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Abstract: Long non-coding RNAs (lncRNAs) are transcripts with a length 
of more than 200 nucleotides that lack protein-coding capacity. LncRNAs 
play important roles in the regulation of genes during many biological 
processes, development and disease progression, such as obesity. Obesity 
is an increasing health concern around the world. Although multiple 
studies linking lncRNAs and fully differentiated adipocytes have been 
published, the systematic analysis of those lncRNAs involved in early 
preadipocyte differentiation, when fate determination decisions are made, 
has not been reported. In order to fill this gap, we conducted strand-
specific RNA-Seq on mouse 3T3-L1 preadipocyte cells and compared 
the expression profiles before and after early differentiation for 2 days. 
We identified 82 lncRNAs that significantly changed their expression 
after early differentiation, 98% of which were newly discovered in 
association with early adipogenesis. The most remarkable lncRNAs 
were U90926, Wincr1, Kcnq1ot1, Malat1 and Hotairm1. Expression 
patterns for these identified genes were also highly correlated with 
markers of adipogenesis, including PPAR, CEBP, FABP4 and FASN. 
Further analysis implies that many of those altered lncRNAs might 
coordinately inhibit Wnt/-catenin signaling pathway to promote 
preadipocyte differentiation. This work strongly suggests that lncRNAs are 
critical in the proliferation and differentiation of adipose tissue. 
 
Keywords: Long Non-coding RNA, lncRNA, RNA-Seq, Early 
Adipogenesis, Preadipocyte Differentiation, 3T3-L1 Cells, Wnt/-Catenin 
Signaling  

 
Introduction 

Long non-coding RNAs (lncRNAs) are transcripts 
possessing longer than 200 nucleotides that do not code 
for proteins. Most lncRNAs are transcribed by RNA 
polymerase II in the same way as coding genes and 
undergo posttranscriptional processing, such as splicing, 
5’-capping and polyadenylation at 3’-end (Quinn and 
Chang, 2016). Poly(A) tails provide the premise for 
purifying those transcripts and converting mRNAs into 
cDNAs for sequencing library construction. LncRNAs, 
together with other non-coding RNAs, e.g., microRNAs, 
used to be regarded as expression noise. In the recent 
decades of the genome era, however, many lncRNAs 
were discovered and found to play important roles in 
gene regulation, cell differentiation, development and 
disease progression (Zarkou et al., 2018). LncRNAs may 
function in multiple diverse ways. Some lncRNAs may 

serve to imprint specific genomic loci. For example, 
KCNQ1 overlapping transcript 1 (Kcnq1ot1), is a lncRNA 
located on the opposite strand of potassium voltage-gated 
channel, subfamily Q, member 1 (KCNQ1). Kcnq1ot1 is 
involved in imprinting a cluster of genes, including 
KCNQ1, on the sense-strand (Mancini-Dinardo et al., 
2006). Other lncRNAs are involved in epigenetic 
regulation, such as HOX Transcript Antisense RNA 
(HOTAIR). HOTAIR is transcribed from HOXC locus, 
but represses the HOXD locus (~40kb) by binding to the 
Polycomb Repressive Complex 2 (PRC2) and altering 
chromatin modifications (Tsai et al., 2010). Finally, 
aberrant lncRNA expression has been closely associated 
with disease. For example, metastasis associated lung 
adenocarcinoma transcript 1 (Malat1) was found to be 
highly up-regulated during metastasis of early-stage non-
small cell lung cancer and it is used as a biomarker for 
prognosis of lung cancer (Ji et al., 2013).  
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Recently, the role of lncRNAs in adipogenesis and 
the development of obesity is of great interest (Sun et al., 
2013; Wei et al., 2016). While obesity has been a world-
wide health issue for several decades, still about 40% of 
adults in the United States were classified as obese 
(Hales et al., 2017). Obesity rates in the U.S. 
dramatically increase yearly based on a study from 
1986 to 2010 (Sturm and Hattori, 2013). Moreover, the 
obesity were associated with increased mortality rate 
(Flegal et al., 2013). Zeng et al. (2018) reviewed the 
role of some individual lncRNAs in regulating 
adipogenesis including HOTAIR and U90926. 
HOTAIR promotes preadipocyte differentiation by 
enhancing the expression of AdipoQ, FABP4 and 
PPAR genes while the upregulation of U90926 
inhibits adipogenesis by decreasing the expression of 
those same genes. Knoll et al. (2015) reviewed the 
studies of lncRNAs as regulators of the endocrine system 
including adipose tissue. It contained lncRAP from     
Sun et al. (2013) and several other lncRNAs, such as 
Sra1 and Blnc1. Sra1 was turned out to be a coding gene 
in the later annotation (Frankish et al., 2019). Wang et al. 
(2019) reported that lnc-OAD (lncRNA associated 
with osteoblast and adipocyte differentiation, from 
1700018A04Rik gene) was upregulated during the 
differentiation of mouse 3T3-L1 preadipocytes  
(Wang et al., 2019). Its knockdown inhibited the cell 
differentiation through promoting -catenin expression 
and suppressed the expression of PPAR and CEBP 
genes, i.e., the key marker genes of adipogenesis. Sun et al. 
(2013) systematically studied lncRNAs during 
adipogenesis using RNA-Seq and microarray; they 
identified 175 lncRNAs that are regulated during 
adipogenesis between preadipocytes and mature 
adipocyte after 4-day differentiation (Sun et al., 2013). 
Existing lncRNA studies focusing on adipogenesis 
utilize samples during their transition from preadipocytes 
to mature adipocytes usually after differentiation 
induction for more than 4 days, as these cells have the 
greater capacity for lipid accumulation (Sun et al., 2013). 
We are interested in the decision-making signals that 
initiate preadipocytes to proliferate and/or differentiate, 
since expansion of adipose tissue is a hallmark of obesity 
(Rosen and Spiegelman, 2014).  

On a genome-wide scale, many genes are working 
together forming gene regulatory networks and their 
control is critical for biological processes (Imani and 
Braga-Neto, 2019a; 2019b; Imani et al., 2019). Those 
networks usually contain the coding genes, which is 
already of great complexity. With the lncRNAs added to 
the network, the study becomes even more complicated. 
For example, how the lncRNAs function within a known 
pathway and regulate it needs to be explored.  

This study focuses on early initiation of adipogenesis 
in the 3T3-L1 mouse cell line. These cells are committed 
to the adipocyte lineage, yet can be cultured in a pre-

determined state. When adipogenesis is initiated with 
insulin, dexamethasone and isobutylmethylxanthine, 
lipid droplets appear at about the 5th day and most 
experiments are performed around Day 10-14 (Green and 
Meuth, 1974). Interestingly, Day 2 differentiating 3T3-
L1 preadipocytes form a transient primary cilium that 
may inhibit Wnt signaling, allowing adipogenesis to 
continue (Ross et al., 2000). We induced differentiation 
of 3T3-L1 preadipocytes and conducted strand-specific 
RNA-Seq to compare lncRNA expression profiles 
between Day 0 and Day 2 (after 2-day differentiation 
induction). We identified 82 lncRNAs that were 
significantly changed in their expression levels after 
differentiation induction. Of these, 98% are newly 
associated with early adipogenesis and had not been 
previously reported. This work strongly suggests that 
lncRNAs play a significant role in the expansion and 
differentiation of adipose tissue.  

Material and Methods  
Cell Culture  

Mouse 3T3-L1 preadipocytes (ATCC CL-173) were 
incubated at 37°C and 5% CO2 in standard growth media 
consisting of DMEM (ATCC) with 10% bovine calf 
serum (Atlanta Biological). Media were replaced every 
2~3 days. Cultures were kept within 80% confluence.  

Preadipocyte Differentiation  
3T3-L1 cell cultures with <10 passages were grown 

to 100% confluence. Day_0 samples were harvested at 
this point in triplicates. Media in Day_2 cultures were 
replaced with differentiation media consisting of 
DMEM, 10% fetal bovine serum, 10 g/ml insulin, 400 
ng/ml dexamethasone and 115 g/ml 
isobutylmethylxanthene. Day_2 samples were incubated 
for 2 days and harvested in triplicates.  

RNA Extraction and RNA-Seq Sample Preparation  
Total RNAs from 3T3-L1 preadipocyte cells, harvested 

at Day_0 and Day_2, were extracted with a RNeasy Mini 
Kit (Qiagen) using a QIAshredder (Qiagen). Total RNAs 
were stored in -80C freezer. RNA samples were checked 
for quality with an Agilent 2100 Bioanalyzer at The 
University of Rochester Functional Genomics Center and 
all RNA samples had a RIN number of >= 9.3. 

