Long noncoding RNAs regulate adipogenesis
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The prevalence of obesity has led to a surge of interest in under-
standing the detailed mechanisms underlying adipocyte develop-
ment. Many protein-coding genes, mRNAs, and microRNAs have
been implicated in adipocyte development, but the global expres-
sion patterns and functional contributions of long noncoding RNA
(IncRNA) during adipogenesis have not been explored. Here we
profiled the transcriptome of primary brown and white adipocytes,
preadipocytes, and cultured adipocytes and identified 175 IncRNAs
that are specifically regulated during adipogenesis. Many IncRNAs
are adipose-enriched, strongly induced during adipogenesis, and
bound at their promoters by key transcription factors such as per-
oxisome proliferator-activated receptor y (PPARy) and CCAAT/en-
hancer-binding protein o (CEBPx). RNAi-mediated loss of function
screens identified functional IncRNAs with varying impact on adipo-
genesis. Collectively, we have identified numerous IncRNAs that are
functionally required for proper adipogenesis.

besity is a major source of morbidity and mortality and is
increasingly prevalent in many areas of the world. By 2008 the
incidence of this disease was 32.2% among adult men and 35.5%
among adult women in United States (1). Excess fat accumulation
is a contributing factor in such severe human diseases as type 2
diabetes, certain cancers, and cardiovascular disease (2). Under-
standing the detailed mechanisms controlling adipogenesis and
energy homeostasis is a critical part of the effort to combat obesity.
Adipogenesis is governed by a transcriptional cascade driven, in
large part, by peroxisome proliferator-activated receptor y (Ppary),
an adipocyte-enriched nuclear receptor (3). Ppary is both nec-
essary and sufficient for adipogenesis (4, 5); no other factor has
been found to be able to induce adipogenesis in the absence of
Ppary. Ppary cooperates with CCAAT/enhancer-binding proteins
(C/EBP), including Cebpa, Cebpp, and Cebpy, to induce the ex-
pression of many genes important for terminal differentiation,
such as Fabp4/aP2, Cd36, Lipe/Hsl, Olrl, and Mel (6). Unlike
transcriptional factors that bind to DNA directly, transcriptional
cofactors often serve as molecular scaffolds to link the basal
transcription machinery to either active or inactive complexes
(7-9). Many cofactors, such as CBP and p300, have enzymatic
activity in histone modification and can adjust chromatin envi-
ronments to be more or less accessible to the transcription ma-
chinery. Indeed, dramatic changes in epigenetic signatures have
been observed during adipogenesis, indicating an important role
of epigenetic modifications in regulating adipogenesis (10).
Noncoding RNAs are known to play a regulatory role in many
developmental contexts, including adipogenesis, and several
microRNAs have been identified that positively or negatively reg-
ulate adipogenesis (11, 12). Recently we and others have identified
a class of long noncoding RNAs (IncRNAs) (13-15). Previous
studies have demonstrated that IncRNAs are essential regulators
in a variety of biological processes, including, but not limited to,
X chromatin inactivation (16), p53-mediated apoptosis (17, 18),
cancer metastasis (19), and reprogramming of induced pluripotent
stem cells (20), among many others (21-23). We therefore hy-
pothesized that IncRNAs participate in the regulatory network
governing adipogenesis.
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To test this we used deep RNA sequencing (RNA-Seq) to
identify mRNAs and polyadenylated IncRNAs that are regulated
during adipogenesis. To survey the functional contributions of
IncRNAs during adipogenesis we performed RNAi mediated loss
of function (LOF) experiments for 20 candidate IncRNAs. In
scoring each LOF assay for functional relevance, we present here
a unique method that uses the Jensen-Shannon distance metric to
quantify the IncRNA-dependent “transcriptome shift” from ma-
ture adipocyte to reversion back to the precursor state. Our
combined results establish that IncRNAs constitute an as yet un-
explored and important layer in adipogenesis regulation.

Results

Global Identification of IncRNAs Regulated During Adipogenesis. We
first set out to identify global transcriptional regulation during
adipogenesis for both coding and noncoding genes alike. To this
end we used massively parallel RNA sequencing as previously
described (24) to sequence polyA-selected RNAs from in vitro
cultured brown and white preadipocytes, in vitro differentiated
mature brown and white adipocytes, and primary brown and white
mature adipocytes directly isolated from mice. RNA-Seq reads
were mapped to the mouse genome (mm9) using TopHat (25), to
which we provided gene annotations for known and/or cloned and
previously undescribed transcripts to maximize spliced alignment
accuracy. All annotated transcripts, corresponding to known Uni-
versity of California at Santa Cruz (UCSC) genes and available
RIKEN cloned sequences (26), were quantified across each con-
dition and differential expression analysis between preadipocytes
and mature adipocytes using Cuffdiff (27). We identified 1,734
coding genes and 175 IncRNAs that were significantly up- or down-
regulated greater than twofold during differentiation of both brown
and white adipocytes [false discovery rate (FDR) <5%] (Fig. 14).

To further explore the biological validity of our derived adipo-
cytes we examined the expression of several well-known adipo-
genesis markers, such as fatty acid binding protein 4 (Fabp4),
adiponectin (AdipoQ), and glucose transporter type 4 (Glut4)
(Fig. 1B) as well as several additional markers, such as pre-
adipocyte factor 1 (Prefl), cell death-inducing DFFA-like effector
a (Cidea), and uncoupling protein 1 (Ucpl) (Fig. S1), all of which
are regulated as expected for appropriately differentiating white
and/or brown preadipocytes. We next examined the protein coding
gene sets up-regulated during adipogenesis by global gene
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ontology analysis. Consistent with bona fide adipocytes and many
previous studies, we observed significant enrichments in lipid
metabolism and adipocyte terms, whereas down-regulated genes
are enriched in cell cycle and fibroblast terms (Fig. S2), demon-
strating that our RNA-Seq data accurately reflect the known
hallmarks of adipogenesis.

