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More than 40% of the U.S. population are clinically obese and suffer from metabolic syndrome with an increased risk of post-
menopausal estrogen receptor-positive breast cancer. Adipocytes are the primary component of adipose tissue and are formed
through adipogenesis from precursor mesenchymal stem cells. While the major molecular pathways of adipogenesis are under-
stood, little is known about the noncoding RNA signaling networks involved in adipogenesis. Using adipocyte-derived stem cells
(ADSCs) isolated from wild-type and microRNA 140 (miR-140) knockout mice, we identify a novel miR-140/long noncoding
RNA (IncRNA) NEAT]1 signaling network necessary for adipogenesis. miR-140 knockout ADSCs have dramatically decreased
adipogenic capabilities associated with downregulation of NEAT1 expression. We identified a miR-140 binding site in NEAT1
and found that mature miR-140 in the nucleus can physically interact with NEAT1, leading to increased NEAT1 expression. We
demonstrated that reexpression of NEAT1 in miR-140 knockout ADSCs is sufficient to restore their ability to undergo differenti-
ation. Our results reveal an exciting new noncoding RNA signaling network that regulates adipogenesis and that is a potential

new target in the prevention or treatment of obesity.

ore than 40% of American adults are overweight or obese, and

there are over 40 million obese women in America (1). Obese
and overweight women are at greater risk for postmenopausal breast
cancer and have dramatically higher rates of cancer recurrence and
mortality (2, 3). Obesity is characterized by metabolic imbalance
leading to adipocyte hypertrophy and hyperplasia and the excess ac-
cumulation of adipose tissue. During adipogenesis, mesenchymal
stem cells (MSC) commit to the adipogenic lineage, forming prolif-
erative, MSC-like cells called preadipocytes. By differentiating into
mature adipocytes, preadipocytes replenish the nonproliferative ma-
ture adipocytes that are the bulk of white adipose tissue (4). Mature
adipocytes secrete hormones and adipokines that, in addition to their
metabolic function, promote breast tumor aggressiveness and inva-
sion (5). Deciphering the mechanisms of preadipocyte differentiation
and adipocyte-breast cancer cell interaction will greatly further our
understanding of and our ability to treat breast cancers.

MicroRNAs (miRNAs) are essential regulators of cellular func-
tion and gene expression. After nuclear processing, miRNA precur-
sors are exported to the cytoplasm, where the mature miRNA is
formed. miRNAs associate with the RNA-induced silencing complex
(RISC) and base pair to seed sequences in the 3" untranslated region
(UTR) of target mRNAs. This guides the RISC to the mRNA, causing
degradation or inhibition of translation. miRNAs primarily function
in the cytoplasm; however, some have been shown to translocate back
into the nucleus and degrade nuclear RNA molecules (6). Nuclear
miRNAs have also been shown to mediate mRNA upregulation by
RNA activation (RNAa). This occurs through the direct binding of an
miRNA to the gene promoter and recruitment of Argonaute pro-
teins. The miRNA-Argonaute complex recruits histone methyltrans-
ferase proteins, leading to epigenetically active chromatin and in-
creased transcriptional activity (7). Alternatively, miRNAs targeting
the 3’-terminal region have been shown to activate transcription,
potentially through the formation of a loop that brings the 3" termi-
nus close to the promoter and recruits activating proteins. miRNAs
that target enhancer sequences within the gene may have similar tran-
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scription-activating effects (8). miRNAs have also been shown to in-
crease mMRNA expression by competitively binding AU-rich regions
in the 3’ UTR, preventing degradation by RNA binding proteins (9).

