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Adipocyte-derived exosomal miRNAs: a novel mechanism for

obesity-related disease
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BACKGROUND: Obesity is frequently complicated by comor-
bid conditions, yet how excess adipose contributes is poorly
understood. Although adipocytes in obese individuals induce
systemic inflammation via secreted cytokines, another poten-
tial mediator has recently been identified (i.e, adipocyte-
derived exosomes). We hypothesized that adipocyte-derived
exosomes contain mediators capable of activating end-organ
inflammatory and fibrotic signaling pathways.

METHODS: We developed techniques to quantify and char-
acterize exosomes shed by adipocytes from seven obese (age:
12-17.5y, BMI: 33-50kg/m?) and five lean (age: 11-19y, BMI:
22-25kg/m?) subjects.

RESULTS: Abundant exosomal miRNAs, but no mRNAs, were
detected. Comparison of obese vs. lean visceral adipose donors
detected 55 differentially expressed miRNAs (P < 0.05; fold
change >|1.2)). gRT-PCR confirmed downregulation of miR-
148b (ratio = 0.2 (95% confidence interval = 0.1, 0.6)) and miR-
4269 (0.3 (0.1, 0.8)), and upregulation of miR-23b (6.2 (2.2, 17.8))
and miR-4429 (3.8 (1.1-13.4)). Pathways analysis identified
TGF-B signaling and Wnt/B-catenin signaling among the top
canonical pathways expected to be altered with visceral adi-
posity based on projected mRNA targets for the 55 differentially
expressed miRNAs. A select mRNA target was validated in vitro.
CONCLUSION: These data show that visceral adipocytes
shed exosomal-mediators predicted to regulate key end-organ
inflammatory and fibrotic signaling pathways.

besity is a systemic inflammatory state (1) associated with

chronic inflammatory and metabolic diseases impacting
nearly every organ system within the body (2-4). Previous
studies showed that visceral adipocytes promote systemic
inflammation by secreting mediators such as interleukin (IL)-
6, tumor necrosis factor (TNF)-a, and leptin, among others
(5). These mediators are secreted into the circulation (5,6) and
affect distant organs increasing the risk of type 2 diabetes, ath-
erosclerosis, cardiovascular disease, asthma (4), and several
forms of cancer. In addition, obesity is known to increase sys-
temic TGF-P1 levels, which activate fibroblasts to differentiate

into myofibroblasts, increasing the release of extracellular
matrix proteins (7). Extracellular matrix protein accumula-
tion can disrupt physiological organ architecture, resulting in
fibrotic disease such as that seen in nonalcoholic fatty liver dis-
ease (NAFLD) (8,9).

Recently, the exosome has garnered attention as an impor-
tant mediator of intercellular communication. Exosomes
are actively shed endocytic vesicles that contain and trans-
port functional mRNAs, miRNAs, and proteins between cells
(10,11). In obese individuals, adipocyte-derived exosomes are
known to contribute to the development of insulin resistance
via activation of adipose-resident macrophages and secretion of
proinflammatory cytokines that can result in insulin resistance
(12). However, exosomes may also carry proinflammatory fac-
tors via the circulation (13) and interact with remote cell types
to promote inflammation through activation of contributory
pathways (14,15). We hypothesize that visceral obese adipo-
cytes shed exosomes that contain mediators capable of activat-
ing end-organ inflammatory and fibrotic signaling pathways.

Herein, we isolated, quantified, and characterized exosomes
from surgically acquired human visceral and subcutaneous
adipose tissue from obese and lean adolescents. We isolated
total exosomal RNA detecting only miRNA but not mRNA.
Therefore, we profiled exosomal miRNAs focusing on obese vs.
lean visceral adipose expression due to the association between
accumulating visceral adipose and increased cardiometabolic
disease risk (5,16). miRNA profiles show downregulation of
several miRNAs in obese compared to lean visceral adipocyte
exosomes that target TGF-f and Wnt/B-catenin signaling,
which would be expected to activate these pathways in end-
organs by decreasing negative regulation of gene expression.
This finding provides important insight into a direct mecha-
nism by which obesity may mediate comorbid disease.