Expression of IncRNAs Is Tightly Regulated During Adipogenesis.
Hierarchical clustering of the RNA-Seq expression profiles de-
termined that both IncRNAs and protein coding genes alike ac-
curately distinguished precursors from adipocytes (Fig. 14).
Specifically, precursor cells are clustered together yet distinctly
different from the gene expression patterns of both cultured adi-
pocytes and primary adipocytes (Fig. 14). Importantly, cultured
and primary brown and white adipocytes exhibited similar ex-
pression patterns. Together these observations demonstrate that
our in vitro cell cultured adipocytes share similar gene expression
signatures to their primary counterparts across both protein-coding
and noncoding IncRNA genes.

Several recent studies have identified ncRNAs directly regulated
by key transcription factors that define and drive cellular differ-
entiation (14, 18, 20, 28-30). Therefore, we explored whether
IncRNAs regulated during adipogenesis are controlled by known
adipogenic transcription factors, such as Ppary and Cebpa. To this
end we analyzed data from previous genome-wide binding site
localizations of Ppary (10) and Cebpa (31). Ppary is physically
bound within the promoter region (2 kb upstream of the tran-
scriptional start site) of 23 (13%) of 175 IncRNAs up-regulated
during adipogenesis; Cebpa was bound upstream of 34 up-regu-
lated IncRNAs (19%). Up-regulated protein coding genes were
similarly enriched for Ppary and Cebpa binding for (215 (14%)
and 352 (20%) of 1,734 genes, respectively). A permutation
analysis confirmed these enrichments to be statistically significant
(P < 107%) over random chance. Collectively, these computational
and experimental analyses suggest that a similar portion of regu-
lated IncRNAs and protein coding genes are bound and activated
by transcription factors responsible for coordinating adipogenesis.
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terisk (*), and exons are depicted as blue bars.

To focus our functional validation efforts, we first ranked can-
didate IncRNAs according to their level of up-regulation in brown
and white fat, and the presence of PPARy or CEBPa binding at
the IncRNA promoter. These criteria resulted in 32 top candi-
dates for further analysis. We performed quantitative RT-PCR
(qRT-PCR) to independently measure the regulation of these
32 IncRNAs during differentiation of independently derived pre-
adipocytes (Fig. 2 4 and B). As a control, we monitored the
adipogenesis marker Fabp4 as well. As assessed by qRT-PCR, 26
of 32 selected IncRNA genes were confirmed as up-regulated
during adipogenesis in both primary brown and white adipocyte
cultures (Fig. 2 4 and B), similar to Fabp4.

To determine whether these 26 IncRNAs were specifically reg-
ulated in adipose tissue we monitored their expression levels using
qRT-PCR across 10 additional tissues (Fig. 2C). Intriguingly, many
of these IncRNAs were greatly enriched in but not totally specific
to oth brown adipose tissue and white adipose tissue compared
with 10 other organs. Collectively these experiments identified 26
IncRNAs that are induced during adipogenesis and exhibit adipose-
enriched expression patterns; several exhibit promoter binding of
Ppary and Cebpa, suggestive of a functional role in adipogenesis.

LOF Screening Reveals Functional IncRNAs During Adipogenesis. To
identify IncRNAs that are functionally important for adipogenesis,
we used RNAi-mediated LOF to screen the top 20 IncRNA genes
identified by the above criteria of significant up-regulation in both
brown and white fat cultures, PPARy and CEPBa promoter
binding, and independent validation of adipose-specific expres-
sion. Briefly, we separately transfected three siRNAs targeting
each IncRNA into s.c. preadipocyte cultures 1 d before differen-
tiation. Two siRNAs targeting Ppary mRNA were used as positive
controls and a nontargeting scrambled siRNA as a negative con-
trol. After 4 d of differentiation, lipid accumulation was evaluated
by Oil Red O (ORO) staining. In addition, total RNA was sub-
sequently isolated to monitor the siRNA knockdown efficiency of
each construct. As expected, siRNA constructs targeting Pparg
showed a marked reduction in lipid accumulation (Fig. 34). Ten
of the targeted IncRNAs were not effectively knocked down or
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did not result in detectable changes in ORO staining relative to
nontargeting controls. In contrast, we identified 10 IncRNAs
exhibiting moderate to strong reductions in lipid accumulation
upon LOF (Fig. 34). To further investigate the effect of IncRNA
LOF on the adipogenesis process we performed qRT-PCR on
four adipocyte markers: Ppary, Cebpa, Fabp4, and AdipoQ across
the subset of the IncRNAs with moderate to strong depletion in
lipid accumulation (Fig. 3B). Each of the tested siRNAs caused
a reduction in the expression of at least three key adipogenic
marker genes relative to the scrambled control. Collectively our
LOF screen of 20 IncRNAs identified 10 IncRNAs that seem to
play key roles in proper differentiation of adipocyte precursors.
For simplicity, we refer to these IncRNAs as Regulated in
AdiPogenesis (Inc-RAP-n).