Total RNAs were sent to the Center for Genome 
Research and Biocomputing (CGRB) at Oregon State 
University for library construction and sequencing. 
Libraries were prepared at CGRB using a WaferGen 
PrepXTM mRNA Strand-Specific Library Preparation 
Protocol (WaferGen Biosystems). In short, mRNAs were 
purified using the WaferGen Robotic Poly(A) Selection 
approach and then further fragmented by RNase III. 
The adapters were ligated one at a time on the mRNA 
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fragment, first the 3' adaptor and then the 5' adaptor. 
The 3' adaptor was ligated with an ATP-independent 
RNA ligase followed by blocking the 3' end with a 
primer to make it double-stranded. The 5' adaptor was 
ligated next with an ATP-dependent ligase. This 
assures that minimal adapter dimers form and the 
adapters are ligated in a directional manner. The 1st 
sequence read should be from the 5' to 3' direction. 
That is, all the libraries are strand-specific and the 
directions of reads are identical to the original direction 
of transcripts or mRNAs. All libraries were barcoded 
and sequenced in one lane on an Illumina HiSeq3000 
platform with 151bp single-end reads.  

Bioinformatic Analysis  
The sequencing reads from the Illumina HiSeq3000 

were first analyzed with FastQC (Andrews, 2010) for 
quality control. For all the reads, based on the quality 
scores, the leading and tailing low quality stretches were 
trimmed, keeping a 100bp stretch from positions 7 to 
106. Those trimmed reads were mapped to the mouse 10 
mm assembly using STAR v2.5.2a (Dobin et al., 2013) 
with the following parameters: --outSAMtype BAM 
SortedByCoordinate --outSAMstrandField intronMotif --
outFilterMismatchNmax 3 --alignIntronMax 300000 --

alignSJDBoverhangMin 1 --alignEndsType EndToEnd --
chimSegmentMin 2. Reads for each gene were counted 
using HTSeq-count (Anders et al., 2015) with the default 
parameters including strand-specific and union modes 
and the corresponding annotations. The annotations used 
in this study are UCSC RefSeq (version 20170804, 
https://genome.ucsc.edu) for RefSeq genes and 
GENCODE mouse vM22 long non-coding RNA 
annotation (Frankish et al., 2019). Gene differential 
expression analyses were conducted with DESeq2   
(Love et al., 2014). We used prefiltering criteria of >=10 
reads summing the counts of all samples for each gene. 
All data were normalized by a medium-to-ratio approach 
and dispersion was estimated by DESeq2. Data were fitted 
in a negative binomial generalized linear model. Wald 
statistics were used to determine significantly changed 
genes. For functional analysis, we extracted promoter 
regions of significantly altered lncRNAs with ±5 kb of 
transcription start sites and formatted them into BED files 
(UCSC Genome Browser). The regions were analyzed 
using the GREAT web tool (McLean et al., 2010). All 
the above steps were summarized in the workflow in Fig. 
1. Data were visualized by UCSC Genome Browser 
(Casper et al., 2018) and Integrative Genomics Viewer 
(IGV) (Robinson et al., 2011).  

 

 
 
Fig. 1: Workflow of lncRNA differential expression during early adipogenesis. The samples and their corresponding data were 

handled separately until the step of differential expression analysis where all the data were analyzed by DESeq2 to determine 
the significantly altered lncRNAs 

3T3-L1 cells without differentiation Cells after 2-day differentiation 

Total RNA extraction 

Illumina sequencing 

Quality control, filtering and trimming 

Alignment to mm10 and GENCODE m22 lncRNA annotation by STAR 

Analysis of lncRNA differential expression by DESeq2 

Functional analysis on significantly altered lncRNAs 

Read counts per lncRNA transcript 

Strand-specific RNA-Seq sample preparation 
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Results  
Global Gene Expression Altered during Early 
Preadipocyte Differentiation  

Unlike previous studies comparing the 
preadipocytes and differentiated adipocytes (usually 
more than 4 days after differentiation induction), we 
focused on early differentiation at Day 2. 
Morphological changes, such as lipid accumulation, 
can be readily observed at 4 days after differentiation, 
but not at Day 2. In order to identify the genes that 
significantly changed their expression levels, we 
extracted RNAs from Day_0 and Day_2 (2-day 
differentiation) 3T3-L1 cells in biological triplicates 
and made strand-specific sequencing libraries using an 
oligo-dT probe approach to capture both mRNAs and 
lncRNAs. After sequencing and demultiplexing, we 
obtained a total number of reads ranging from 31 to 
48 million for the 6 samples. After a careful quality 
check with FastQC (Andrews et al., 2010), we 
trimmed all reads and kept the bases from 7 to 106 for 
each read. Reads with low overall sequencing quality 
were filtered and the remaining reads were mapped 
against the mouse GRCm38 mm10 assembly (Fig. 1). 
Eighty-five percent of the reads in each sample were 
mapped to the mouse genome. Since the libraries were 
constructed as strand-specific, it facilitates the 
assignment of reads to the original transcript based on 

their directions. For example, in Fig. 2A, the Mkrn2 
and Raf1 genes are overlapping at their 3’-ends. We 
can clearly distinguish the red reads belonging to the 
Mkrn2 gene and the blue reads belonging to the Raf1 
gene, including the reads at splice junctions. Another 
example is shown in Fig. 2B, where the protein-
coding gene Bach2 and lncRNA Bach2os (BTB and 
CNC homology 2 opposite strand) are overlapping 
and Bach2os locates inside Bach2. We can easily find 
the blue reads belonging to Bach2os through this 
strand-specific RNA-Seq approach. 

The number of reads for each gene was determined 
using an HTSeq-count script and the NCBI RefSeq 
gene annotation (latest version for mm10) (Anders et al., 
2015). After differential expression analysis with 
DESeq2 (Love et al., 2014), there were 2,471 genes 
that significantly changed expression during early 
preadipocyte differentiation from Day 0 to Day 2 (Fig. 
3) It is striking that so many genes altered their 
expression during early differentiation even though 
phenotypical changes were slight. This is a large 
percentage (~10%) among the 25,000 total genes in 
the mouse genome. When excluding genes that were 
not or extremely lowly expressed in 3T3-L1 cells, the 
percentage went up to about 18%. Key marker genes, 
i.e., PPAR, CEBP, FABP4 and FASN, were 
differentially expressed, consistent with re-
programing preadipocytes (Fig. 3). 
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Fig. 2: Strand-specific RNA-Seq can distinguish the overlapping transcripts; (A) Mkrn2 and Raf1 are overlapping genes but have opposite 

directions. Red blocks represent the reads on the positive strand, which came from Mkrn2 gene with the same direction pointing to 
the right. Blue blocks represent the reads on the negative strand coming from Raf1 gene. The most distinguishable characteristics is 
that in the red oval region, only the splicing junctions detected from Mkrn2; in the blue oval, only Raf1 splice junctions detected and 
more remarkably alternative splicing events detected too; (B) Coding gene Bach2 and lncRNA Bach2os are overlapping genes but 
have opposite directions. Red blocks represent the reads on the positive strand, which came from Bach2 gene with splicing junctions 
detected. Blue blocks represent the reads on the negative strand coming from Bach2os lncRNA with splice junctions, which might 
be novel alternative splicing. Red oval is for forward strand transcripts and reads, blue oval for backward strand transcripts and reads. 

 

  
Fig. 3: RNA-Seq results based on NCBI RefSeq annotations. Heatmap of the 2,471 genes that significantly changed their expression 

between preadipocytes and early adipocytes after 2-day differentiation induction. d0n1–d0n3 are samples at Day_0; d2n1-
d2n3 at Day_2. Genes were ordered based on FoldChange from largest to smallest. The upregulated genes shown in the upper 
half; downregulated genes in the lower half of the heatmap. Some significantly altered marker genes of adipogenesis are 
labeled at the right side. 
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Fig. 4: RNA-Seq data profiles. (A) and (B) Violin plots of 6 samples of RNA-Seq count data, before and after prefiltering, 

respectively. Each lncRNA has a read count based on the alignment of RNA-Seq sequencing data. d0n1 to d0n3 are samples 
at Day_0; d2n1 to d2n3, at Day_2. In the center of each violin, the black vertical bar is 25th to 75th percentile and white dot 
is the medium. The cutoff of prefiltering in (B) was set as total reads of a row <= 10. All the count data were log2 
transformed. (C) Comparison between read counts of lncRNA genes and RefSeqgenes. Black solid line: lncRNAs; Red 
dashed line: RefSeqgenes. The analysis was based on averaged counts across all the 6 samples after prefiltering and 
normalization. Note that the RefSeqgenes also contain non-coding RNAs including lncRNAs. (D) Principal Component 
Analysis. Cyan dots: Day 0 samples; red dots: Day 2 samples. 