RESULTS

Subject Demographics

Obese (n = 7) and lean (n = 5) adolescents were enrolled on
the day of surgery. The mean age at the time of surgery was
15.0£0.7 y (£SEM) for obese participants and 15.6+1.4 y for
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lean participants (P = 0.70). Obese participants had a presur-
gery mean BMI of 39.8+2.0kg/m? and for lean participants
the mean BMI was 23.2 £0.5kg/m?* (P < 0.001). All participants

Table 1. Demographics of patients enrolled in study

were female and from diverse racial backgrounds. Selected
clinical characteristics are shown in Table 1.

Macrophage Activation State in Obese and Lean Adipose
Adipose macrophages have different activation states; pro-

Age (years) Sex BMI Race inflammatory (known as M1 and classically activated by
Lean interferon-y or lipopolysaccharide) or anti-inflammatory
1 E 2 Hispanic (known as M2 and alternatively activated by IL-13 or IL-4)
13 . 2 Hispanic (17). We characterized the activation state of infiltrating
- . » Whit macrophages in the adipose from all participants by immu-
.I ¢ ) nohistochemistry for M1 (i.e., CD40%, a macrophage surface
18 F 23 African American receptor involved in proinflammatory pathways) (17,18) and
19 F 25 African American M2 (CD163* or CD206*) activation states (Figure 1a). Obese
Obese visceral adipose shows a higher number of CD40* macro-
12 F 49 African American phages than lean visceral adipose (lean , = “(mean +
13 F 33 Hispanic SEM) = 1.3+0.5 events per field (range = 0.0-3.3),lean | =
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Figure 1. M1:M2 Macrophage immunohistochemistry of adipose tissues. (a) Frozen sections of adipose from visceral and subcutaneous (SQ) depots
were stained for CD40 (M1), CD206 (M2), and CD163 (M2), in seven obese and five lean individuals. Representative samples are shown at 20x magnifica-
tion. (b) Obese visceral adipose shows a higher number of CD40* macrophages than lean visceral adipose. In addition, obese subcutaneous adipose has a
higher number of CD163* macrophages than lean subcutaneous adipose. No significant differences were found for CD206* macrophages. *P < 0.05 deter-
mined by a two-sided Student’s t-test; error bars represent £SEM; key: Lean SQ (black square), Lean visceral (white square), Obese SQ (dotted square), and
Obese visceral (lined square). (c) The obese visceral adipose depot showed the highest M1:M2 ratio compared to every other condition.

448  Pediatric RESEARCH Volume 77 | Number 3 | March 2015

Copyright © 2015 International Pediatric Research Foundation, Inc.



Adipocyte-derived exosomal miRNAs ‘ Al‘t i CIes

were found for CD206" macrophages. Consistent with previ-

ous studies (17,19), the obese visceral adipose depot showed

the highest M1:M2 ratio compared to every other condition

(M1:M2 ratios: ObeseVlscerzll 18.9, obese =4.2,lean
=5.0, lean =3.3) (Figure 1c).

visceral

subcutaneous subcu-

taneous

Sizing and Quantification of Adipocyte-Derived Exosomes

We verified size for isolated adipocyte-derived exosomes using
nanoparticle tracking analysis that demonstrated all vesicles were
within the 50-100nm size range. To quantify the isolated exo-
somes, weadaptedbead-based flow cytometryapproaches. Wefirst
attached PKH67 prelabeled exosomes to latex beads via binding
to the CD63 antigen, a known exosomal marker (20-22). Figure
2adepicts the principle of this technique: With increasing concen-
tration of exosomes in a suspension, more fluorescently labeled
exosomes are bound to beads, therefore the fluorescence increases
proportionally. Using the same labeling technique on known
concentrations of commercially available exosome standards,
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we generated a reproducible standard curve of geometric mean
fluorescence intensity vs. concentration (ug/ml) (Figure 2b).
The derived concentrations of exosomes isolated from lean
and obese adipose are shown in Figure 2¢ (lean , =~ =
10.4£0.8 pg/ml, leanViscer . = 160£1.4 pg/ml, obesesubcmneous =
9.8+0.7 pug/ml, and obese, = 11.1+0.6 ug/ml). Only lean
visceral adipocyte-derived exosomes are more concentrated
than obese visceral adipocyte-derived exosomes (P < 0.03). In
addition, as the BMI of the donor increases, visceral adipocyte-

derived exosome concentration decreases, R? = 0.46 (Figure 2d.