Information-Theoretic Metric Scores Cellular Phenotype. We next set
out to quantify the LOF phenotypes by scoring the effect of each
IncRNA perturbation on the global white adipocyte transcriptome.
Such a scoring method should accurately measure how the expression
profile from a knockdown differs from the precursor and adipocyte
states, and the score should correlate with the qualitative ORO
staining. Commonly used scoring functions, such as the Pearson
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[ White pre-adipocytes
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Fig. 2. Validation of selected IncRNAs. Primary
brown preadipocytes (A) and primary white pre-
adipocytes (B) were isolated, cultured, and differ-
entiated as described in Experimental Procedures.
Total RNA was extracted from DO and D6 cells, and
gRT-PCR was performed to examine the expression
of selected IncRNAs. Twenty-six INcRNAs (n = 3) were
validated as significantly differentially up-regulated
-1 during both brown and white fat differentiation
BAT (P < 0.05; means + SEM). (C) RT-PCR was performed
to examine the expression of IncRNAs across 12 adult
mouse tissues. Their expression profiles, presented
here as differences from the row mean, are plotted
as a heatmap. Red represents a higher expression
and blue a lower expression. BAT, brown adipose
tissue; Epi, epididymal white fat.
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correlation or the Euclidean distance, have been used for similar
purposes. However, neither of these methods accurately corre-
sponded with the ORO staining results (Fig. S3). This is likely due to
some inherent limitations of these approaches. For example, (i)
Pearson correlation is capable of identifying similar expression pat-
terns across a range of different intensities; however, correlation is
not a true distance metric and is sensitive to outliers, which can in-
terfere with meaningful hierarchical clustering of samples; and (i)
Euclidean distance is greatly influenced by the absolute level of ex-
pression; differences in a few abundant genes may cause two profiles
that are otherwise qualitatively very similar to appear distant.

To overcome these limitations, we turned to a metric of similarity
between two frequency profiles based on Shannon Entropy, termed
Jensen-Shannon distance (JSD) (Experimental Procedures). This
metric has been used previously for simple purposes in quanti-
fying differential splicing in high-throughput data (27, 32) and is
increasingly used in machine learning applications. To test the
hypothesis that JSD was a more quantitative measure to examine
phenotype relative to ORO staining, we first identified the gene
signature that best distinguishes the precursor state (DO) from
mature cultured white adipocytes (D4). We collected total RNA
from three biological replicates of DO and D4 cells and performed
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gene expression analysis on the Affymetrix mouse 430A2 plat-
form. Significance analysis between these two conditions revealed
2,200 genes that distinguish precursors from the mature adipocyte
[significance analysis of microarrays (SAM), FDR <4.5%]. We
further eliminated genes that exhibited differential expression
due to siRNA treatment alone (Experimental Procedures). The
resulting gene expression pattern comprised 1,727 genes that
discretely distinguished precursors from mature adipocytes.

To monitor IncRNA-dependent perturbations to the adipo-
genic signature, s.c. prewhite adipocytes were transfected with
siRNAs targeting each IncRNA 1 d before differentiation. Four
days after differentiation, total RNA was isolated for microarray
analysis. We hypothesized that if an IncRNA were required for
proper adipose differentiation, then its inhibition would result in
minimal differences between the expression profiles of the 1,727
genes in the IncRNA depletion samples and the profile of the same
genes in the undifferentiated (DO0) preadipocyte control sample.

We thus quantified the “transcriptome shift” toward the mean
DO (precursor) expression profile across all 1,727 significant genes
for each of the 10 IncRNA depletion expression profiles and the
scrambled controls that exhibited significant to moderate ORO
staining phenotypes. The mean-centered expression profiles are
presented as a heatmap, where conditions are ordered by JSD
to the DO profile (Fig. 4). As expected, the gene profile of the
scramble control shRNA most closely resembled that of the D4
differentiated adipocytes. Similarly, one IncRNA knockdown,
RAP-10, had a differentiation profile similar to the scramble
control and the D4 differentiated adipocytes, suggesting little to
no effect on adipogenesis by depleting this IncRNA.

Importantly, upon knockdown, nine IncRNAs exhibited a par-
tial or near-complete reversion of the mature adipocyte (D4) to
precursor (DO0) expression signature. This indicates that these
IncRNAs are required for proper regulation of the transcriptional
network implicated in adipogenesis. Remarkably, JSD scores
closely correspond to the observed levels of lipid accumulation
(ORO staining) for each IncRNA knockdown as measured by the
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-0.52 SEM) and several adipogenesis marker genes (B).

Oil Red staining (Fig. 4). Thus, the JSD metric of gene expression
phenotypes proves to be a valuable means of quantifying adipogenic
phenotypes that is universally applicable to other cell systems and
comparisons between biological conditions.

IncRNA LOF Specifically Perturbs Adipogenic Pathways. To further
examine the specific gene networks perturbed in each of the 10
IncRNA depletions that exhibited a JSD significant phenotype, we
conducted a gene set enrichment analysis (GSEA). Briefly, rank-
ordered lists were generated for all genes comparing each IncRNA
knockdown studied with the scrambled control. These lists were
used as input to a preranked GSEA analysis (33). For each
IncRNA knockdown vs. scramble control, normalized enrichment
scores and significance values were determined across well-
established MSigDB gene sets (33). We specifically separated gene
sets involved in adipogenesis or adipocyte-related functions from
all other gene sets to determine whether adipose-associated
pathways were explicitly perturbed (Fig. S4). Indeed, for each
knockdown, the mean of the distribution of P values for the adi-
pose-associated gene sets was lower than the mean P values for the
nonadipose gene sets (Fig. S5), indicating enrichment for re-
duction in adipose-associated genes at either tail of the rank-
ordered lists. The enrichment for reduction in adipose-associated
gene sets again corresponded to both the JSD to DO (precursor)
for each knockdown condition, as well as the ORO staining.
Collectively, these results indicate a strong correlation between
those IncRNAs that exhibit ORO staining defects and those that
preferentially regulate adipose gene expression programs.