 
Overall Expression Profile of lncRNAs  

The overall expression of lncRNAs before preadipocyte 
differentiation and during early differentiation, was 
specifically examined using the GENCODE Mouse Release 
M22 (GRCm38.p6) long-non-coding RNA gene annotation 
from our RNA-Seq data. The Version M22 lncRNA 
annotation contains 13,450 lncRNAs, which is a subset of 
the GENCODE M22 comprehensive gene annotation 
(Frankish et al., 2019). Most of the lncRNAs contain 
poly(A) tails as coding mRNAs do and therefore lncRNAs 
were included in the sequencing libraries during sample 
preparation and library construction. Violin plots show that 
before prefiltering, the majority of lncRNAs had zero or 
extremely low expression (Fig. 4A). We applied prefiltering 
to remove the unexpressed or very low expressed lncRNAs 
(Love et al., 2014). The cutoff is set as sum of reads in a 

row ≥ 10, where each row is a gene or lncRNA. 2,606 
(19.4% of total 13,450 lncRNAs) remained after 
prefiltering. This also indicates that the overall expressional 
level of lncRNAs are low. The data shape is close to a 
normal distribution, similar to that seen for coding genes via 
RNA-Seq (Fig. 4B). Near-normal distribution meets the 
best expectation for further differentiation analysis 
(Cambronne et al., 2012). Compared with that of the coding 
mRNAs, the expression of lncRNAs were remarkably low 
(Fig. 4C), which is consistent with previous reports    
(Cabili et al., 2011). For comparison, lncRNAs have 
average counts of ~110 reads per gene and RefSeq genes 
have average counts of ~1,700 reads per gene. Principal 
component analysis (PCA) was used to determine if 
samples cluster based upon experimental conditions; PCA 
showed that samples clustered into two groups, Day 0 and 
Day 2, (Fig. 4D) suggesting that the biological triplicates 
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agreed with each other. Therefore, the lncRNA expression 
profiles after early differentiation (Day 2) were altered 
compared to non-differentiated cells at Day 0. 

Identification of lncRNAs that Significantly 
Changed Expression During Early Preadipocyte 
Differentiation  

We used DESeq2 to determine lncRNAs with 
significantly altered expression levels during early 
preadipocyte differentiation (Love et al., 2014). The count 
data of all samples were modelled in a negative binomial 
model and normalized using a medium-to-ratios approach. 
Differential expression between the two conditions was 
determined by a generalized linear model using a Wald 
statistics test (Love et al., 2014). The p-value generated by 

DESeq2 was adjusted by the Benjamini-Hochberg 
procedure, which is termed as false discovery rate or FDR; 
with a cutoff FDR of ≤ 10%, 82 lncRNAs significantly 
changed their expression between Day_0 and Day_2. 
Among these, 34 lncRNAs were downregulated and 48 
upregulated (Fig. 5; Supplemental Table S1). The heatmap 
shows the expression level changes and agreement among 
the biological triplicates with variations (Fig. 5A). The fold 
changes and FDRs of those lncRNAs are shown in volcano 
plot (Fig. 5B). The 82 lncRNAs in our list can be grouped 
into several categories: 17 lncRNAs were known and had 
been annotated with functions; 15 lncRNAs were RIKEN 
cDNAs; 3 lncRNAs were expressed or are novel transcripts; 
and the remaining 47 were predicted lncRNAs (Table 1). 
We will focus on the 17 known lncRNAs.  

 

  
Fig. 5: Differentially expressed lncRNAs. A. Heatmap of the 82 lncRNAs that significantly altered expression. d0n1 –d0n3 are 

samples at Day_0; d2n1-d2n3 at Day_2. Each row represents a lncRNA. LncRNAs were ordered based on FoldChangefrom 
largest to smallest. The upregulated lncRNAs shown in the upper half; downregulated lncRNAs in the lower half of the 
heatmap. Some significant altered lncRNAs are labeled in the right side. B. Volcano plot shows all the lncRNAs passed 
prefiltering criteria. lncRNAs with |log2FoldChange|>0.4 shown in orange; lncRNAs with FDR <= 10% shown in red; 
lncRNAs passed both shown in green. Some lncRNAs passed both criteria are labeled 

 
Table 1: Categories of lncRNAs that significantly altered 
Known lncRNAs  Brip1os, Dlx6os1, Dubr, Gas5, Hotairm1, Kcnq1ot1, Malat1, Mir17hg, Ptgs2os2, Ptprv, 
 Snhg1, Snhg6, Snhg8, Trerf1, Tug1, U90926, Wincr1  
 
lncRNAs with RIKEN cDNAs  1600019K03Rik, 2210408F21Rik, 2310001H17Rik, 2410006H16Rik, 2610001A08Rik, 
 4833415N18Rik, 4933404O12Rik, 4933412E12Rik, 5430403N17Rik, 5530601H04Rik, 
 6430584L05Rik, C430049B03Rik, C730002L08Rik, D030025P21Rik, E130307A14Rik  
 
lncRNAs with expressed or  AC103362.1, AI506816, R74862 
novel transcripts 
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Ptprv 

 
Dubr 
 
Gas5 
 
Tug1 
 

U90626 
Mir17hg 
Hotairm1 
Malat1 
Kcnq1ot1 
 

Wincr1 

-1 
 

0 
 

1 R
ow

 z
-s

co
re

 

d0n1        d0n2        d0n3       d2n1       d2n2        d2n3 
 

12 

 
10 

 
8 

 
6 

 
4 

 
2 

 
0 

-4                -2                 0                  2                4 

-lo
g1

-(p
va

lu
e)

 

Malat1 

Dubr 

Wincr1 

Volcano plot 
 

Ptprv 

Snhg8 Kcnq1ot1 

Snhg1 
Trerf1 

Gas5 

Mir17hg 
Hotairm1 

U90926 
Brip1os 

Tug1 

FDR<0.1 
|LogFC|>0.4 
Both 

log2FoldChange 

A B 



Rongkun Shen et al. / OnLine Journal of Biological Sciences 2019, 19 (4): 245.259 
DOI: 10.3844/ojbsci.2019.245.259 
 

252 

Two lncRNAs in our list (Table 1 and Supplemental 
Table S1) have been reported to be involved in 
adipogenesis, while the remaining 80 lncRNAs are 
unknown regarding adipogenesis or obesity. LncRNA 
U90926 was downregulated 0.58-fold (FDR 8.8%) after 
a 2-day differentiation, which is consistent with the 
report by Chen et al. (2017) that expression level of 
U90926 decreased after differentiation of 2-day and 
more on 3T3-L1 cells using microarray. They also 
observed that the expression of U90926 decreased while 
PPAR increased. In our RNA-Seq results, PPAR also 
increased by 1.3-fold (FDR 3.4%) along with other 
differentiation marker genes, such as FABP4 (1.55-fold 
up, FDR 1%), CEBP (1.74-fold up, FDR 2.8%) and 
FASN (1.68-fold up, FDR 0.9%). Chen et al. (2017) 
found that overexpression of U90926 remarkably 
inhibits 3T3-L1 preadipocyte differentiation. Another 
lncRNA, growth arrest-specific 5, or Gas5, was reported 
that its expression level increases along with the 
adipocyte differentiation after 24 to 96 hours of 
induction in 3T3-L1 cells and high cell density during 
culture also induces its expression (Coccia et al., 1992; 
Liu et al., 2018). We observed that Gas5 expression 
increased by 1.56-fold with FDR 0.3% after 2 days of 
differentiation. Moreover, our differentiation was 
conducted at 100% confluence. Our data agreed well with 
the published data (Coccia et al., 1992; Liu et al., 2018).  

Apart from U90926 and Gas5, the remaining 80 
lncRNAs have not been reported to be involved in 
adipogenesis or obesity. Several lncRNAs in the known 
lncRNA category are noteworthy because they have 
already been shown to be involved in Wnt-signaling, 
albeit in other tissues (Table 2). Wincr1, or Wnt 
signaling-Induced Non-Coding RNA 1, was 
downregulated by 0.29-fold, FDR 2.0x10-9 after 2 days 
of differentiation. Mullin et al. (2017) reported that 
Wincr1 was induced by -catenin activity during skin 
fibrosis as its name suggests. Wincr1 further regulates 
the expression of key markers of dermal fibrosis. 
Kcnq1ot1 is involved in imprinting a cluster of genes on 
the sense-strand including KCNA1 (Mancini-Dinardo et al., 
2006). Our results show that Kcnq1ot1 was down-
regulated by 0.42-fold, FDR 0.02%. Hotairm1, or Hoxa 
transcript antisense RNA, myeloid-specific 1, is a 
lncRNA that is located on the opposite strand of Hoxa 
gene cluster. It was down-regulated by 0.56-fold, FDR 
8%. Zhang et al. (2018) studied Hotairm1 in the 
pathogenesis of hepatocellular carcinoma and found that 
it was down-regulated and might have resulted in 
inhibiting tumor cell proliferation reduction and 
promoting apoptosis through Wnt signaling pathway. 
Malat1 is one of the earliest identified lncRNA, which is 
related to various pathological processes from diabetes to 

cancers (Wu et al., 2015). Malat1 was down 0.49-fold 
for 2 days of differentiation. Mir17hg, or Mir17 host 
gene, is a lncRNA of Pri-miRNA class hosting miR-17 
to miR-92 on Chromosome 14. Mir17hg was down-
regulated by 0.57-fold, FDR 1.1%. While lncRNAs 
mentioned above were all down-regulated, multiple 
lncRNAs were up-regulated, including Dubr (Dppa2 
upstream binding, 1.95-fold up), Ptprv (protein tyrosine 
phosphatase, receptor type V, 3.35-fold up), Snhg8 
(small nucleolar RNA host gene 8, 2.03-fold up), Snhg1 
(small nucleolar RNA host gene 1, 1.57-fold up), Trerf1 
(transcriptional regulating factor 1, 1.70-fold up), 
Brip1os (BRCA1 interacting protein C-terminal helicase 
1, opposite strand,1.38-fold up) and Tug1 (taurine 
upregulated gene 1, 1.22-fold up). Those up-regulated 
lncRNAs might play important roles during early 
preadipocyte differentiation, however, the mechanisms 
of their function remain to be uncovered. 