Characterization of Adipocyte-Derived Exosomes

Given variable resident macrophage infiltration of the adi-
pose, it was important to verify the cellular origin of the iso-
lated exosomes. Consequently, we chose three markers: Fatty
acid binding protein 4 (FABP4), an adipocyte differentiation
marker (23); DLK/Pref-1, a preadipocyte marker (24); and
CD14, a macrophage marker (25). Lean adipocyte exosomes
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Figure 2. Quantification of adipocyte-derived exosomes using bead-based flow cytometry. (a) Depiction of the bead-based flow cytometry technique:
Increasing exosomal concentration results in increased number of exosomes attached to beads, therefore proportionally increasing geometric mean
fluorescence intensity of PKH67 staining. (b) Generated standard curve and coefficient of determination of commercially available exosomal standards
(R?*=0.87). (c) Concentration of isolated exosomes from a standardized starting amount of obese (n = 7) and lean (n = 5) adipose. Lean visceral adipocyte-
derived exosomes are significantly more concentrated than those from obese visceral adipose. *P < 0.05 determined by a two-sided Student'’s t-test; error

bars represent +SEM. (d) As BMI increases, visceral adipocyte-derived exosome concentration decreases (R* =
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were almost entirely FABP4* (99.7+0.001%). In addition,
many beads bound DLK/Pref-1* exosomes (43.4+0.014%).
Importantly, very few exosomes were CD14* (2.8+0.004%).
Similarly, obese adipocyte exosomes were also almost all
FABP4* (99.8+0.001%) and CD14" (96.7 +0.003%) with a sim-
ilar percentage of beads binding DLK/Pref-1* (47.5+0.027%).
We found no differences between conditions (Figure 3). The
endothelial marker CD31 was not detected.

Differential Expression of miRNA in Obese and Lean Visceral
Exosomes

We could detect no mRNA in isolated exosomes, before or after
amplification, by either microfluidic methods or qRT-PCR for
the ubiquitous housekeeping gene GAPDH. However, we did
detect abundant miRNA by qRT-PCR for the endogenous con-
trol, u6snRNA. Amplified exosomal RNA was verified using a
1.5% agarose gel electrophoresis (Supplementary Figure S1
online). Statistical analyses of miRNA microarray expression
revealed that 88 mature miRNAs are present at significantly
different levels in exosomes from obese visceral compared

with lean visceral adipose (Supplementary Table S1 online).
Ingenuity Pathways Analysis software (Ingenuity, Redwood
City, CA) mapped the 88 differentially expressed mature miR-
NAs to 55 known miRNAs based on current miRNA annota-
tions. We found that these 55 differentially expressed mature
miRNAs putatively target 7,789 mRNAs. Among the top
ranked canonical pathways (Supplementary Table S2 online)
represented by these mRNAs are TGF-J3 signaling (P = 8.3x 10
1, number of predicted molecules targeted = 54 out of 89) and
Wnt/B-catenin signaling (P = 4.6 x 10", 93 out of 171 predicted
molecules targeted) (Figure 4). In particular, miR -23b, miR-
140-3p, miR-148b, and miR-182 are experimentally validated
to target these pathways (26) (annotated on Figure 4a).

Using qRT-PCR, we attempted to confirm the expression
differences between obese and lean visceral exosomes for 7
miRNAs (i.e., miR-23b, miR-148b, miR-182, miR-3681, miR-
4269, miR-4319, and miR-4429) that had the highest number
of experimentally validated and/or predicted target mRNAs
(i.e., 23) in the TGF-f3 and Wnt/B-catenin signaling pathways.
We confirmed significant downregulation of miR-148b (ratio
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Figure 3. Flow cytometry characterization of adipocyte-derived exosomes. Isolated exosomes from both visceral and subcutaneous depots were charac-
terized for FABP4, Pref-1, and CD14. (a) Representative flow cytometry for FABP4, Pref-1, and CD14 in adipocyte-derived exosomes from a lean subcutane-
ous sample. (b) Lean adipocyte exosomes (n = 5) were almost all FABP4+. In addition, many beads bound DLK/Pref-1* exosomes. Very few beads bound