Discussion

Thousands of IncRNAs have been identified in mammalian
genomes (13-15, 29), but the functions of the vast majority remain
elusive. Our study has identified hundreds of IncRNAs that are
regulated during adipogenesis, a substantial fraction of which are
under the control of the same key transcription factors that activate
and repress coding genes during adipocyte differentiation. Of those
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Fig. 4. Microarray analysis of adipogenesis-regulated LncRNA knockdowns.
Gene expression profiles for 1,727 genes selected as significant between
undifferentiated (D0) and differentiated (D4) adipose precursors but not
significantly regulated between D4 and a scrambled siRNA control. Knock-
downs are rank-ordered by JSD to DO, and this ordering highlights the range
of effects each LncRNA has on regulating the adipogenesis transcriptome.
The dashed lines divide the knockdowns into three regions: those with little
to no effect on adipogenesis (similar to D4 and scramble), those with mod-
erate effects on the adipogenesis-regulated genes (middle block), and those
ncRNAs whose absence severely affects the differentiation potential of adi-
pocyte precursors (similar to D0). Distance from DO correlates with lipid ac-
cumulation, as determined by Oil Red staining (plates).

that we tested, most are specific to adipose tissue, and nearly half of
these adipogenic up-regulated IncRNAs that we tested by knock-
down are important for the development of mature adipocytes.
These data suggest that IncRNAs, like protein coding genes, are
likely regulated by the same mechanisms and protein factors that
control protein-coding genes in adipogenesis and other de-
velopmental processes. Interestingly, loss of several IncRNAs
each globally perturbed large portions of the collective adipo-
genic gene expression signature, suggesting that each of these
plays a key role in induction of multiple adipocyte-specific genes.
Although large-scale LOF screens of IncRNAs will offer a wealth
of useful information about the importance of IncRNAs in de-
velopmental processes, some inherent pitfalls of the RNAi method
should be acknowledged. Some antisense IncRNAs may form RNA:
RNA intermediates with their sense transcripts, and RNAI at times
may trigger the degradation of both strands. Thus, for antisense
IncRNAs, it should be further investigated whether the phenotype
results from disruption of the sense or antisense transcript.
We have developed a unique application of the JSD metric on
gene expression profiles and used it to quantify the phenotypic
contributions of IncRNAs to adipogenesis. This approach circum-
vents shortcomings inherent to other metrics, and we expect it to be
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widely applicable to future LOF and gain-of-function screens. Such
ametric is particularly important for screens where in vitro functional
assays (e.g., the Oil Red staining used here) are unavailable or ex-
cessively laborious, expensive, or unreliable. This metric can help
triage screened IncRNAs for more detailed mechanistic follow-up.

Further studies will be required to decipher the molecular
mechanism by which the IncRNAs discussed in this study act to
regulate adipogenesis. It is likely that some IncRNAs serve as a
modular scaffold and tether protein factors to form a chromatin-
modifying complex that regulates the epigenetic architectures
during adipogenesis, as has been proposed for other IncRNAs
(15, 22, 30, 34-36).

Although the 10 genes we discuss above were previously an-
notated as noncoding RNAs in the UCSC genome annotation
(also based on RIKEN annotations) (26), we further scrutinized
them for evidence of coding capacity. We first searched the amino
acid databases SWISSPROT, Protein Data Bank, and the RefSeq
protein collections (currently comprising more than 12 million
amino acid sequences) for homology to all possible translations of
the annotated RNAs. This analysis revealed no significant coding
potential for any of the IncRNAs we knocked down except for two
examples—Inc-RAPS and Inc-RAP2—that have putative small
OREFs of 56 and 36 amino acids, respectively. Notably, the small
OREF in Inc-RAPS is strongly conserved across metazoans from
human to African clawed frog, yet does not resemble any of the
more than 200,000 known amino acid sequences across the four
kingdoms of life. This suggests the possibility of novel small pep-
tides that might affect adipogenesis.

Experimental Procedures

Cell Isolation and Tissue Culture. Primary adipocytes were isolated according
to published methods, with few modifications (37, 38). Interscapular brown
adipose tissues, epididymal fat pads, and s.c. fat pads were harvested from
five 8-wk-old male mice. Fat tissues were minced, digested in collagenase,
and fractioned by centrifugation. Adipocytes were collected from the top
layer. Brown preadipocytes were isolated from interscapular brown fat, and
white preadipocytes were isolated from s.c. fat from young mice (2 wk old).
After collagenase digestion and fractionation, preadipocytes, enriched in
bottom stromal vascular fractions, were resuspended and cultured to con-
fluence in DMEM supplemented with 10% (vol/vol) newborn bovine serum.
The cells were then exposed to differentiation medium: 10% (vol/vol) FBS
DMEM, insulin 850 nM (Sigma), dexamethasone 0.5 pM (Sigma), 3-isobutyl-1-
methylxanthine (IBMX) 250 uM (Sigma), and rosiglitazone 1 uM (Cayman
Chemical) (brown adipocyte cultures, T3 1 nM and indomethacin 125 nM,
were also added into the medium). After 2 d, cells were incubated in culture
medium containing insulin 160 nM (supplemented with T3 for brown adi-
pocyte cultures) for another 2 d, and then were switched to 10% FBS DMEM.

siRNA Knockdown of IncRNAs. When cultured primary preadipocytes reached
70-80% confluence, siRNAs (200 nM) or modified DNA antisense oligo
(100 nM) were transfected by DharmaFect 2 (final 5 pL/mL) according to the
manufacturer’s instruction (Dharmacon). Twelve hours after transfection,
cells were recovered in full culture media and grown to confluence, and
then cells were induced to differentiate. Four days after differentiation,
RNAs were harvested for downstream analysis. siRNAs were purchased from
GenePharma. siRNA sequences are provided in Fig. S6.