miRNAs have been extensively studied in cancer and regulate
various physiological processes at the posttranscriptional level
(10). Several miRNAs have been found to play important regula-
tory roles in either promoting (miR-140, miR-26a/b, and miR-
455) (11, 12) or suppressing (miR-27 and miR-133) adipogenesis
(13, 14). miR-140 is an important regulator of developmental
pathways and stem cell differentiation and is a tumor suppressor
in breast cancer (15-17). Through targeted degradation of the
stem cell factors SRY (sex-determining region Y) box 2 (SOX2),
SOX9, and ALDH]1, miR-140 prevents breast cancer initiation and
progression. Expression of miR-140 is downregulated in estrogen
receptor-positive breast cancers due to estrogen-mediated tran-
scriptional inhibition, while epigenetic mechanisms of inhibition
have been demonstrated in basal-like breast cancers (16, 18). De-
creased miR-140 expression releases suppression of breast cancer
stem cells, leading to higher tumorigenicity. Recent work has
identified a role of miR-140 in adipogenesis. In pluripotent stem
cells, miR-140 is activated by bone morphogenic protein 4
(BMP4) and induces commitment to the adipogenic lineage by
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targeting the adipogenesis inhibitor osteopetrosis-associated
transmembrane protein 1 (OSTM1) for degradation (19).

Long noncoding RNAs (IncRNAs) (>200 bp) are one of the
most abundant types of noncoding RNA and have vital roles in
differentiation and tissue homeostasis. Sun et al. identified several
IncRNAs that are dramatically upregulated during adipogenesis,
including NEAT1 (13). NEATT is a nuclear IncRNA that is a nec-
essary scaffolding factor for the formation of nuclear paraspeckles.
Paraspeckles are nuclear bodies comprised of a NEAT1 backbone
that interacts with core paraspeckle proteins, including polypy-
rimidine tract-binding protein-associated splicing factor (PSF),
54-kDa nuclear RNA binding protein (p54nrb), and polymerase
suppressor protein 1 (PSP1) (20). These and other paraspeckle
proteins sequester certain mRNA transcripts at the paraspeckle
and mediate posttranscriptional splicing. While NEAT1 paras-
peckles are necessary for myeloid differentiation and play a key
role in mammary gland development and lactation (21), the func-
tions of paraspeckles are still largely unknown (22).

The paraspeckle-independent functions of NEAT1 are mostly
uncharacterized. However, NEAT1 has been shown to localize to
epigenetically active chromatin and may be an important activa-
tor of gene transcription (23, 24).

Interaction between noncoding RNA molecules is a novel and
likely crucial regulatory mechanism within the cell. The best-
characterized mechanism of IncRNA-miRNA interaction is by
competitive endogenous IncRNAs. One example of this is
IncRNA-regulator of reprogramming (RoR), which contains sev-
eral miR-145 binding sites. IncRNA-RoR acts as a competitive
sponge for miR-145, increasing expression of other miR-145 tar-
gets. This is a mechanism for maintaining self-renewal signaling in
human embryonic stem cells, triple-negative breast cancer, and
endometrial tumor spheres (25-27). miRNAs can also regulate
IncRNAs by targeting them for degradation via the RNA-induced
silencing complex (28). While miRNA-mediated degradation was
previously believed to be restricted to the cytoplasm, miRNAs and
RISC proteins were recently found to be present in the nucleus
and are able to degrade IncRNAs that are restricted to the nucleus
(6).

Here, we demonstrate the critical role of miR-140 in preadi-
pocyte differentiation and identify NEAT1 as a novel downstream
target of miR-140 in adipogenesis. We report the first instance of
nuclear localization of miR-140, where it physically interacts with
NEAT1 and enhances the expression of NEAT1. Through the use
of wild-type (WT) and miR-140 knockout (KO) primary mouse
preadipocytes, we show that miR-140 knockout results in down-
regulation of NEAT1, abrogating the preadipocyte adipogenic
ability. Reexpression of NEAT1 in miR-140 knockout mouse pri-
mary preadipocytes restores the adipogenic phenotype, showing
regulation of NEAT1 expression is a primary function of miR-140
in adipogenesis.

MATERIALS AND METHODS

Cell culture, reagents, transfection, and actinomycin D. MCF10DCIS
(DCIS) breast cancer cells obtained from Asterand (Detroit, MI) and mu-
rine 3T3-L1 preadipocytes and human lung fibroblasts obtained from the
ATCC were cultured as previously described (17, 29). Human mammary
preadipocytes (mammary adipocyte precursor cells) were purchased
from ZenBio (Research Triangle Park, NC) and were maintained and
differentiated as described previously (30). The cells were incubated in 5%
CO, at 37°C. Sulforaphane (SEN) purchased from LKT laboratories (St.
Paul, MN) was used at 5 WM and 10 uM concentrations for all assays. The
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sulforaphane was dissolved in ethyl alcohol (EtOH). All transfection as-
says were performed as described previously by Li et al. (16). For actino-
mycin D RNA stability, cells were grown to ~50% confluence and treated
with 10 pg/ml actinomycin D (Sigma) in dimethyl sulfoxide (DMSO).
Control cells were treated with DMSO.