CD14* exosomes. Obese adipocyte exosomes (n = 7) were also almost all FAB

P4+ with a similar percentage of beads binding DLK/Pref-1* and/or CD14*

exosomes. No differences in marker expression were found between conditions determined by a two-sided Student’s t-test; error bars represent +SEM;

key: Lean (empty square), Obese (lined square).
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Figure 4. Combined Wnt/B-catenin and TGF-3 signaling pathways and validation. (a) The two canonical pathways were among the top ranked as
determined by Ingenuity Pathways Analysis software (Ingenuity, Redwood City, CA). Green indicates predicted downregulation of target transcripts by
differentially expressed miRNAs, and red indicates predicted upregulation. Among the altered miRNAs, miR -23b, miR-140-3p, miR-148b, and miR-182 are
experimentally validated (annotated with diamond) to target members of the combined pathway. *Genes targeted by multiple miRNAs. (b) Adipocyte
exosomal membranes were labeled with PKH26 (red) and coincubated with A549 cells (nuclei stained blue with DAPI) for 24 h. Intracellular PKH26 dem-

onstrates exosomal uptake into A549 cells.

=0.2 (95% confidence interval = 0.1, 0.6)) and miR-4269 (0.3
(0.1, 0.8)). In addition, we confirmed upregulation of miR-23b
(6.2 (2.2, 17.8)) and miR-4429 (3.8 (1.1, 13.4)).

Obese Visceral Adipocyte Exosome Uptake Into Lung Epithelial
Cells

In order to demonstrate that adipocyte-derived exosomes can
influence gene expression in cells, we first showed incorporation of
these exosomes into cells in vitro. Adipocyte exosome uptake into
A549 cells was demonstrated after 24 h of coculture using PKH26
labeling of obese visceral exosomal membranes (Figure 4b).
Immunofluorescent imaging demonstrates that exosome mem-
branes become abundant within the cytoplasm of these cells.

Copyright © 2015 International Pediatric Research Foundation, Inc.

Obese Visceral Adipocyte Exosomes Modify Gene Expression in
A549 Cells

After establishing cellular uptake of adipocyte-derived exo-
somes, we sought to demonstrate that exosomes could alter
gene expression after 24 h of exposure. We focused this proof-
of-principle effort on expression of the activin receptor type-
2B (ACVR2B) in A549 cells. ACRV2B was selected due to its
importance in TGF-f signaling (27) and the fact that it is tar-
geted by both confirmed upregulated miRNAs in our experi-
ments: miR-23b and miR-4429. Consistent with these miRNA
results, ACVR2B was significantly downregulated in the pres-
ence of obese compared to lean visceral exosomes (fold chan-
=0.19 (0.16, 0.23)).

geobese vs. lean
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DISCUSSION

As endocytic vesicles capable of transporting functional
mRNAs, miRNAs, and proteins between cells over large dis-
tances, exosomes are a logical putative contributor to mecha-
nisms by which adipocytes can influence other organ systems.
We used novel techniques to quantify and characterize exo-
somes shed by surgically acquired visceral and subcutaneous
adipose from lean and obese individuals. Our exosomal content
analyses showed abundant miRNAs. Due to the importance of
the visceral adipose depot in obesity-related comorbidities,
such as cardiovascular disease and metabolic syndrome (16),
we prioritized visceral obese vs. lean comparisons. We found
55 mature miRNAs (with 7,789 confirmed or putative mRNA
targets) differentially expressed between these conditions.
TGF-B and Wnt/B-catenin signaling emerged as top canonical
pathways targeted by these miRNAs, four of which were con-
firmed by qRT-PCR: miR-23b, miR-148b, miR-4269, and miR-
4429. Exosomal uptake by cells was confirmed in vitro along
with validation of the predicted downregulation of ACVR2B
in the TGF-P signaling pathway.

The interaction between Wnt/B-catenin and TGE-B sig-
naling appears to be important in the development and pro-
gression of chronic inflammation and fibrotic disease (8,28).
TGF-P signaling is implicated in the appearance of extracel-
lular matrix-secreting myofibroblasts (29,30). A recent study
demonstrated that canonical Wnt signaling is necessary for
TGF-B mediated fibrosis (8). Importantly, fibrotic disease
can affect multiple organ systems in patients with obesity (9).
Furthermore, fat mass extension in humans is correlated with
collagen deposition and fibrosis within adipose tissue, leading
to systemic metabolic disturbances (31,32).