Library Preparation and Sequencing. Total RNAs were extracted using a Qiagen
kit, and 10 pg of total RNAs for each sample were used to prepare the mRNA-
Seq library according to the manufacturer’s instruction (lllumina). cDNA libraries
were prepared and sequenced by lllumina GAIl according to the manufac-
turer’s instructions.

Differential Expression Analysis of RNA-Seq. Reads from each sample were
mapped against the mouse genome (mm9 build) using TopHat (version 1.1.0),
using options “—no-novel-juncs -a 5 -F 0.0". A splice junction index derived
from the combined UCSC and RefSeq mm9 annotations together with pre-
viously discovered IncRNA transcript models built using RNA-Seq from sev-
eral cell lines (39). This set of annotated transcripts was quantified in each
sample using Cuffdiff (27), which estimates transcript and gene expression in
each condition using a generative statistical model of RNA-Seq. Cuffdiff
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calculates the abundances in each condition for all transcripts that maximize
the likelihood of observing the reads in the experiment under this model.
Cuffdiff attaches statistical significance to observed changes to gene ex-
pression, and we restricted analysis to genes significantly differentially ex-
pressed by at least twofold between preadipocytes and adipocytes. We also
required that differentially expressed genes used in downstream analysis
were supported by at least 10 reads in either condition.

ORO Staining. To prepare ORO solution, 0.5 g ORO (Sigma, catalog no. 0-0625)
was dissolved in 100 mL isopropanol, mixed with H,O at a ratio 6:4, and filtered
with Whatman #1 filter paper. Primary preadipocytes were differentiated in
six-well plates. Cells were washed with PBS twice and fixed with formalin for
15 min at room temperature. After formalin fix, cells were washed with PBS
and stained with freshly prepared ORO solution for 1 h in room temperature.
Cells were washed with H,O to remove the residual ORO.

Expression Microarray Profiling. Three replicate RNA samples each from DO
undifferentiated preadipocytes, D4 PPARg-induced adipocytes, and D4 scramble
siRNA controls were labeled and hybridized to Affymetrix Mouse 430a2 arrays.
Additionally, two replicate RNA samples from each of the 10 IncRNA siRNA
studies were labeled and hybridized as well using standard Affymetrix protocols.
Data were collected and analyzed using the “affy” package in R/Bioconductor.
Briefly, probes were background corrected using the “mas"” algorithm. Probe
values were quantile normalized, and probe sets were summarized using the
average difference of perfect matches only. All significance tests were per-
formed using significance analysis of microarrays (SAM) (40) with Benjamini-
Hochberg multiple hypothesis testing correction (MTC). Significant gene lists
were selected with a A that constrained the FDR <4.5%.

Significant gene expression data were biclustered using the JSD, which is
derived from the Shannon entropy

H(p)= =" pi In(p)),

i=1

where p is a discrete probability distribution. The JSD is
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where p and g are two discrete probability distributions. In our array anal-
ysis, these distributions each represent either the relative abundance of all
genes in a condition (for condition-level clustering) or the density of a gene's
expression across all conditions (for gene-level clustering). Pairwise condi-
tion distances thus reflect an information-theoretic summary of how similar
is the program of gene expression in two cell states (e.g., preadipocyte and
adipocyte). Pairwise gene distances reflect the information-theoretic simi-
larity of expression across all conditions (potentially implying coordinated
regulation).

Because only two replicates were available for each knockdown vs. scramble
control analysis, rank-ordered lists of all genes were generated and used as
input for the nonparametric preranked GSEA analysis (33). Rank-ordered gene
lists were compared with all “curated gene sets” (C2) in MSigDB with the
following parameters: collapse = True, norm = meandiv, scoring_scheme =
weighted, mode = Max_probe, set_min = 12, set_max = 500, nperm = 1000,
chip = Mouse430A_2.chip.
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S| Experimental Procedures
TNF-o Treatment. Primary white preadipocytes were cultured and
differentiated as described in the main text. Six days after induction
of differentiation, 1 nmol/L human TNF-a (PeproTech) was added
to the growth medium, and cell cultures were incubated with 1 nM
TNF-a (PeproTech) for 24 h.

Promoter Analysis. ChIP-Seq peak calls made for Pparg (1) and
Cebpa (2) were compared against the transcript catalog used above
by defining a 2-kb window upstream of each annotated transcrip-
tion start site (TSS) and intersecting these regions using the
windowBed program from BEDTools (version 2.0.12). The fol-
lowing arguments were provided to windowBed: “-sw -1 2000 -r 0”".
The significance of enrichment among up-regulated genes with
peaks for these factors was calculated by Monte Carlo sampling:
1,000 sets of randomly selected genes were selected from all genes
in the catalog to estimate the empirical distribution of enrichment
among gene sets as large as the set being tested [e.g., long non-
coding RNAs (IncRNAs) up-regulated during adipogenesis). This

. Mikkelsen TS, et al. (2010) Comparative epigenomic analysis of murine and human
adipogenesis. Cell 143(1):156-169.

2. Maclsaac KD, et al. (2010) A quantitative model of transcriptional regulation reveals

the influence of binding location on expression. PLOS Comput Biol 6(4):e1000773.
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distribution was used to derive an upper bound on the statistical
significance of the observed enrichment in the set being tested.