Functional Analysis of lncRNAs Involved in Early 
Preadipocyte Differentiation  

Because the gene ontology information is very 
limited, we analyzed the promoter regions of lncRNA in 
our list using GREAT (McLean et al., 2010) in order to 
find their biological implication. We took ±5 kb region 
of lncRNA’s transcription start site and feed into the 
GREAT web tool version 3.0.0 with the “two nearest 
genes” option. Since the number of genes are relatively 
small, we lowered the threshold of Minimum Region-
based Fold Enrichment to 1.2 and used Raw P-value 
threshold of 0.05. Among the multiple categories 
GREAT detected, two of them are most interesting: 
Molecular Signatures Database (MSigDB) Predicted 
Promoter Motifs and MSigDB Perturbation (Fig. 6). In 
the promoter motif analysis, we found that several 
Transcription Factors (TFs) stood out including RUNX1, 
AHR, CEBPA and RFX1 (Fig. 6A). Those 4 TFs were 
also in the list of significantly expressed genes of 
mRNA-Seq results. RUNX1, or runt-related 
transcription factor 1, was down-regulated by 0.74-fold, 
FDR 0.03%. AHR, or aryl-hydrocarbon receptor, was 
down-regulated by 0.52-fold, FDR 2.1108. CEBPA, or 
CCAAT/enhancer binding protein (C/EBP) alpha, was 
up-regulated by 1.74-fold, FDR 2.8%. RFX1, or 
regulatory factor X 1, up-regulated by 1.75-fold, FDR 
0.12%. All these lncRNAs might be regulated by those 
TFs in a coordinated way although the exact mechanism 
is not known yet. From the previous perturbation studies 
in MSigDB, we found that expression of some lncRNAs 
matched the published data (Burton et al., 2004), 
especially the data from 8-48 h or 8-96 h during 
differentiation of 3T3-L1 cells into adipocytes, which is 
consistent with our experimental design (Fig. 6B).  
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Table 2: Selected novel lncRNAs detected in early adipogenesis   
lncRNA  FoldChange  FDR  description  
Wincr1  0.29  2.0442E-09  WNT induced non-coding RNA 1 (Wincr1)  
Kcnq1ot1  0.42  0.00018037  KCNQ1 overlapping transcript 1 (Kcnq1ot1)  
Malat1  0.49  1.3783E-07  metastasis associated lung adenocarcinoma transcript 1  
Hotairm1  0.56  0.08079799  Hoxa transcript antisense RNA, myeloid-specific 1  
Mir17hg  0.57  0.01126712  Mir17 host gene  
Tug1  1.33  0.09161191  taurine upregulated gene 1  
Brip1os  1.38  0.08305572  BRCA1 interacting protein C-terminal helicase 1, opposite strand  
Snhg1  1.57  0.00116532  small nucleolar RNA host gene 1  
Trerf1  1.70  0.00151888  transcriptional regulating factor 1  
Dubr  1.95  1.2309E-06  Dppa2 upstream binding RNA  
Snhg8  2.03  0.00029959  small nucleolar RNA host gene 8  
Ptprv  3.36  3.1882E-05  protein tyrosine phosphatase, receptor type, V  
 

 
(A) 

 

 
(B) 

 
Fig. 6: Functional analysis of lncRNAs using GREAT.  A. Promoter motif analysis. Promoters of ±5kb of transcription start site of 

each lncRNA were searched in MSigDB (Molecular Signatures Database). Only top 20 motifs listed. Several motifs are 
noteworthy: RUNX1, CEBPA, AHR, RFX1, TCF1 and TCF8, which are underlined red. B. Perturbation analysis. The 
lncRNAs significantly altered are involved in multiple published perturbation studies in MSigDB. The interesting ones are 
underlined red, including 3T3-L1 adipogenesis and Wntsignaling pathway. Threshold of Minimum Region-based Fold 
Enrichment was set at 1.2 and Raw P-value threshold was set at 0.05 

Motif NNGKNTGTGGTTWNC matches RUNX1: runt-related transcription factor 1(acute myeloid leukemia 1; aml 1 oncogene) 
 

Motif NNRTGCAATMCCC matches DDIT3: DNA-damage-inducible transcript3; CEBPA DIFF GENES 
 

Motif TGARCCYTTFAMCCCW matches PITX2: paired-like homeodomain transcription factor 2 
 

Motif TCAAAG matches LEF1: lymphoid enhancer-binding factor 1; TCF1: transcription factor 1, hepatic; LF-B1, hepatic nuclear factor 
 

(HNF1) motif AGCAHAC matches DBP: D site of albumin promote (albumin D-box) binding protein 
 

Motif NGGCTCYATCAYC (no known TF) 
 

Motif ACAWNRNSRCGG (no known TF) 
 

Motif KNNKNNTYGCGTGCMS matches AHR: aryl hydrocarbon receptor 
 

Motif RACCACAR matches RUNX1: runt-related transcription factor 1 (acute myeloid leukemia 1; aml 1 oncogene) 
 

Motif MGTTACYAGGCAAM matches RFX1: regulatory factor X, 1 (influences HLA class II expression) 
 

Motif GTTRYCTRR (no known TF) 
 

Motig NDDNNCACGTGNNNNN matches ARNT: aryl hydrocarbon receptor nuclear translocator 
 

Motif NNTTGGCNNNNNNCCNNN matches NF1: neurofibromin 1 (neurofibromatosis, von Recklinghausen disease, Watson disease) 
 

Motif DCCWTATATGGNCWN matches SRF: serum response factor (c-fos serum response element-binding transcription factor) 
 

Motif NNYTTCCY matches STAT6: signal transducer and activator of transcription 6, interleukin-4 induced 
 

Motif NNYNYACCTGWVT matches TCF8: transcription factor 8 (represses interleukin-4 induced) 
 

Motif TTANTCA (no known TF) 
 

Motif GGCNKCCATNK (no known TF) 
 

Motif NNWWWWNGMCACGTCATYNYWNNN (no known TF) 
 

Motif NNNNTTCACGCWTGANTKNNN matches PAX6: paired box gene 6 (an iridia, keratitis) 
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-log10(Binom p-value) MSigDB Predicted Promote Motif 

Genes up-regulated in response to both single dose and fractionated radiation that were common to all three cell line studied. 
Progressively up-regulated form 8-48 h during differentiation of 3T3-L1 cells (fibroblast) into adipocytes. 

Genes down-regulated in NIH3T3 cells (fibroblasts) transformed by activated KRAS vs over-expression of a dominant negative form of CDC25 by rescue 
Genes up-regulated in response to hydrogen peroxide in CS-B cells (Cockayne syndrome fibroblast, CS) expressing ERCC6 off a plasmid vector 

Genes consistently down-regulated in mature mammary luminal cells both in mouse and human species. 
Genes commonly down-regulated in human alveolar rhabdomyosarcoma (ARMS) and its mouse model overexpressing PAX3-FOXO1 fusion. 

Transcripts depleted from pseudopodia of NIH/3T3 cells (fibroblast) in response to haptotactic migratory stimulus by fibronectin, FN1 
Genes from ‘subtype S1’ signature of hepatocellular carcinoma (HCC): aberrant activation of the WNT signaling pathway. 

Genes up-regulated by TSA alone, with non-hypermethylated promoters, in RKO cells (colorectal cancer). 
Genes within amplicon 21q22 identified in a copy alterations study of 191 breast tumor samples. 

Genes down-regulated in uterus upon knockout of BMP2. 
Genes up-regulated in CD34+ cells by intermediate activity levels of STAT5A; predominant log-term growth and self-renewal phenotype. Up-regulated 

genes in NMuMG cells (mammary epithelium) after stimulation with both TGFB1 and WNT3A. 
Genes up-regulated in confluent IMR90 cells (fibroblast) after knockdown of RB1 by RNAi. Strongly 

Down-regulated at 8-96 h during differentiation of 3T3-L1 cells (fibroblast) into adipocytes. 
Genes down-regulated in H358 cells (lung cancer) by inducible expression of FOXA2 in a Tet-off system. 