One aspect of exosome secretion addressed in our study
was whether isolated exosomes were of adipocyte or mac-
rophage origin. Previous groups demonstrated that the M1
macrophage activation state is increased in obese visceral adi-
pose and results in the release of mediators that contribute to
systemic inflammation (5) and induce insulin resistance (33).
Our findings are similar to these previous studies in that vis-
ceral adipose from obese participants has higher infiltrating
macrophages with M1 (CD40") activation states. This raised
the possibility that macrophage exosomes would contaminate
our exosome isolation. However, we confirmed that isolated
exosomes express FABP4 and not the macrophage marker
CD14. The expression of FABP4 is confined almost exclusively
to adipose and adipogenic cell lines, and is highly regulated
during adipocyte differentiation (23).

Our finding that lean visceral adipose sheds a higher con-
centration of exosomes than obese visceral adipose may appear
counterintuitive. On the contrary, this is actually an expected
finding given that lean visceral adipose has a higher number of
adipocytes and more membrane surface area per unit volume
resulting in greater exosome shedding. However, in an obese
individual, the overall adipose volume is much greater than in
lean individuals and thus the relative amount of shed adipo-
cyte exosomes would also likely be greater. This implies that
systemic circulation of adipocyte-derived exosomes would be

452 Pediatric RESEARCH Volume 77 | Number 3 | March 2015

greater in obese individuals, thus magnifying their effect on
end-organ mRNA expression.

Because we profiled the contents of isolated exosomes from
human adipose ex vivo, the predicted effects of adipocyte-
derived exosomal miRNA on the TGF- and Wnt/B-catenin
signaling pathways are speculative. However, our data showing
exosomal uptake by A549 cells in vitro along with validation of
ACVR2B expression differences support this. The downregu-
lation of ACVR2B is very interesting in that activin signaling
through this receptor functions similarly to Wnt/B-catenin
signaling to prevent adipogenesis (34).

To fully understand the function of adipocyte exosomal
miRNAs in vivo, it must be determined whether they are shed
from adipose into the circulation, if they are extracted by cells
in end organs, and the alterations in TGF-3 and Wnt/-catenin
signaling pathways in end organs. In addition, the variability
in exosome concentration in end organ tissue according to
adipose mass (i.e., dose effect) will need to be clarified. Also,
because we did not profile miRNA expression in the adipocytes
themselves, we cannot ascertain whether exosomal miRNA
differences are a function of different intracellular miRNA
abundance or selective miRNA export.

In summary, there are several important findings from this
study. First, the bead-based flow cytometry techniques we
used to quantify exosomes are generalizable to many labora-
tories. Second, we show that visceral adipose sheds exosomes
primarily of adipocyte, not macrophage, origin. Finally, these
exosomes contain miRNAs capable of regulating end-organ
TGF-B and Wnt/B-catenin signaling in obesity-related comor-
bid conditions. Because these same pathways are important in
development, childhood obesity may result in early and cumu-
lative epigenetic changes leading to obesity-related comorbid
diseases.

METHODS

Study Participants

Participants were females, 11-19 y old. Obese subjects were recruited
from our adolescent bariatric surgery program and lean subjects were
selected from a convenience sample of patients undergoing unrelated
abdominal procedures. The clinical criterion for obesity was a BMI
>30kg/m?* and for lean was a BMI <25kg/m? Obese participants
underwent a 2-wk protein-sparing modified fast in the immediate
period prior to surgery. All patients (both lean and obese) were fasted
8h prior to surgery. Patients were not on any noteworthy medications.
BMI was calculated from height and weight measurements taken on
day of surgery for all patients. Visceral adipose was excised from the
omentum and subcutaneous adipose from the anterior abdominal
wall incision site. All clinical investigations were Institutional Review
Board approved. Informed consent was obtained from participants
or parental guardians. The study enrolled only female participants
with age-matched lean controls in an effort to eliminate confounding
effects due to sex differences, as in previously published studies (35).

Exosome Isolation

Visceral and subcutaneous adipose samples collected from obese and
lean patients intraoperatively were promptly cultured using a pub-
lished protocol (12). To isolate exosomes, visceral and subcutane-
ous adipose tissue were washed with PBS and cut into 4 mm? pieces,
transferred to 12-well plates containing 3ml/well of Dulbecco’s
modified Eagles medium (Invitrogen, Carlsbad, CA) supplemented
with 50 ug/ml gentamicin. The culture supernatant was centrifuged
at 3,000¢ for 15min to remove cells and cellular debris. Exosomes

Copyright © 2015 International Pediatric Research Foundation, Inc.
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were then isolated from cultured supernatants using ExoQuick-TC
Precipitation Solution (System Biosciences, Mountain View, CA) and
filtered through a 200 nm filter (Sarstedt, Niimbrecht, Germany).