Quantitative PCR. RNAs of brown fat and white fat were extracted
using a Qiagen kit according to the manufacturer’s instructions.
RNA s of other tissues were purchased from Ambion (AM7800). For
RT-PCR, 200 ng total RNA was reverse-transcribed using random
primers and SuperScript II Reverse Transcriptase (Invitrogen), and
c¢DNA was amplified with gene-specific primers and SYBR Green
PCR master mix using ABI 7900HT (Applied Biosystems). The real-
time PCR primers for all IncRNAs were designed not to embrace the
siRNA cleavage site, so the decreased expression of IncRNAs de-
tected by real-time PCR is consistent with degradation but not
cleavage of the IncRNA transcripts. Primer sequences are listed in
Fig. S6. 18S was used as internal control for mouse samples. Data
were analyzed by the relative quantification (AAC;) method and
expressed as means + SE. The Student ¢ test (unpaired, two-tailed)
was used to compare two groups. P < 0.05 was considered statistically
significant. The expression of IncRNAs across different mouse tis-
sues was plotted as heatmaps using Cluster 3.0 and Treeview (3).

3. de Hoon MJ, Imoto S, Nolan J, Miyano S (2004) Open source clustering software.
Bioinformatics 20(9):1453-1454.
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Fig. S1. (A) Cumulative distribution of estimated expression values [fragments per kilobase of exon per million fragments mapped (FPKM)] from coding and
noncoding (IncRNA) genes from an 8-d differentiation of cultured brown fat precursors. Consistent with what is known about ncRNAs, we observe a globally
reduced level of expression compared with protein-coding genes. (B) RNA-Seq expression levels of two brown adipocyte markers, UCP1 and Cidea, as well as
a preadipocyte marker Pref-1. (C) To determine whether IncRNAs identified as induced during adipogenesis are down-regulated in a de-differentiation
condition in a similar way to adipocyte protein markers, we treated white adipocyte cultures (D6) with TNF-o, a well-established stimulation to induce insulin
resistance (1, 2). D6 white adipocyte cultures were treated with TNF-a (1 nM) overnight to induce de-differentiation state. RT-PCR was used to examine the

expression of these INcRNAs (n = 3).

1. Ruan H, Hacohen N, Golub TR, Van Parijs L, Lodish HF (2002) Tumor necrosis factor-alpha suppresses adipocyte-specific genes and activates expression of preadipocyte genes in 3T3-L1
adipocytes: nuclear factor-kappaB activation by TNF-alpha is obligatory. Diabetes 51(5):1319-1336.
2. Ruan H, et al. (2002) Profiling gene transcription in vivo reveals adipose tissue as an immediate target of tumor necrosis factor-alpha: implications for insulin resistance. Diabetes 51(11):

3176-3188.
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Fig. S2.
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BKL Expression Term
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Enriched Gene Ontology (GO) terms from significantly regulated protein-coding genes from RNA-Seq study.
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Ontology #Hits in Group size #Hits p-value
group expected
Biological process 34 1115 5 6.50025E-18
Biological process 27 673 4 1.06246E-16
Biological process 16 139 1 2.23181E-16
Biological process 17 190 1 9.81468E-16
Biological process 22 432 2 1.1214€-15
Biological process 29 935 5 1.26534E-15
Biological process 25 667 3 3.78043E-15
Biological process 25 667 3 4.3205E-15
Biological process 25 678 4 4.93096E-15
Biological process 19 341 2 2.59375E-14
Location #Hits in Group size #Hits p-value
group expected
Cell types 27 380 3 4.25124E-20
Cell types 10 57 1 3.98909E-11
Cell types 42 2867 19 8.41607E-09
Cell types 8 68 1 1.59265E-07
Cell types 16 1084 8 0.00740825
Organs, tissues, fluids 25 312 3 5.78837E-20
Organs, tissues, fluids 15 133 1 8.97881E-14
Organs, tissues, fluids 9 110 1 3.87239E-07
Ontology f#Hits in Group size f#Hits p-value
group expected
Biological process 8 89 1 1.19413E-06
Biological process 10 196 1 1.51029E-06
Biological process 14 461 3 1.67919E-06
Biological process 10 209 1 2.43058E-06
Biological process 9 182 1 6.69739E-06
Biological process 9 181 1 7.02857E-06
Biological process 9 188 1 7.47131E-06
Biological process 7 90 1 7.50834E-06
Biological process 8 149 1 1.35029E-05
Biological process 19 1153 6 2.44111E-05
Location #Hits in gl Group size #Hits expec p-value
Cell types 17 1084 7 0.00710516
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Fig. S3. Comparison of common hierarchical clustering metrics used in determining relationships between genes and conditions in our gene expression
studies. In both the Pearson correlation and Euclidean distance heatmaps, the ordering of the conditions is nonoptimal for identifying which knockdown
conditions had the strongest effect (i.e., similarity to D0). The Jensen-Shannon distance (Fig. 3A) ordering of conditions correlates well with the phenotypic Oil
Red O staining assays for each knockdown.
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Fig. S4. Adipose-associated gene sets from MSigDB C2 were all tested for significant enrichment in each siRNA knockdown assay relative to the scramble
control RNAs. The direction of enrichment and significance levels correlate well with the phenotypic Oil Red O staining, and the relative Jensen-Shannon
distances for each knockdown to the undifferentiated DO preadipocyte condition. As expected, key gene sets such as the KEGG_PPAR_SIGNALING_PATHWAY
and REACTOME_METABOLISM_OF_LIPIDS_AND_LIPOPROTEINS are depleted in the strongest knockdowns, suggesting that these IncRNAs are required for
appropriate regulation of the genes within these gene sets during adipogenesis.
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Fig. S5. All MSigDB curated gene sets were classified as “adipose-associated” or “nonadipose or unknown.” For each gene set, the enrichment at either tail of
a rank-ordered list of fold change to scramble was determined, and the distribution of P values is presented as a box plot. For each knockdown the mean of the
P values of the adipose-associated gene sets is reduced, suggesting tjat adipose gene sets are significantly perturbed in the IncRNA knockdowns relative to the
scramble controls.
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siRNA sequences