Adipose tissue stromal vascular fraction and differentiation assays.
The adipose tissue stromal vascular fraction (SVF) was isolated from the
fat tissue of 10- to 12-week-old WT and miR-140 KO mice as previously
described (15,31). The fat tissue (1.5 to 2.0 g) was cut up and digested with
collagenase at 37°C for 1 h with spinning once every 15 min. After diges-
tion, the solution was filtered through 250-pm tissue strainers (Thermo
Scientific, Rockford, IL) and collected in a sterile tube. After centrifuga-
tion at 200 X g, the filtrate was comprised of mature adipocytes (top layer)
and the SVF (bottom layer). The pellet (SVF) was washed twice with
phosphate-buffered saline (PBS) and resuspended in culture medium
(Dulbecco’s modified Eagle’s medium [DMEM], 10% fetal bovine serum
[FBS], 1% penicillin-streptomycin). The cell solution was filtered through
a40-pm cell strainer and transferred to a 10-cm tissue culture dish. For in
vitro differentiation assays, the cells were treated with an adipogenic cock-
tail containing 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 1 pM
dexamethasone, 8 pg/ml biotin, 1 pg/ml bovine insulin, and 10% fetal
bovine serum. The differentiated adipocytes were maintained in medium
containing 10% FBS supplemented with 1 pg/ml insulin and 8 pg/ml
biotin. Animal studies complied with federal guidelines and institutional
policies of the University of Maryland Animal Care and Use Committee.

Oil Red O staining. Adipocytes were washed twice with PBS and fixed
in 10% formalin at room temperature for 30 min. Oil Red O working
solution was prepared and freshly filtered prior to the staining. After fix-
ation, the cells were exposed to 60% isopropyl alcohol and allowed to dry
completely at room temperature. The cells were stained with Oil Red O for
30 min at room temperature. The stained intracellular lipid droplets were
washed twice with distilled water (dH,0O) and visualized with a Nikon
Eclipse Ti-U microscope. Quantification was performed using Image]J
analysis.

Sphere formation assay. Cells were separated using cell dissociation
buffer (Millipore) and 40-pm strainers (Fisher Scientific, Pittsburgh, PA).
A total of 20,000 cells/ml were seeded in six-well plates coated with 2%
polyhema (Sigma). After 7 days, spheres of >100 pm were quantified.

NEATI1 cloning. Mouse Neatl was amplified by PCR using the
genomic DNA of NIH 3T3-L1 cells as a template with the primers 5'-AC
TGATGCCGGCAGGAGTTAGTGACAAGGAGGG-3' and 5'-ACTGAT
GTCGACGAAGCTTCAATCTCAAACCTTTA-3" and cloned into the
NgoMIV and Sall sites of the pPBABE-puro vector. The pZw1-sno vector
was digested with HindIII, treated with T4 DNA polymerase, and then
digested with Sall. The pBABE-mNeatl vector was digested with
NgoMIV, treated with T4 DNA polymerase, and digested with Sall. Neat1
was then recovered and cloned into the pZw1-sno vector (32).

Biotinylated-probe pulldown. Pulldown of miR-140 targets was per-
formed as described previously (33). Binding of miR-140 to NEAT1 was
tested using biotin-labeled miR-140. Briefly, 3T3-L1 cells were transiently
transfected with a miR-140 duplex in which biotin was attached to the 3’
end of the sense strand. After 24 h, whole-cell lysates were prepared and
mixed with streptavidin magnetic beads (New England Biolabs) and in-
cubated with rotation at 4°C for 16 h. The beads were then collected and
washed thoroughly. The bead-bound RNA was extracted, treated with
DNase, and purified for further analysis. The levels of specific RNAs were
measured by quantitative real-time (qQRT) PCR. As a control, input RNA
was also prepared.

qRT-PCR. qRT-PCR analysis of mRNA/miRNA/IncRNA expression
was performed as described previously with normalization to either
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) or B-actin for
mRNAs and to U6 small nuclear RNA for miRNAs.