Genes directly up-regulated by CD44 stimulation of B lymphocytes. 
Genes whose expression positively correlated with sensitivity of breast cancer cell lines to dasatinib. 

Genes down-regulated in MEF cells (embryonic fibroblast) with ELAVL1 knocked out. 
Proteins secreted in co-culture of LKR-13 tumor cells (non-small cell lung cancer, NSCLC) and MLg stroma cells (fibroblasts.) 
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Discussion 
Long non-coding RNAs have been reported to be 

involved in many biological processes, such as 
adipogenesis, development and disease pathogenesis, 
especially cancers. We can improve our understanding of 
how lncRNAs work by specifically identifying the 
lncRNA involved in biological processes. Here we used 
cutting-edge strand-specific RNA-Seq technology to 
study early preadipocyte differentiation. The strand-
specific approach provides power and advantage to 
distinguish overlapping transcripts in opposing 
directions, such as antisense and opposite strand genes 
(Fig. 2). We identified 82 lncRNAs that significantly 
changed their expression after 2-day differentiation of 
3T3-L1 preadipocytes (Fig. 5 and 6). Only 2 (U90926 
and Gas5) had previously been reported to be involved 
in adipogenesis or obesity; they most likely promote 
adipogenesis through the canonical transcription factors, 
i.e., PPAR, CEBP, FABP4 and FASN (Chen et al., 
2017; Li et al., 2018). Our data agreed with their 
findings. Interestingly, both Liu et al. (2018) and Li et al. 
(2018) studied Gas5 in adipogenesis in 3T3-L1 cells for 4 
days differentiation induction and mesenchymal stem cells 
for 3 or more days induction, respectively. Both groups 
concluded that Gas5 suppresses adipogenesis, through 
other microRNAs, which is controversy to our results     
(Li et al., 2018; Liu et al., 2018). However, this could be 
explained that both groups studied Gas5 for more than 3 
days of differentiation (we did 2 days) and they used 
overexpression system and knockdown approach, which 
might result in cell fate during early adipogenesis.  

The remaining 80 lncRNAs, however, were relatively 
unknown with regard to adipocyte differentiation. After 
further analysis, we found that many known annotated 
lncRNAs on our list (Table 2) have connections to the 
Wnt/-catenin signaling pathway. There are many 
reports linking lncRNA with Wnt signaling pathway 
(Zarkou et al., 2018). When we were analyzing the 
promoter regions of the lncRNAs in our list, one item 
intrigued us, i.e., Wnt signaling pathway in Fig. 6B and 
LEF1/TCF1/TCF8 (proteins involved in Wnt pathway) 
in Fig. 6A. The Wnt/-catenin signaling pathway 
controls many biological processes during animal 
development and tissue homeostasis. It is tightly 
regulated as its functions are critical for early tissue 
development as well as cell proliferation during growth 
and tissue maintenance. The Wnt pathway is involved in 
cell differentiation, such as adipogenesis and obesity 
(Chen and Wang, 2018). Wnt/-catenin signaling 
pathway was reported to inhibit adipogenesis in 3T3-L1 
cells through the key marker genes, i.e., 
CCAAT/Enhancer Binding Proteins  (CEBP) and 
Peroxisome Proliferator-Activated Receptor  (PPAR).  

Our results show that Gas5 was upregulated during 
early preadipocyte differentiation (Fig. 5) is consistent 

with the findings from Song et al. (2019), who found 
that Wnt/-catenin signaling pathway was activated in 
colorectal cancer cells. However, lncRNA Gas5 could 
inhibit the activation of this pathway and repress 
tumor cell invasion, metastasis and migration. 
Furthermore, Shi et al. (2019) found that stabilization 
of lncRNA Gas5 led to restored glucose processing in 
type 2 diabetic patients and suggested Gas5 to be a 
therapeutic target for diabetes. Therefore, escalated Gas5 
level inhibits Wnt signaling pathway and further 
promote adipocyte differentiation. Kcnq1ot1 was 
originally discovered at an imprinting lncRNA (Mancini-
Dinardo et al., 2006). Gu et al. (2019) found that 
lncRNA Kcnq1ot1 delayed bone fracture healing 
through the Wnt/β-catenin pathway. Gao et al (2018) 
found that Kcnq1ot1 promotes osteoblast differentiation 
by activating the Win/b-catenin signaling pathway    
(Gao et al., 2018). Those two papers and our results 
indicate that Kcnq1ot1 is important for adipogenesis.      
Hu et al. (2017) and Li et al. (2019) reported that 
increased Malat1 expression level facilitated nuclear 
translocation of -catenin and induced its target gene 
expressions through Wnt/-catenin signaling pathway. 
On the contrary, decreased Malat1 level reversed 
nuclear translocation of -catenin, which is consistent 
with our findings. Hotairm1 was found to be 
downregulated in hepatocellular carcinoma and 
inhibited the proliferation and promote the apoptosis by 
suppressing the Wnt/-catenin signaling pathway and 
then inhibit the tumor progression. (Mu et al., 2019; 
Zhang et al., 2018) Yuan et al. found that the 
overexpression of interferon regulatory factor-1 (IRF-1) 
downregulated Mir17hg in gastric cancer cells and inhibited 
the tumor progression by inhibiting Wnt/-catenin 
signaling pathway. Yuan et al. (2019) Wincr1 was found 
to be activated by Wnt/-catenin signaling pathway in 
fibroblast cells. (Mullin et al., 2017) So Wincr1 might be 
the downstream target of Wnt signaling pathway during 
adipogenesis. In short, during the early adipogenesis, 
Wnt/-catenin signaling pathway was inhibited by the 
down-regulations of Kcnq1ot1, Malat1, Hotairm1 and 
Mir17hg and the up-regulation of Gas5 (Fig. 7), perhaps 
together with transcription factors and non-coding RNAs, 
such as microRNAs (Li et al., 2018; Liu et al., 2018). 

We also compared with the lncRNAs identified 
between preadipocytes and mature adipocytes from 
Rinn laboratory (Sun et al., 2013). To our surprise, the 
profile of lncRNAs in their data is significantly 
different from ours (Supplemental Table S2). Malat1 
and Kcnq1ot1 were up-regulated by 9.7- and 4.8-fold, 
respectively, while they were down-regulated in our 
results. However, several other lncRNAs (Snhg1, 
Trerf1, Snhg8 and Brip1os) were downregulated in 
their results, which is opposite to ours. 
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Fig. 7: Model that lncRNAs are involved in early preadipocyte differentiation through Wnt/-catenin signaling pathway. Blue arrow 

means down-regulation; red arrow means up-regulation 
 
In another study, lnc-OAD (1700018A04Rik) were 
reported to be required for adipocyte differentiation in 
3T3-L1 cells (Wang et al., 2019). Lnc-OAD was 
rapidly stimulated at day 1 but returned to basal level at 
day 2, then increased again after day 4. This is consistent 
with our data at day 2, where expression of 
1700018A04Rik was not significantly changed 
compared with day 1 (data not shown). All these suggest 
that the expression levels of lncRNAs are dynamic 
depending on different stages of cell development. It 
further infers that lncRNAs provide very precise 
regulation during the adipogenesis process.  

To be summarized, in this study we identified a 
cohort of lncRNAs that play important roles during 
early preadipocyte differentiation, among which many 
lncRNAs were discovered for the first time. Besides the 
key transcription factors, such as PPAR, CEBP, 
FABP4 and so on, lncRNAs may act as fine-tuning the 
adipogenesis process. Those lncRNAs may serve as 
biomarkers for diagnosis or therapeutic targets. We 
hope all these findings will shed light on obesity 
research and therapy.  

Conclusion  
We identified 82 lncRNAs in early preadipocyte 

differentiation in 3T3-L1 cells and 98% of them are 
novel. Those lncRNAs promote adipogenesis possibly 
through inhibiting Wnt/-catenin signaling pathway.  