Gene Name and  |Sequence

Accession No sense (5'-3") antisense (5'-3')

AK045415 Inc-RAP-4

482 CGACGAGAAGGAUGCUAUATT JUAUAGCAUCCUUCUCGUCGTT
1157 GCUAGAGUAAGAAGUAGUATT JUACUACUUCUUACUCUAGCTT
1501 GCAACUUACUUGUCAUAAATT UUUAUGACAAGUAAGUUGCTT
AK079699 Inc-RAP-14

71 GGUUGUUUCUAAGUCACAATT JUUGUGACUUAGAAACAACCTT
735 GCUGCUGUCUGACCUAAUATT JUAUUAGGUCAGACAGCAGCTT
430 GCUUAUAAGUGUCCUGGUATT JUACCAGGACACUUAUAAGCTT
AK041310 Inc-RAP-10

475 GCUCAAUGUUAAACCAUAATT UUAUGGUUUAACAUUGAGCTT
236 CGUGCUACUUCCACAAGAATT UUCUUGUGGAAGUAGCACGTT
155 GAUGACUCCUUUACAGUAATT JUUACUGUAAAGGAGUCAUCTT
AK133808 Inc-RAP-15

608 CCUAGAACCUGAUAUUUAATT UUAAAUAUCAGGUUCUAGGTT
853 GUUUGUCUGAAGACAGAUATT JUAUCUGUCUUCAGACAAACTT
348 GCGUAGAGCGGCGGUCUAATT JUUAGACCGCCGCUCUACGCTT
AK161599 Inc-RAP-6

790 GAAUGUCUGUUCUACUAAATT JUUUAGUAGAACAGACAUUCTT
361 GGUGCGCACUAGGUUUCUATT JUAGAAACCUAGUGCGCACCTT
615 GGAAGCGCAAGAAACCGAATT UUCGGUUUCUUGCGCUUCCTT
AK040954 Inc-RAP-7

2119 GGAUAAUGAUGUAAAUAUATT JUAUAUUUACAUCAUUAUCCTT
1167 GAUAGAAGAGAAAGAUGAATT JUUCAUCUUUCUCUUCUAUCTT
474 AGCAGUUUGUUGUAGUCAATT JUUGACUACAACAAACUGCUTT
AK005218 Inc-RAP-5

310 GGCUUGCUUCAGAAAGAAATT JUUUCUUUCUGAAGCAAGCCTT
143 AGCGGAGGCUGCAGGACAATT UUGUCCUGCAGCCUCCGCUTT
51 GCUGCAGGUGUCCGUGCUATT JUAGCACGGACACCUGCAGCTT
AK007571 Inc-RAP-23

591 CAUACUGUUCAUAGACUUATT JUAAGUCUAUGAACAGUAUGTT
136 GCUCAAGGGCAGAACUAAATT UUUAGUUCUGCCCUUGAGCTT
436 GACCUUCUGAUGAACAUAATT UUAUGUUCAUCAGAAGGUCTT
AK016444 Inc-RAP-2

1334 GCAGCUAGCUCAGAGUUAATT JUUAACUCUGAGCUAGCUGCTT
1736 GAUGGAAUUUGCUGUUGAATT JUUCAACAGCAAAUUCCAUCTT
363 GAUGGAUCAAUCAAUUGAATT JUUCAAUUGAUUGAUCCAUCTT
AK017076 Inc-RAP-8

1107 CCUCAGAGCUGCAGACAAATT UUUGUCUGCAGCUCUGAGGTT
577 GGUAGCUGUCUAUGGACUATT JUAGUCCAUAGACAGCUACCTT
724 GAACAUCAGAUUUGUGUAATT JUUACACAAAUCUGAUGUUCTT
AK019114 Inc-RAP-13

318 CCUUCACUAGCAAGGACAATT UUGUCCUUGCUAGUGAAGGTT
189 GCUCUAUUGGAACUCUAUATT JUAUAGAGUUCCAAUAGAGCTT
279 GCUAGCAUGCAUAGCCUAATT UUAGGCUAUGCAUGCUAGCTT

Fig. $6. (Continued)
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Fig. S6.

(Continued)

AK030946 Inc-RAP-1

882 GGAUAAGGAUGGACAGAAATT JUUUCUGUCCAUCCUUAUCCTT
1100 GAAUGUCUUUCUAAACUAATT JUUAGUUUAGAAAGACAUUCTT
401 GCUCCUUGAGGAUGCUCUATT JUAGAGCAUCCUCAAGGAGCTT
AK040027 Inc-RAP-9

106 GAAACAGACGAAUAAAUAATT  JUUAUUUAUUCGUCUGUUUCTT
871 GGUAAUAAAGUAACUUAUATT JUAUAAGUUACUUUAUUACCTT
581 GGUUAAAGGUGAAAGUGCATT JUGCACUUUCACCUUUAACCTT
AK047471 Inc-RAP-24

1237 CAUUAAGGUUAGAGGACAATT JUUGUCCUCUAACCUUAAUGTT
708 GCACAUUAUUUGCAGUAUATT JUAUACUGCAAAUAAUGUGCTT
1036 GGAAGUCCAAUCUUGUAAATT JUUUACAAGAUUGGACUUCCTT
AK050707 Inc-RAP-21

608 GGAAGGUAAAUCUGCUCAATT JUUGAGCAGAUUUACCUUCCTT
334 CACUCUAUAAGUUCACUUATT  JUAAGUGAACUUAUAGAGUGTT
87 GCUGAUUGGUGAACCUAGATT JUCUAGGUUCACCAAUCAGCTT
AK079912 Inc-RAP-11