Immunofluorescence. Cells were fixed with 4% paraformaldehyde
for 10 min, washed twice with PBS, and blocked with 10% goat serum
in PBS at room temperature for 1 h, followed by primary-antibody
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(1:250) incubation overnight at 4°C. After incubation with secondary
antibody for 1 h, followed by washes in PBS and counterstaining with DAPI
(4',6-diamidino-2-phenylindole) in PBS for 10 min at room temperature,
samples were mounted using mounting medium (KPL, Gaithersburg, MD)
and visualized with an Olympus IX81 spinning-disk confocal microscope.
Quantification was performed using Image] analysis.

Immunohistochemistry (IHC). Paraffin-embedded tissue sections
were deparaffinized in xylene, rehydrated in ethanol, and washed twice
with dH,O. Antigen retrieval was performed using 10 mM sodium citrate,
pH 6.0, at 95°C for 10 min with cooling for 30 min at room temperature.
Samples were quenched using 3% hydrogen peroxide, followed by wash-
ing and blocking with 10% goat serum in PBS. The samples were incu-
bated with the primary antibody overnight at 4°C in antibody diluent,
washed, and incubated with secondary antibody for 1 h at room temper-
ature. The substrate reaction was performed using the DAB horseradish
peroxidase (HRP) substrate (Vector Laboratories, CA) for peroxidase.
Sections were mounted using DPX (Sigma, USA) and visualized using a
Nikon Eclipse Ti-U microscope.

Fluorescence in situ hybridization (FISH). miRNA and IncRNAs
were studied using the methodology previously described with necessary
modifications (26, 34). Fluorescein isothiocyanate (FITC)-labeled Inc-
NEAT!1 probe was obtained from Affymetrix. Briefly, cells were fixed with
4% paraformaldehyde and treated with proteinase K, which helps to ex-
pose the cellular RNA to the probe. After 5 min incubation in permeabi-
lization buffer (0.5% Triton X-100 in 1X PBS), samples were blocked in
prehybridization buffer (3% bovine serum albumin [BSA] in 4X SSC [1X
SSCis 0.15 M NaCl plus 0.015 M sodium citrate]) for 30 min at 55°C and
incubated in hybridization buffer (4X SSC plus 10% dextran sulfate) with
probe diluted at 1:5,000 for 2 h at 55°C. After brief washing in different
grades of wash buffers (I, II, and III) and peroxidase treatments, samples
were blocked (4% BSA in 1X PBS) for 1 h at room temperature, followed
by primary-antibody incubation overnight at 4°C. The samples were washed
in PBS and incubated in secondary antibody for 1 h, followed by DAPI for 10
min in the dark at room temperature. Slides were mounted using mounting
medium (KPL, Gaithersburg, MD) and visualized with an Olympus IX81
spinning-disk confocal microscope. All the buffers in the above-described
experiments were freshly prepared on the day of the experiment.

Plasmid constructs and luciferase assay. The miR-140 targeting sites
within the mouse Neatl sequence were established using RNAhybrid 2.2,
a tool for finding minimum free energy hybridization (http://bibiserv
.techfak.uni-bielefeld.de/rnahybrid) (39). The first Neatl fragment, con-
taining a putative miR-1403p targeting site, was amplified by PCR using a
pair of primers, 5'-ACGTTTGCTAGCTTCCGTGCTTCCTCTTCTG
T-3" (forward) and 5'-ACGTTTCTCGAGTTCACTGTGTAGGCGTCA
AC-3’ (reverse), and cloned into the Nhel and Xhol sites of the pSGG
vector. This constructed reporter was named pSGG-miR140-BS1. The sec-
ond Neatl fragment, which contained a putative miR-140 targeting site, was
amplified by PCR using the primers 5'-ACGTTTGCTAGCACCGTGGGTT
GATGGGAATA-3' (forward) and 5'-ACGTTTCTCGAGGAAGGCATGG
CTCACACATT-3' (reverse) and cloned into the pSGG vector. The second
constructed reporter was named pSGG-miR140-BS2. To construct the mu-
tant reporter plasmid, we used the Generate site-directed mutagenesis system
(Invitrogen) to introduce mutations into the putative miR-140 targeting sites
of the pSGG-miR140-BS1 vector. The primers used for the mutant reporter
construction were 5'-GTGACCGGAAACATCGATGTGAGCCCTCGCAA
GGCTCCACACTCACGTC-3" and 5'-GACGTGAGTGTGGAGCCTTGC
GAGGGCTCACATCGATGTTTCCGGTCAC-3'. The constructed mutant
reporter plasmid containing six point mutations, TGGA(C to G)CCT(G to
T)G(G to C)G(T to A)GGGCTCACA(G to T)C(C to G)ATGT, was con-
firmed by sequencing. Luciferase reporter transfection and dual-luciferase
assays were performed as described previously (35).