Supplemental Tables  
S1. lncRNAs significantly changed after 2 days 

differentiation  
S2. lncRNAs compared with PNAS2013 data (Sun et al 

2013)  
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Supplemental Material 
 
Supplemental Table 1: lncRNAs significantly changed after 2 days differentiation.xlsx 
        log2Fold Fold 
Gene d0n1 d0n2 d0n3 d2n1 d2n2 d2n3 baseMean Change Change lfcSE stat pvalue padj GeneName GeneDescription 
ENSMUSG00000104292.1 11.66 9.54 10.34 0.00 0.00 0.00 5.26 -5.67 0.02 1.57 -3.62 0.000296 0.018631 Gm38042 predicted gene, 38042 [Source:MGI 
               Symbol;Acc:MGI:5611270] 
ENSMUSG00000105293.1 6.48 20.04 4.70 0.00 0.00 0.00 5.20 -5.64 0.02 1.62 -3.48 0.000503 0.026373 Gm42843 predicted gene 42843 [Source:MGI 
               Symbol;Acc:MGI:5662980] 
ENSMUSG00000102760.1 9.72 12.41 2.82 0.00 0.00 0.00 4.16 -5.33 0.02 1.70 -3.14 0.001675 0.064693 Gm37258 predicted gene, 37258 [Source:MGI 
               Symbol;Acc:MGI:5610486] 
ENSMUSG00000103828.1 11.02 4.77 8.46 0.00 0.00 0.00 4.04 -5.29 0.03 1.68 -3.15 0.001624 0.064693 2610001A08Rik RIKEN cDNA 2610001A08 gene 
               [Source:MGI Symbol;Acc:MGI:1917358] 
ENSMUSG00000106214.1 3.89 3.82 15.04 0.00 0.00 0.00 3.79 -5.19 0.03 1.75 -2.97 0.002986 0.087621 Gm43426 predicted gene 43426 [Source:MGI 
               Symbol;Acc:MGI:5663563] 
ENSMUSG00000104571.1 5.18 19.09 15.98 0.00 2.34 0.00 7.10 -4.13 0.06 1.39 -2.98 0.002902 0.087518 Gm43010 predicted gene 43010 [Source:MGI 
               Symbol;Acc:MGI:5663147] 
ENSMUSG00000084806.1 17.50 21.95 19.74 0.00 2.34 1.10 10.44 -4.12 0.06 1.10 -3.75 0.000178 0.012273 Gm15232 predicted gene 15232 [Source:MGI 
               Symbol;Acc:MGI:3705117] 
ENSMUSG00000105818.1 11.02 20.04 17.86 0.00 3.51 0.00 8.74 -3.83 0.07 1.18 -3.25 0.001166 0.052372 Gm43256 predicted gene 43256 [Source:MGI 
               Symbol;Acc:MGI:5663393] 
ENSMUSG00000103808.1 10.37 16.22 20.68 3.34 0.00 0.00 8.43 -3.81 0.07 1.19 -3.19 0.001446 0.061203 Gm37060 predicted gene, 37060 [Source:MGI 
               Symbol;Acc:MGI:5610288] 
ENSMUSG00000104369.1 10.37 16.22 37.59 3.34 1.17 1.10 11.63 -3.51 0.09 0.99 -3.55 0.000379 0.021645 Gm38082 predicted gene, 38082 [Source:MGI 
               Symbol;Acc:MGI:5611310] 
ENSMUSG00000105962.1 14.91 20.04 23.50 3.34 1.17 1.10 10.67 -3.37 0.10 0.96 -3.52 0.000428 0.023 Gm42432 predicted gene 42432 [Source:MGI 
               Symbol;Acc:MGI:5662569] 
ENSMUSG00000114469.2 13.61 19.09 19.74 3.34 0.00 3.29 9.84 -2.96 0.13 0.96 -3.09 0.001999 0.072136 C730002L08Rik RIKEN cDNA C730002L08 gene  
               [Source:MGI Symbol;Acc:MGI:2443493] 
ENSMUSG00000108067.1 16.20 35.31 31.95 3.34 2.34 5.48 15.77 -2.89 0.14 0.76 -3.79 0.000148 0.011267 Gm43953 predicted gene, 43953 [Source:MGI 
               Symbol;Acc:MGI:5690345] 
ENSMUSG00000104235.1 42.77 40.08 26.32 13.36 1.17 2.19 20.98 -2.70 0.15 0.72 -3.76 0.00017 0.012073 Gm37589 predicted gene, 37589 [Source:MGI 
               Symbol;Acc:MGI:5610817] 
ENSMUSG00000106121.1 34.35 101.15 63.91 11.13 10.54 12.07 38.86 -2.56 0.17 0.52 -4.91 9.16E-07 0.00018 Gm42679 predicted gene 42679 [Source:MGI 
               Symbol;Acc:MGI:5662816] 
ENSMUSG00000106757.1 24.6261 24.81153 27.25569 12.24 1.17 3.29 15.57 -2.19 0.22 0.75 -2.91 0.00 0.098898 Gm43482 predicted gene 43482 [Source:MGI 
               Symbol;Acc:MGI:5663619] 
ENSMUSG00000099429.1 29.81 31.49 47.93 7.79 7.03 14.26 23.05 -1.90 0.27 0.58 -3.29 0.000997 0.049832 1600019K03Rik RIKEN cDNA 1600019K03 gene 
               [Source:MGI Symbol;Acc:MGI:1917018] 
ENSMUSG00000115210.1 23.33 42.94 46.05 13.36 9.37 8.77 23.97 -1.83 0.28 0.57 -3.22 0.001298 0.05712 Gm49308 predicted gene, 49308 [Source:MGI 
               Symbol;Acc:MGI:6118810] 
ENSMUSG00000085183.1 242.37 293.S92 290.41 62.34 86.66 94.33 178.34 -1.76 0.29 0.25 -7.14 9.29E-13 2.04E-09 Wincr1 WNT induced non-coding RNA 1 
               [Source:MGI Symbol;Acc:MGI:3649757] 
ENSMUSG00000103308.5 29.81 44.85 48.87 8.91 23.42 4.39 26.71 -1.75 0.30 0.59 -2.96 0.003055 0.087621 Gm37800 predicted gene, 37800 [Source:MGI 
               Symbol;Acc:MGI:5611028] 
ENSMUSG00000101609.2 1071.24 1309.29 1446.43 828.17 348.98 435.45 906.59 -1.25 0.42 0.25 -4.93 8.36E-07 0.00018 Kcnq1ot1 KCNQ1 overlapping transcript 1 
               [Source:MGI Symbol;Acc:MGI:1926855] 
ENSMUSG00000105940.1 152.29 176.54 146.62 46.75 77.29 82.26 113.63 -1.20 0.43 0.29 -4.15 3.33E-05 0.003491 Gm42635 predicted gene 42635 [Source:MGI 
               Symbol;Acc:MGI:5662772] 
ENSMUSG00000102496.1 113.41 106.88 111.84 48.98 48.01 48.26 79.56 -1.19 0.44 0.30 -3.96 7.48E-05 0.006584 Gm36989 predicted gene, 36989 [Source:MGI 
               Symbol;Acc:MGI:5610217] 
ENSMUSG00000092341.3 22191.36 27285.05 26127.87 14155.64 9991.58 12952.72 18784.04 -1.03 0.49 0.16 -6.37 1.88E-10 1.38E-07 Malat1 metastasis associated lung adenocarcinoma 
               transcript 1 (non-coding RNA) 
               [Source:MGI Symbol;Acc:MGI:1919539 
ENSMUSG00000107165.1 114.06 147.91 108.08 66.79 56.21 71.30 94.06 -0.93 0.53 0.29 -3.15 0.001617 0.064693 Gm43747 predicted gene 43747 [Source:MGI 
               Symbol;Acc:MGI:5663884] 
ENSMUSG00000087658.2 148.40 146.96 156.96 67.90 108.91 76.78 117.65 -0.84 0.56 0.27 -3.04 0.002352 0.080798 Hotairm1 Hoxa transcript antisense RNA, myeloid- 
               specific 1 [Source:MGI 
               Symbol;Acc:MGI:3705155] 
ENSMUSG00000097252.1 554.09 546.81 652.26 381.80 350.15 253.37 456.41 -0.83 0.56 0.20 -4.19 2.78E-05 0.003216 Gm6634 predicted gene 6634 [Source:MGI 
               Symbol;Acc:MGI:3643829] 
ENSMUSG00000089726.2 245.61 239.53 225.56 129.12 132.33 140.40 185.43 -0.82 0.57 0.22 -3.79 0.000148 0.011267 Mir17hg Mir17 host gene (non-protein coding) 
               [Source:MGI Symbol;Acc:MGI:1923207] 
ENSMUSG00000029409.7 166.55 146.96 242.48 107.97 113.59 99.81 146.23 -0.79 0.58 0.27 -2.96 0.003065 0.087621 U90926 cDNA sequence U90926 [Source:MGI 
               Symbol;Acc:MGI:1930915] 
ENSMUSG00000105954.1 370.69 417.02 421.99 231.53 283.40 194.14 319.80 -0.77 0.59 0.20 -3.78 0.000157 0.011488 Gm42793 predicted gene 42793 [Source:MGI 
               Symbol;Acc:MGI:5662930] 
ENSMUSG00000097754.1 268.29 280.56 343.05 221.51 180.34 159.04 242.13 -0.67 0.63 0.22 -3.03 0.002423 0.080798 Ptgs2os2 prostaglandin-endoperoxide synthase 2, 
               opposite strand 2 [Source:MGI 
               Symbol;Acc:MGI:5477181] 
ENSMUSG00000112794.1 349.30 414.16 474.63 291.64 257.64 265.44 342.13 -0.60 0.66 0.20 -3.07 0.00212 0.074049 Gm48878 predicted gene, 48878 [Source:MGI 
               Symbol;Acc:MGI:6098630] 
ENSMUSG00000106734.3 661.02 740.53 654.14 399.61 420.41 560.49 572.70 -0.57 0.67 0.18 -3.12 0.00178 0.06727 Gm20559 predicted gene, 20559 [Source:MGI 
               Symbol;Acc:MGI:5295666] 
ENSMUSG00000091509.7 860.62 948.56 823.31 643.39 633.55 612.04 753.58 -0.48 0.72 0.15 -3.10 0.001907 0.069963 Gm17066 predicted gene 17066 [Source:MGI 
               Symbol;Acc:MGI:4937893] 
ENSMUSG00000056579.18 5202.59 5976.72 6167.31 7256.48 8414.15 7399.36 6736.10 0.41 1.33 0.14 2.94 0.003247 0.091612 Tug1 taurine upregulated gene 1 [Source:MGI 
               Symbol;Acc:MGI:2144114] 
ENSMUSG00000085208.3 1234.55 1064.03 1248.12 1462.65 1812.82 1615.66 1406.31 0.46 1.38 0.15 3.01 0.002641 0.083056 Brip1os BRCA1 interacting protein C-terminal 
               helicase 1, opposite strand [Source:MGI 
               Symbol;Acc:MGI:1921288] 
ENSMUSG00000112627.1 1844.37 1457.20 1588.35 2287.48 2270.71 2262.81 1951.82 0.48 1.39 0.15 3.28 0.001056 0.049832 4933412E12Rik RIKEN cDNA 4933412E12 gene 
               [Source:MGI Symbol;Acc:MGI:1918336] 
ENSMUSG00000097908.7 596.86 477.14 501.88 736.89 744.80 743.67 633.54 0.50 1.41 0.16 3.01 0.002617 0.083056 4933404O12Rik RIKEN cDNA 4933404O12 gene 
               [Source:MGI Symbol;Acc:MGI:1914002] 
ENSMUSG00000111394.1 7593.26 6221.97 5014.11 8999.64 7590.88 10785.34 7700.87 0.54 1.45 0.18 2.99 0.002775 0.086022 Gm49759 predicted gene, 49759 [Source:MGI 
               Symbol;Acc:MGI:6215263] 
ENSMUSG00000097183.2 285.79 277.70 331.77 468.63 482.48 381.70 371.35 0.57 1.49 0.19 3.04 0.002405 0.080798 Gm17501 predicted gene, 17501 [Source:MGI 