244 GAGUAGAAAUACUCCAGAATT  JUUCUGGAGUAUUUCUACUCTT
35 GCUCUGACAUCUACUUCCATT UGGAAGUAGAUGUCAGAGCTT
104 AGAAGACAGCAGGAGAUAATT  JUUAUCUCCUGCUGUCUUCUTT
AK080070 Inc-RAP-12

478 GGACAACGACAUGGUGUUATT JUAACACCAUGUCGUUGUCCTT
709 AGACAUAACUUCUACUCAATT UUGAGUAGAAGUUAUGUCUTT
302 CCUUCACAGAUGACAAGAATT UUCUUGUCAUCUGUGAAGGTT
AK081581 Inc-RAP1

1590 GGAUAAGGAUGGACAGAAATT JUUUCUGUCCAUCCUUAUCCTT
1347 GGAAGCUGCUGCAGCACAATT  JUUGUGCUGCAGCAGCUUCCTT
756 GGGCUUGAAGAGAAGUCAATT JUUGACUUCUCUUCAAGCCCTT
AK136742 Inc-RAP-3

507 CGCAGGUGUUGAUGAGGAATT JUUCCUCAUCAACACCUGCGTT
597 CAAUUUGCAGGACCAAGAATT  JUUCUUGGUCCUGCAAAUUGTT
690 GGCUUACAGCAUUUCAAUATT JUAUUGAAAUGCUGUAAGCCTT
Malatl

1082 GAUUGAAGCUAGCAAUCAATT UUGAUUGCUAGCUUCAAUCTT
2677 GGUGUUAGGUAAUUGUUUATT JUAAACAAUUACCUAACACCTT
1762 GCUUCUGUGUAAAGAGAUATT JUAUCUCUUUACACAGAAGCTT
Neatl

2890 GGGUCAUCUUACUAGAUAATT JUUAUCUAGUAAGAUGACCCTT
1689 GGUAGGGUUUGUGGUUUAATT JUUAAACCACAAACCCUACCTT
2015 GGAUCAAGCUUGGGAAUAATT JUUAUUCCCAAGCUUGAUCCTT
PPARg-1 CGCAUUCCUUUGACAUCAATT UUGAUGUCAAAGGAAUGCGAG
PPARg -2 GGGCGAUCUUGACAGGAAATT  |UUUCCUGUCAAGAUCGCCCTC
NC

qPCR-Primers

Clone ID RAPID Fwd Primer

AK079912 Inc-RAP-11 GGACAAGTTGCTCCTTCCTT
Ak080070 Inc-RAP-12 GGGGTGGCCAAGCCTTCCTT

Sun et al. www.pnas.org/cgi/content/short/1222643110
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Fig. S6. Index of significant Inc-RAP genes identified in this study and sequences of quantitative RT-PCR primers and siRNAs used in this study.
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TCAGGAACCCAGTCCATAGT
AGCATCCTTCTCGTCGTGCCT
CGTGCAACGCCTGCTGTGAG
CAGGACCATCCAAAGCAGAT
GGTCCTTAGGCAGAGTCTTG
CAAAAGTGCCAGGTTTGGAC
CTGCTGGAACTTTAACGGGA
CTTGGAAGTTACCTCTCGGG
TCTGTGCTCACAGTTTCCAG
CTGGTCCGCCTACTTGAAAA
ACACGAACACACGCATACAA
CCACGGCCAAGGTGTCCTCT
GGCAACGACTCAGAAAAAGC
GGCAAGCCCTAAAGTTGAGA
TGAACCTAGAAAACTGCCCC
GAGAATACAGCCCCAAGCAT
TGCCAGCTCTGTGGTCCCTG
GCAAGTCCGCCTCACCGAGA
TCATGCCGGCAGCCGAACTT
AGCCATTTTGAAGCAGGGAA
GCGAGGAGAAGCGGGGCTAA
AGGTATGCTTCACCTCTCCT
CAGCTGGGCCTGTGGCTAGT
CTGCCGGGCTGCTCCTACAT
GTGCCAGTTTCGATCCGTAGA
TGCGCAAGAGCCGAGATAAA
CGATTGTCAGTGGATCTGACG
ACAAGCTGGTGGTGGAATGTG
GTAACCCGTTGAACCCCATT

TCCCTGGATTTAGGGTGTCT
AACACAGGACCCCAGGGTGG
CGAGAGAGCGTGGGCCAGTT
CAGCAGGTGGATCTTTGTGA
TCCATGGAGCACAATAGCTG
GGGTTGGAAGTGTTCAGACA
CTCCTCCCACTTTCGTTTGT
CCACCATGTGCTTGGAATTG
GACCTCTCTCTGTTGGGTTC
AGCTCCGTTTTGAGTTCTCC
TCATAACGACAGTGGTGCAG
ACCTGGGGGAAAGGGTGCTC
TCTGAAGCAAGCCATGTTCT
ATAAACAGGCCCAAGAAGGG
CCTGTCTCTTCTCAGGTGTG
GCCAGTATCAGCAAGTCCAT
TAGGGAGTTGAGCGGCAGGC
CAGCGTCGTTGTGTCGTGCG
GGCTCCACTCCACACCTGCT
CTCTGAAGGGTCAGGTGATG
CTGCCCCCATGTAGGCCTGT
CAAATTCAAGCAGGCAAGGG
TCTTCCTGCCTTGGCCTCCC
AGCCACACCCAACTCGCTCA
GGCCAGCATCGTGTAGATGA
CCTTCTGTTGCGTCTCCACG
CAACAGTAGCATCCTGAGCCCT
CCTTTGGCTCATGCCCTTT
CCATCCAATCGGTAGTAGC
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