Statistical analysis. Statistical analysis was performed by Student’s ¢
test. P values of <0.05 were considered significant. Data are presented as
means and standard errors (SE). Data were analyzed using GraphPad
Prism software (version 6.0).
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RESULTS
miR-140 is required for adipogenesis. The adipose tissue SVF is
capable of proliferating and differentiating into several lineages, in-
cluding adipocytes. These adipocyte-derived stem cells (ADSCs)
have been used to characterize signaling pathways that are re-
quired for adipogenesis in both mice and humans (36). To deter-
mine if miR-140 is necessary for adipogenic commitment, we iso-
lated adipose tissue SVF from WT and miR-140 KO mice. We
incubated the SVF of WT and miR-140 KO adipose tissue for 10
days in adipocyte differentiation medium and quantified the ma-
ture adipocytes using Oil Red O lipid droplet staining. As seen in
Fig. 1A and B, differentiation of miR-140 KO SVF was dramati-
cally reduced compared to WT SVF. Western blotting for perox-
isome proliferator-activated receptor y (PPARy) and C/EBPa,
two key transcription factors that are the primary drivers of adi-
pogenesis and are common markers of mature adipocytes, found
less protein expression in miR-140 KO adipocytes, confirming a
decrease in their adipogenic ability (Fig. 1D). Adipose tissue SVF
(adipocyte-derived stem cells) is composed of multiple cell types,
including white adipocyte progenitor cells or preadipocytes (4).
To verify the physiological similarity of adipocyte-derived stem
cells to the 3T3-L1 cell model, we treated both WT and miR-140
KO SVEF with SEN, a compound previously shown to inhibit adi-
pogenesis in mouse 3T3-L1 preadipocytes (30). As previously re-
ported, preadipocyte differentiation was decreased in a dose-de-
pendent manner (Fig. 1A and B) in both WT and miR-140 KO
cells, verifying our successful isolation of primary mouse adi-
pocyte-derived stem cells. Using immunofluorescence staining
for PPARYy and C/EBPaq, we confirmed that SEN decreases PPARYy
and C/EBPa expression in miR-140 KO cells (Fig. 1E and F). Be-
cause mature adipocytes are the primary component of adipose
tissue and the mammary gland and have been shown to enhance
breast cancer cell invasion and aggressiveness (5), we investigated
the effect of miR-140 KO on in vivo mammary adipose tissue.
Using IHC, we examined the expression of the mature adipocyte
markers C/EBPa, PPARYy, and adiponectin in the adipose tissue
from WT and miR-140 KO mammary glands and found that all
three mature adipocyte markers were considerably downregu-
lated in adipocytes within miR-140 KO mammary tissue. This
demonstrates that miR-140 deficiency leads to an inhibitory
effect on adipogenesis within the mammary gland (Fig. 1C).
NEAT1 is upregulated in mature adipocytes. As we found that
miR-140 is required for adipogenesis, we next wanted to examine
the molecular mechanism of miR-140 action and to identify miR-
140 targets important for adipogenesis. Recent work by Sun et al.
profiled the transcriptomes of mouse preadipocytes and differen-
tiated adipocytes and found several IncRNAs that are strongly and
specifically regulated during adipogenesis (13). Because miR-140
knockdown prevents adipogenesis, we hypothesized that one
mechanism of miR-140 action during adipogenesis is to regulate
IncRNA expression. First, we profiled the alterations in IncRNA
expression during human preadipocyte adipogenesis. Using a
noncoding RNA qPCR array (System Biosciences), we compared
the expression of 90 IncRNAs with well-known roles in transcrip-
tional control and epigenetic regulation in primary human adi-
pocyte-derived stem cells to expression in differentiated adi-
pocytes. Analysis of the array revealed that 41 out of the 90
IncRNAs profiled had at least a 1.5-fold change in expression in
mature adipocytes compared to adipocyte-derived stem cells (3
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555-conjugated secondary antibody, and nuclei were counterstained with DAPI. Shown are representative images from experiments done in triplicate. The scale