Nanoparticle Tracking

The sizes and zeta potentials of the exosomes were determined using
a Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK).
Sizing of exosomes was performed using a 10 ug/ml suspension of the
exosomes in Milli-Q water (Millipore, Billerica, MA). Zeta potential
of the exosomes was measured in Milli-Q water (Millipore) using the
Smoluchowski diffusion equation.

Flow Cytometry
A novel bead-based flow cytometry quantification assay was adapted
from Liasser et al. (21). Isolated adipocyte-derived exosomes and
exosomal standards (HansaBiomed, Tallinn, Estonia) (0.6, 3, 4.5,
6, 10, and 12 pg concentrations) were labeled with PKH67 Green
Fluorescent Cell Linker Kit for General Cell Membrane Labeling
(Sigma Aldrich, St Louis, MO) using exosome-depleted Fetal Bovine
Serum (Lonza, Walkersville, MD (36)) and bound to latex beads
(Invitrogen, Carlsbad, CA) coated with anti-CD63 clone H5C6 (BD
Biosciences, San Jose, CA). Data were acquired using a FACSCaliber
flow cytometer and analyzed using FlowJo (TreeStar, Ashland, OR).
Adipocyte-derived exosomes were characterized using the Lésser et
al. protocol for characterizing exosomes (21). Bead-bound exosomes
were characterized using the following antibodies: Polyclonal Rabbit
Anti-FABP4 (Bioss, Freiburg, Germany), Anti-CD14-PE Clone M5E2
(BD Biosciences), and Anti-DLK/Pref-1-FITC Clone 24-11 (MBL
International, Woburn, MA) bound to Goat Anti-Rabbit IgG-Alexa
Fluor 700 (Life Technologies, Carlsbad, CA) with appropriate iso-
type controls: PE Mouse IgG2ax Clone G155-178 (BD Biosciences),
Rabbit Anti-IgG (antibodies-online.com, Atlanta, GA), and Rat Anti-
IgG1-FITC Clone LO-DNP-1 (MBL International). We also stained
for endothelial marker Anti-CD31-Alexa 488 Clone M89D3 (BD
Biosciences) with appropriate isotype control: Mouse IgG, , ¥ Alexa
Fluor 488 Clone G155-178 (BD Biosciences).

Immunohistochemistry and Immunofluorescence

Visceral and subcutaneous adipose were stained for M1 and M2 mac-
rophages since adipose macrophage activation state (proinflamma-
tory, or M1, vs. anti-inflammatory, or M2) has been shown to play a
role in obesity mediated mechanisms in previous studies (17). Flash
frozen visceral and subcutaneous adipose samples were cut into 5
um sections (Histoserv, Germantown, MD) for M1:M2 Macrophage
immunohistochemistry staining using a previously established pro-
tocol (17). Antibodies targeting M1 and M2 macrophages subtypes,
respectively, were used: CD40 Clone 5C3 (BD Biosciences), CD206
Clone 19.2 (BD Biosciences), and CD163 Clone EDHu-1 (Abdserotec,
Oxford, UK). Stained cells were counted in three sections per condi-
tion and adipose depot at 20x magnification and the mean was then
calculated.

A549 cells were applied (6,500 cells/well) to eight-well Millicell
EZ slides using standardized protocols (37). Cultures were prolifer-
ated in standard media (Ham’s F12, 10% FBS, and PenStrep) to 80%
confluence over 24h. We labeled obese visceral adipocyte exosomes
with PKH26 for 30 min followed by washes and resuspension at a final
concentration of 2 pg/ml. We exposed the A549 cells to the PKH26-
labeled exosomes for 24 h. We then fixed the slides using 4% parafor-
maldehyde and added DAPI nuclear stain for viewing and imaging.
The chamber slides and exosomes were visualized with an Olympus
BX61 upright bright field/fluorescent imaging microscope (Olympus,
Center Valley, PA).

