT-PCR, and RNA-seq

Total RNA was isolated using the miRNeasy Mini Kit (Qiagen)
according to the manufacturer’s instructions. Pre-designed Taq-
Man primers and probes (Life Technologies) were used to mea-
sure the levels of mature miR-26a, miR-26b, miR-19b, and U6
snRNA according to the manufacturer’s protocol. All other
mRNAs were reverse transcribed using PrimeScript reverse tran-
scription master mix (Takara) and transcript abundance was as-
sayed using Power SYBR Green master mix (Life Technologies).
All qRT-PCR values were normalized using 18S rRNA expression
as a loading control. Primer sequences are provided in Supple-
mental Table SI.

RNA-seq experiments were performed on triplicate samples
from SVFs from (1) wild-type C57BL/6 and miR-26-TKO mice,
and (2) M2rtTA; eGFP.miR-26a mice with or without 1 pg/mL
dox treatment for 4 d. Library prep and RNA-seq were performed
by the UTSW McDermott Center Next-Generation Sequencing
Core. Sequencing libraries were prepared with the TruSeq Strand-
ed mRNA Library Prep Kit (Illumina) and sequenced using the 75-
bp single-read protocol on a NextSeq 500 (Illumina). Reads were
mapped to the mouse reference genome (GRCm38) using
HISAT?2 (version 2.1.0) (Pertea et al. 2016). Only reads uniquely
mapped to the genome were kept for future analysis. Aligned
reads were counted per gene ID using feature counts (v.1.6.0)
(Liao et al. 2014) based on the annotation of GENCODE M16

1378 GENES & DEVELOPMENT

(Mudge and Harrow 2015). Differential expression analysis was
performed using edgeR (3.24.0) (McCarthy et al. 2012).

Histology, immunohistochemistry, and Western blotting

Hematoxylin and eosin (H&E) staining and immunocytochemis-
try were performed on paraffin sections as described previously
(Tang et al. 2008). Isolated tissues were fixed in 10% formalin,
embedded in paraffin, and sectioned with a HM 325 microtome.
tdTomato reporter expression in paraffin sections was visualized
by immunostaining with a mouse monoclonal antibody against
DsRed (Takara, 632392) used at a 1:200 dilution. Adipocytes
were identified by immunostaining with anti-Perilipin-1 (Abcam,
ab61682) used at 1:1000. For Western blotting, whole-cell ex-
tracts of cultured SVFs were immunoblotted with anti-FBXL19
(1:1000; Abcam, ab172961), anti-a-Tubulin (1:2000; Sigma,
T6199), and anti-Flag epitope (1:1000; Cell Signaling, 2368).

Flow cytometry

For FACS analysis of tdTomato+ cells, freshly isolated SVFs from
6-wk-old control (SMA-CrefR?/*; R26R'"/*) or knockout (SMA-
CrePR™2/+; RogRMT+-, miR-26-TKO) mice were stained for stem
cell antigen Sca-1 (1:200 antimouse Ly-6A/E antibody, BD biosci-
ences, 560653) for 30 min on ice followed by two washes with
staining buffer (PBS with 3% FBS and 2 mM EDTA, pH 8.0). Cells
were analyzed with a BD FACS Aria at the UT Southwestern Flow
Cytometry Core. Data analysis was performed using BD FACS
Diva software.

Luciferase reporter assays

The wild-type reporter construct was created by cloning a 372-bp
fragment of the mouse FbxI19 3’ UTR encompassing the two con-
served miR-26 binding sites into the Xbal site of pGL3-control
(Promega). Mutagenesis was performed by amplifying the plas-
mid using overlapping oligonucleotides that contained mutations
in both miR-26-binding sites (oligonucleotide sequences in Sup-
plemental Table S1). HCT116 cells (1 x 10° per well) were plated
in a 24-well plate 16 h prior to transfecting 100 ng of the indicated
reporter construct, along with 5 ng of phRL-SV40 (Promega) and
25 nM of control or miR-26a mimic (Dharmacon) using Lipofect-
amine 2000 (Thermo Fisher Scientific). Firefly and renilla lucifer-
ase activity were assayed 48 h after transfection using the Dual
Luciferase Reporter Assay System 4 (Promega) according to the
manufacturer’s protocol.

Data access

RNA-seq data have been deposited in GEO under accession code
GSE134736.
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