bars represent 100 wm. The data represent means and SE.

downregulated and 38 upregulated). As seen in Fig. 2A, of the
IncRNAs examined, seven were increased at least 4-fold, including
NEAT1. This shows that NEATI is upregulated in human adi-
pocyte-derived stem cells during adipogenesis, confirming the
previously reported findings in mouse preadipocytes (13) (Fig.
2A). NEATT1 is highly conserved between humans and mice, and
while several studies have demonstrated NEAT1 function in para-
speckle formation, little work has been done to define the physi-
ological functions of NEAT1. Therefore, we chose to explore the
role of NEAT1 in adipogenesis. To confirm our array data, we
used real-time qRT-PCR to compare the level of NEAT1 expres-
sion in primary human adipocyte-derived stem cells to that in
differentiated adipocytes. We also examined NEAT1 expression in
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human lung fibroblasts and MCF10DCIS breast cancer cells to
determine whether NEAT1 upregulation is specific to adipocytes.
NEAT1 was enriched in adipocyte-derived stem cells over other
cell lines and was increased 6.5-fold in differentiated adipocytes
compared to adipocyte-derived stem cells. This demonstrates that
NEAT1 is expressed at higher levels in cells committed to the
adipogenic lineage and that NEATT1 is highly induced during ad-
ipogenesis (Fig. 2B). Finally, we used qRT-PCR to compare the
expression of NEAT1 and three other IncRNAs in primary human
adipocyte-derived stem cells to that in differentiated adipocytes.
While all the IncRNAs analyzed were increased in mature adi-
pocytes, NEAT1 expression was increased 7-fold in mature adi-
pocytes, far above the increase we saw in other IncRNAs. These
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data represent means and SE (n = 3).

data confirm the results of our noncoding RNA array and dem-
onstrate that NEAT1 is upregulated in human adipocytes during
adipogenesis.

miR-140 can regulate IncRNA-NEAT1. As miRNAs can shut-
tle back to the nucleus and regulate nuclear mRNAs and noncod-
ing RNAs (28), we hypothesized that miR-140 is imported into the
nucleus and regulates the nuclear NEAT1. Using the RNAhybrid
algorithm, we identified two putative miR-140 binding sites in
NEAT1 at bp 974 to 998 and bp 2370 to 2403 (Fig. 3A). To deter-
mine whether these predicted miR-140 binding sites were in-
volved in NEAT] regulation, we constructed pGL3 luciferase re-
porter vectors containing the potential miR-140 binding sites
found within NEATI and performed a luciferase reporter assay.
HEK293T cells were cotransfected with miR-140 overexpression
vector, the pGL3 NEAT1 luciferase vector construct, and pRL-TK
Renilla luciferase vector. As shown in Fig. 3B and C, there was
increased luciferase activity in cells transfected with the reporter
containing miR-140 binding site 1 (BS1) (bp 974 to 998) but not
binding site 2 (BS2) (bp 2370 to 2403). To further confirm that
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bindingsite 1 is necessary for miR-140 to regulate NEAT1 activity,
we constructed a pGL3 luciferase reporter containing a mutated
version of binding site 1. Cells transfected with the mutated bind-
ing site 1 vector had abrogated luciferase activity compared to cells
transfected with the WT binding site 1 vector (Fig. 3D). To verify
that miR-140 directly binds to NEAT1, we employed direct affin-
ity purification. We designed a biotinylated miR-140 construct
that binds to streptavidin beads, allowing the purification of the
RNA that physically interacts with miR-140. After transfecting the
biotinylated miR-140 construct into 3T3-L1 mouse preadi-
pocytes, we lysed the transfected cells and incubated the whole-
cell lysates with biotin-binding streptavidin magnetic beads to iso-
late the biotinylated miR-140 complex. Using qRT-PCR, we
determined the enrichment of specific RNA bound by the biotin-
ylated miR-140 construct normalized to -actin RNA. NEAT1
RNA was significantly enriched by pulldown with biotin—miR-
140 compared to cells transfected with control scrambled RNA
(Fig. 3E). As a positive control, we analyzed enrichment of
HDAC4, a known target of miR-140 (37). As expected, hdac4
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mRNA was highly enriched by biotin—miR-140. In contrast, PPTIA
mRNA, which is not a target for miR-140, was not enriched by
biotin—miR-140 (Fig. 3E), suggesting the specificity of the inter-
action of miR-140 and NEATI.