RNA Extraction and Amplification

We extracted adipocyte-exosomal total RNA using mirVana miRNA
Isolation Kits (Life Technologies) and amplified total RNA with the
Complete Seramir Exosome RNA Amplification Kit from Media and
Urine (System Biosciences, Mountain View, CA) according to man-
ufacturer’s instructions. A549 cellular RNA was isolated and puri-
fied using the Norgen RNA Clean-Up and Concentration Micro Kit
(Norgen Biotek, Thorold, Ontario, Canada). We verified amplified
exosomal RNA using 1.5% agarose gel electrophoresis according to

Copyright © 2015 International Pediatric Research Foundation, Inc.

manufacturer’s instructions and using appropriate validated endog-
enous controls for qRT-PCR (u6snRNA). We accepted samples of
RNA quality determined by Nanodropl000 (Thermo Scientific,
Wilmington, DE) with absorbance ratios for UV 260/280 >2.0 and
260/230 between 1.8 and 2.2.

RNA Expression, Statistical Analyses, and Biological Pathway
Analysis

We used the Agilent 2100 Bioanalyzer RNA Pico Chip (Agilent
Technologies, Santa Clara, CA) and TagMan Gene Expression Assays
(Applied Biosystems, Foster City, CA) for detection of GAPDH
mRNA. We used TagMan Small RNA Assays (Invitrogen, Life
Technologies) to verify u6snRNA expression. We labeled RNA with
Affymetrix FlashTag Biotin HSR RNA Labeling Kit (Affymetrix, Santa
Clara, CA) and ran according to standard procedures. Labeled RNA
was hybridized to Affymetrix GeneChip miRNA 3.0 arrays which were
run using the Fluidics Station 450 Protocol (FS450_002) (Affymetrix,
Santa Clara, CA). Resulting data were analyzed in Expression Console
using RMA+DMBG (Affymetrix) and then exported it to Partek
Genomics Suite for analyses. Only mature human miRNAs (N =
1,733) were retained for statistical comparison between groups (as the
Affymetrix 3.0 miRNA arrays contain miRNA from multiple species).
Three-factor ANCOVA (ID*group (lean vs. obese)*adipose depot;
with age covariate) was used to compare miRNA expression, using
unadjusted P < 0.05 and fold change >|1.2] as filters. Main effects for
group (obesity-state) and tissue depot were generated along with their
interaction term. As a part of the overall ANCOVA, specific within-
group (depot effects within obese or lean) and within-tissue (obesity
effects within depot) contrasts were used. Given the relatively small
number of comparisons for array analyses, we did not use a False
Discovery Rate cutoff, as the purpose of this initial scan was to gener-
ate a robust list for pathway analysis (in which type I or false positive
results are minimized given the improbability of finding related ele-
ments as independent errors). Instead, we used lower cutoffs within
downstream pathway analyses.

In Ingenuity Pathways Analysis software (Ingenuity), predicted tar-
gets were generated from significantly dysregulated miRNAs. First,
significant miRNAs were uploaded from ANCOVA into Ingenuity
Pathways Analysis software (Ingenuity). These were processed by
Ingenuity’s miRNA Target Filter analysis tool, generating target
mRNA lists from only experimentally verified or highly conserva-
tive predicted targets (a stringent cutoff). Resultant mRNA lists were
analyzed for the representation of common biological pathways using
Ingenuity’s core analysis function and a stringent cutoff for pathway
representation at P < 0.01.

Data discussed in this publication have been deposited in NCBI’s
Gene Expression Omnibus and are accessible through GEO Series
accession numbers GSE50574 (http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE50574), and GSE54606 (http://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?token=mpqlimievtsfbob&acc
=GSE54606).

qRT-PCR
The Individual MicroRNA Assays (Life Technologies) used for con-
firmation were: miR-23b, miR-148b, miR-4269, and miR-4429.
Specifications for the TagMan MicroRNA Assays include: TagMan
MicroRNA Reverse Transcription Kit (Life Technologies), TagMan
PreAmp Master Mix (2X) (Life Technologies), and the TagMan
Universal Master Mix I, No AmpErase UNG (2X) (Life Technologies).
A549 cellular RNA was processed with the High Capacity cDNA
Reverse Transcription Kit (Life Technologies), TagMan Gene
Expression Master Mix (Life Technologies), and the TagMan Gene
Expression Assays for ACVR2B and GAPDH (endogenous con-
trol) (Life Technologies). All miRNA and mRNA results were ana-
lyzed with SDS (Applied 7900HT Fast Real-Time PCR System, Life
Technologies) and Microsoft Excel 2013 (Microsoft, Redmond, WA).

Data and Materials Availability

The data discussed in this publication have been deposited in NCBI’s
Gene Expression Omnibus (38) and are accessible through GEO
Series accession number GSE50574 (http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE50574).
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