               Symbol;Acc:MGI:4937135] 
ENSMUSG00000092595.2 1285.74 986.74 904.14 1737.59 1527.08 1580.56 1336.97 0.61 1.52 0.17 3.59 0.000327 0.019987 Gm20427 predicted gene 20427 [Source:MGI 
               Symbol;Acc:MGI:5141892] 
ENSMUSG00000087174.7 270.89 329.23 294.17 439.69 524.64 399.25 376.31 0.61 1.53 0.19 3.19 0.001432 0.061203 5530601H04Rik RIKEN cDNA 5530601H04 gene 
               [Source:MGI Symbol;Acc:MGI:1918695] 
ENSMUSG00000094365.1 497.06 402.71 331.77 663.42 536.35 700.89 522.03 0.62 1.54 0.20 3.15 0.001655 0.064693 Gm21982 predicted gene 21982 [Source:MGI 
               Symbol;Acc:MGI:5439451] 
ENSMUSG00000053332.13 1686.24 1555.49 1540.42 2110.49 2620.86 2736.65 2041.69 0.64 1.56 0.15 4.23 2.36E-05 0.00289 Gas5 growth arrest specific 5 [Source:MGI 
               Symbol;Acc:MGI:95659] 
ENSMUSG00000108414.1 985.69 868.40 917.30 1352.45 1513.02 1491.72 1188.10 0.65 1.57 0.15 4.45 8.47E-06 0.001165 Snhg1 small nucleolar RNA host gene 1 
               [Source:MGI Symbol;Acc:MGI:3763743] 
ENSMUSG00000092130.2 177.57 150.78 127.82 291.64 235.39 209.50 198.78 0.69 1.61 0.24 2.92 0.00349 0.096029 D030025P21Rik RIKEN cDNA D030025P21 gene 
               [Source:MGI Symbol;Acc:MGI:3698049] 
ENSMUSG00000105161.1 109.52 141.23 109.02 208.15 179.17 213.89 160.17 0.74 1.67 0.24 3.12 0.001803 0.06727 Gm42595 predicted gene 42595 [Source:MGI 
               Symbol;Acc:MGI:5662732] 
ENSMUSG00000064043.13 758.87 567.80 582.71 1184.37 954.42 1118.79 861.16 0.77 1.70 0.18 4.38 1.17E-05 0.001519 Trerf1 transcriptional regulating factor 1 
               [Source:MGI Symbol;Acc:MGI:2442086] 
ENSMUSG00000092176.1 492.52 352.13 343.05 736.89 624.18 674.56 537.22 0.77 1.71 0.19 4.04 5.37E-05 0.005137 Gm20460 predicted gene 20460 [Source:MGI 
              Symbol;Acc:MGI:5141925] 
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Supplemental Table 1: Continue 
ENSMUSG00000105987.4 9490.12 080.07 8812.99 17464.97 15523.72 14525.61 12482.91 0.80 1.74 0.13 5.93 2.96E-09 1.3E-06 AI506816 expressed sequence AI506816 
               [Source:MGI Symbol;Acc:MGI:2140929] 
ENSMUSG00000097062.1 57.03 57.26 56.39 93.50 122.96 97.62 80.79 0.88 1.84 0.30 2.93 0.00343 0.095559 Gm17586 predicted gene, 17586 [Source:MGI 
               Symbol;Acc:MGI:4937220] 
ENSMUSG00000086841.1 237.84 236.66 306.39 474.19 539.86 445.32 373.38 0.90 1.87 0.19 4.67 2.95E-06 0.000464 2410006H16Rik RIKEN cDNA 2410006H16 gene 
               [Source:MGI Symbol;Acc:MGI:1916471] 
ENSMUSG00000098234.7 74.53 76.34 145.68 129.12 218.99 224.85 144.92 0.95 1.94 0.32 3.02 0.002559 0.083056 Snhg6 small nucleolar RNA host gene 6 
               [Source:MGI Symbol;Acc:MGI:1921074] 
ENSMUSG00000022639.14 773.13 824.51 1036.66 1604.02 1758.95 1773.61 1295.14 0.96 1.95 0.16 5.98 2.24E-09 1.23E-06 Dubr Dppa2 upstream binding RNA 
               [Source:MGI Symbol;Acc:MGI:1915440] 
ENSMUSG00000104960.1 197.66 135.51 182.33 336.16 334.93 379.51 261.02 1.02 2.03 0.21 4.78 1.77E-06 0.0003 Snhg8 small nucleolar RNA host gene 8 
               [Source:MGI Symbol;Acc:MGI:1917145] 
ENSMUSG00000087380.7 42.77 53.44 55.45 103.52 135.84 69.10 76.69 1.03 2.04 0.34 3.01 0.002577 0.083056 2210408F21Rik RIKEN cDNA 2210408F21 gene 
               [Source:MGI Symbol;Acc:MGI:1920902] 
ENSMUSG00000106643.1 173.68 146.01 141.92 311.68 358.35 296.15 237.96 1.06 2.09 0.21 5.06 4.18E-07 0.000102 Gm43422 predicted gene 43422 [Source:MGI 
               Symbol;Acc:MGI:5663559] 
ENSMUSG00000109761.1 110.17 62.98 80.83 208.15 129.99 197.43 131.59 1.07 2.10 0.29 3.64 0.000277 0.017962 5430403N17Rik RIKEN cDNA 5430403N17 gene 
               [Source:MGI Symbol;Acc:MGI:5439418] 
ENSMUSG00000087365.7 59.62 37.22 47.93 131.35 92.51 109.69 79.72 1.20 2.29 0.32 3.70 0.000212 0.014133 C430049B03Rik RIKEN cDNA C430049B03 gene 
               [Source:MGI Symbol;Acc:MGI:1924903] 
ENSMUSG00000097467.2 90.73 67.75 95.86 197.02 208.45 189.76 141.60 1.22 2.34 0.25 4.89 9.83E-07 0.00018 Gm26737 predicted gene, 26737 [Source:MGI 
               Symbol;Acc:MGI:5477231] 
ENSMUSG00000112963.1 53.79 55.35 66.73 131.35 139.36 144.78 98.56 1.24 2.37 0.28 4.48 7.5E-06 0.001101 Gm6093 predicted gene 6093 [Source:MGI 
               Symbol;Acc:MGI:3648840] 
ENSMUSG00000059277.12 45.36 44.85 45.11 126.90 119.45 76.78 76.41 1.25 2.39 0.33 3.85 0.000119 0.009706 R74862 expressed sequence R74862 [Source:MGI 
               Symbol;Acc:MGI:2142382] 
ENSMUSG00000111789.1 51.20 52.49 31.95 116.88 114.76 93.23 76.75 1.25 2.39 0.33 3.85 0.000118 0.009706 Gm49323 predicted gene, 49323 [Source:MGI 
               Symbol;Acc:MGI:6121505] 
ENSMUSG00000097354.7 97.86 130.74 108.08 272.72 251.78 336.73 199.65 1.36 2.57 0.23 5.86 4.76E-09 1.75E-06 2310001H17Rik RIKEN cDNA 2310001H17 gene 
               [Source:MGI Symbol;Acc:MGI:1923682] 
ENSMUSG00000105695.1 25.27 23.86 16.92 62.34 79.63 41.68 41.62 1.47 2.77 0.43 3.41 0.000659 0.033756 Gm43327 predicted gene 43327 [Source:MGI 
               Symbol;Acc:MGI:5663464] 
ENSMUSG00000116114.1 40.18 18.13 31.02 100.18 91.34 69.10 58.33 1.53 2.89 0.39 3.97 7.3E-05 0.006584 Gm35853 predicted gene, 35853 [Source:MGI 
               Symbol;Acc:MGI:5595012] 
ENSMUSG00000107314.1 401.79 220.44 296.05 918.33 660.48 1264.67 626.96 1.63 3.09 0.25 6.55 5.83E-11 6.42E-08 Gm20488 predicted gene 20488 [Source:MGI 
               Symbol;Acc:MGI:5141953] 
ENSMUSG00000085596.1 40.83 27.67 32.89 99.07 106.57 118.46 70.92 1.67 3.17 0.33 5.06 4.17E-07 0.000102 Gm11476 predicted gene 11476 [Source:MGI 
               Symbol;Acc:MGI:3705135] 
ENSMUSG00000097993.7 151.64 55.35 62.03 365.11 243.58 302.73 196.74 1.75 3.36 0.33 5.32 1.01E-07 3.19E-05 Ptprv protein tyrosine phosphatase, receptor 
               type, V [Source:MGI 
               Symbol;Acc:MGI:108027] 
ENSMUSG00000110537.1 5.83 6.68 11.28 33.39 29.28 28.52 19.16 1.96 3.88 0.60 3.27 0.001085 0.049832 Gm4316 predicted gene 4316 [Source:MGI 
               Symbol;Acc:MGI:3782497] 
ENSMUSG00000108228.2 7.78 23.86 15.04 76.81 67.92 42.78 39.03 2.03 4.09 0.49 4.17 2.98E-05 0.003282 6430584L05Rik  RIKEN cDNA 6430584L05 gene 
               [Source:MGI Symbol;Acc:MGI:5439415] 
ENSMUSG00000087177.7 3.89 4.77 8.46 22.26 29.28 23.03 15.28 2.14 4.42 0.68 3.17 0.001535 0.063751 E130307A14Rik RIKEN cDNA E130307A14 gene 
               [Source:MGI Symbol;Acc:MGI:3036287] 
ENSMUSG00000085721.1 7.78 10.50 8.46 43.41 43.33 32.91 24.40 2.17 4.50 0.54 4.05 5.05E-05 0.005056 Gm12796 predicted gene 12796 [Source:MGI 
               Symbol;Acc:MGI:3649207] 
ENSMUSG00000102861.1 2.59 2.86 2.82 20.04 17.57 13.16 9.84 2.62 6.16 0.85 3.08 0.002041 0.072459 Gm37637 predicted gene, 37637 [Source:MGI 
               Symbol;Acc:MGI:5610865] 
ENSMUSG00000090063.6 0.65 4.77 3.76 24.49 28.11 9.87 11.94 2.83 7.11 0.87 3.27 0.001087 0.049832 Dlx6os1 distal-less homeobox 6, opposite strand 1 
               [Source:MGI Symbol;Acc:MGI:2443217] 
ENSMUSG00000086214.1 0.00 7.63 0.94 22.26 5.86 35.10 11.97 2.95 7.74 1.02 2.90 0.003685 0.098898 Gm14062 predicted gene 14062 [Source:MGI 
                Symbol;Acc:MGI:3649735] 
ENSMUSG00000072573.2 0.00 9.54 1.88 26.72 21.08 38.39 16.27 2.99 7.94 0.84 3.54 0.000393 0.021645 Gm10369 predicted gene 10369 [Source:MGI 
               Symbol;Acc:MGI:3642774] 
ENSMUSG00000111683.1 1.94 1.91 0.00 8.91 22.25 14.26 8.21 3.51 11.38 1.07 3.28 0.001048 0.049832 Gm49367 predicted gene, 49367 [Source:MGI 
               Symbol;Acc:MGI:6121581] 
ENSMUSG00000117608.1 1.30 0.00 12.22 96.84 112.42 92.14 52.49 4.50 22.57 1.27 3.54 0.000393 0.021645 AC103362.1 novel transcript 
ENSMUSG00000115936.1 0.00 0.00 0.94 13.36 5.86 6.58 4.46 4.85 28.77 1.63 2.98 0.002903 0.087518 4833415N18Rik RIKEN cDNA 4833415N18 gene 
               [Source:MGI Symbol;Acc:MGI:1921011] 
ENSMUSG00000112721.1 0.00 0.00 0.00 2.23 3.51 14.26 3.33 5.44 43.49 1.84 2.96 0.003046 0.087621 Gm35608 predicted gene, 35608 [Source:MGI 
               Symbol;Acc:MGI:5594767] 
ENSMUSG00000112291.1 0.00 0.00 0.94 6.68 9.37 23.03 6.67 5.45 43.61 1.52 3.58 0.000345 0.020505 Gm48276 predicted gene, 48276 [Source:MGI 
               Symbol;Acc:MGI:6097704] 
Note: 1. the highlighted lncRNAs were discussed in the text. 2. the list were ordered by the foldchange. 