miR-140 binding leads to enhanced NEAT1 expression. As
we identified direct binding of miR-140 to NEATI, we next
wanted to examine whether miR-140 binding impacts NEAT1
expression. The most common miRNA function is targeting
mRNA transcripts for degradation. Conversely, the best-charac-
terized role of IncRNA-miRNA binding is the inhibition of
miRNA activity by competitive-endogenous IncRNA (26). While
miRNAs are best known for their cytoplasmic functions, several
studies have shown that miRNAs, as well as RISC proteins, are
imported into the nucleus and are able to degrade nuclear RNA
molecules (6). This is a mechanism by which miRNAs can de-
crease the expression of both mRNA and IncRNA. Some miRNAs
have also been shown to bind to DNA and activate gene transcrip-
tion (7), while others are able to stabilize mRNA by preventing
binding of degradative proteins (9). As both miR-140 and NEAT1
are upregulated in adipogenesis, we predicted that miR-140 bind-
ing may positively regulate NEAT1 expression. We first examined
NEAT1 expression levels in primary human adipocyte-derived
stem cells, as well as cells isolated from lung and mammary tissues
of WT and miR-140 KO mice. Using qRT-PCR, we found that
NEAT1 expression was dramatically decreased in all miR-140 KO
primary cells examined (Fig. 4A). We then overexpressed miR-
140 in 3T3-L1 preadipocytes and human lung fibroblasts and ob-
served an increase of NEAT1 expression in both cell lines (Fig. 4B).
Because NEAT1 expression is restricted to the nucleus, we used
immunofluorescence staining for miR-140 and NEAT1 to study
their cellular localization and to determine if they colocalize in the
nucleus. In WT primary adipocyte-derived stem cells and 3T3-L1
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preadipocytes, miR-140 was expressed in both the cytoplasm and
nucleus, with NEATT restricted to the nucleus (Fig. 4C and D).
Immunofluorescence staining in primary miR-140 KO adipocyte-
derived stem cells demonstrated the complete abrogation of miR-
140 expression in KO mice compared to WT adipocyte-derived
stem cells, which corresponded to a decrease in NEAT1 expression
(Fig. 4C). When we overexpressed miR-140 in 3T3-L1 preadi-
pocytes, we also saw an increase in NEAT1 staining (Fig. 4D). To
investigate if miR-140 may impact NEAT1 stability, we performed an
actinomycin D RNA stability assay. Previous reports have demon-
strated that mouse NEAT1 has a half-life of between 15 and 30 min
(38). Using these previously reported time points, we observed deg-
radation of NEAT1 in control cells, while overexpression of miR-140
increased NEAT1 stability with no degradation seen within the stud-
ied time (Fig. 4E). Overall, these data indicate that miR-140 binds to
NEATT1 in the nucleus and enhances NEAT1 stability.

miR-140 activation of NEAT1 is required for adipogenesis.
Finally, we investigated the functional role of the miR-140/
NEAT1 signaling pathway in adipogenesis. Adipocyte-derived
stem cells are able to proliferate and self-renew, maintaining a
pool of committed mature adipocyte progenitor cells. We previ-
ously found that miR-140 regulates breast cancer stem cell self-
renewal through degradation of stem cell factors SOX2 and SOX9
(17). Therefore, we used a sphere formation assay to investigate
whether miR-140 regulates self-renewal in adipocyte-derived
stem cells, as well. We plated primary WT and miR-140 KO adi-
pocyte-derived stem cells on polyhema-coated, nonadherent
plates. Under these conditions, cells capable of self-renewal form
spheroids while others die from anoikis. The number of spheres
formed is used to determine the self-renewal ability of the cells.
miR-140 KO adipocyte-derived stem cells formed twice the num-
ber of spheres as WT adipocyte-derived stem cells, consistent with
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our previous functional studies of miR-140 (16, 17). Moreover,
the spheres formed by KO cells were larger and more robust, in-
dicating the greater proliferative capabilities of the KO cells (Fig.
5A and B). Using qRT-PCR, we examined the expression change
of the key stem cell regulatory factors octamer-binding transcrip-
tion factor 4 (OCT-4), SOX2, and SOX9. We found that OCT-4
was much more highly expressed in miR-140 KO spheres than in
the WT (Fig. 5C), while SOX2 and SOX9 levels were unchanged
(data not shown). This indicates that OCT-4 is an important self-
renewal regulator in miR-140 KO cells. We next wanted to deter-
mine if the lack of miR-140 activation of NEAT1 inhibits adipo-
genesis in miR-140 KO cells (Fig. 1). We overexpressed NEAT1 in
miR-140 KO primary adipocyte-derived stem cells (Fig. 5E) and
found significant upregulation of both CEBPa and PPARy (Fig.
5G and H). Oil Red O staining revealed a remarkable increase in
the number of mature adipocytes when NEAT1 was overex-
pressed in miR-140 KO adipocyte-derived stem cells (Fig. 5D and
F). These data show that the inhibition of self-renewal by miR-140
previously reported in breast cancer stem cells also occurs in adi-
pocyte-derived stem cells and that activation of NEAT1 is a critical
role of miR-140 in adipogenesis.

DISCUSSION

Previous studies have shown that cytoplasmic miR-140 targets
SOX2 and SOX9 for degradation, two factors important in both
chondrogenesis and stemness, self-renewal and pluripotent ability
(15, 16). miR-140 was recently demonstrated to be activated by
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BMP-4 and to induce commitment to the adipogenic lineage
through the targeted degradation of OSTM1 (19). Profiling of the
global mouse adipocyte noncoding transcriptome by Sun et al.
found that IncRNA NEAT]1 is one of the most upregulated long-
noncoding RNAs in adipogenesis (13). Here, we found that miR-
140 localizes to the nucleus and increases NEAT1 expression.
Moreover, we found that this relationship is critical for adipogen-
esis, defining new functions of both miR-140 and NEAT1.

Through the use of primary adipocyte-derived stem cells isolated
from miR-140 KO mice, we observed that miR-140 KO adipocyte-
derived stem cells have abrogated adipogenic ability compared to the
WT, as shown through decreased Oil Red O staining and PPARy and
C/EBPa expression. Profiling of mature mouse adipocytes con-
firmed that NEAT1 is upregulated in mature mouse adipocytes (13)
and also increased in mature human adipocytes.

NEAT]1 expression is significantly decreased in miR-140 KO adi-
pocyte-derived stem cells and was rescued upon overexpression of
miR-140. We observed that miR-140 localizes to the nucleus, and
using a biotinylated miR-140 probe, we demonstrated a physical in-
teraction between miR-140 and NEAT]1 that increases NEAT1 stabil-
ity and expression. These data demonstrate a positive signaling rela-
tionship between miR-140 and NEAT1.

Finally, we demonstrated that positive regulation of NEAT1 by
miR-140 is necessary for adipogenesis. Reexpression of NEAT1 in
miR-140 KO adipocyte-derived stem cells was sufficient to rescue
the adipogenic phenotype, showing that lower expression of
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NEAT1 in miR-140 KO adipocyte-derived stem cells inhibits their
adipogenic abilities.

While the structural role of NEAT1 in paraspeckles has been
well characterized, little is known about the regulation of NEAT1
or its roles outside paraspeckle formation. The novel relationship
between miR-140 and NEAT1 we have identified is critical for
adipogenesis and is an exciting discovery that defines a new role
for miR-140 in the regulation and functionof NEATTI.
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