 
Supplemental Table 2: lncRNAs compare Sun PNAS2013 data.xlsx 
 white white  up or FoldChange up or down 
Gene preadipocyte adipocyte FoldChange down in our list (our list) GeneName GeneDescription 
ENSMUSG00000085183.1 1.34 0.00 0.00 NA 0.29 ↓ Wincr1 WNT induced non-coding RNA 1 [Source:MGI Symbol;Acc:MGI:3649757] 
ENSMUSG00000101609.2 9.39 49.94 5.32 ↑ 0.42 ↓ Kcnq1ot1 KCNQ1 overlapping transcript 1 [Source:MGI Symbol;Acc:MGI:1926855] 
ENSMUSG00000092341.3 1407.38 13675.79 9.72 ↑ 0.49 ↓ Malat1 metastasis associated lung adenocarcinoma transcript 1 (non-coding RNA) 
        [Source:MGI Symbol;Acc:MGI:1919539] 
ENSMUSG00000087658.2 24.15 26.09 1.08 = 0.56 ↓ Hotairm1 Hoxa transcript antisense RNA, myeloid-specific 1 [Source:MGI 
        Symbol;Acc:MGI:3705155] 
ENSMUSG00000089726.2 2.68 4.47 1.67 ↑ 0.57 ↓ Mir17hg Mir17 host gene (non-protein coding) [Source:MGI Symbol;Acc:MGI:1923207] 
ENSMUSG00000029409.7 1.34 0.00 0.00 NA 0.58 ↓ U90926 cDNA sequence U90926 [Source:MGI Symbol;Acc:MGI:1930915] 
ENSMUSG00000056579.18 170.39 322.74 1.89 ↑ 1.33 ↑ Tug1 taurine upregulated gene 1 [Source:MGI Symbol;Acc:MGI:2144114] 
ENSMUSG00000085208.3 351.51 137.89 0.39 ↓ 1.38 ↑ Brip1os BRCA1 interacting protein C-terminal helicase 1, opposite strand [Source:MGI 
        Symbol;Acc:MGI:1921288] 
ENSMUSG00000053332.13 214.66 325.72 1.52 ↑ 1.56 ↑ Gas5 growth arrest specific 5 [Source:MGI Symbol;Acc:MGI:95659] 
ENSMUSG00000108414.1 76.47 50.68 0.66 ↓ 1.57 ↑ Snhg1 small nucleolar RNA host gene 1 [Source:MGI Symbol;Acc:MGI:3763743] 
ENSMUSG00000064043.13 237.47 93.17 0.39 ↓ 1.70 ↑ Trerf1 transcriptional regulating factor 1 [Source:MGI Symbol;Acc:MGI:2442086] 
ENSMUSG00000022639.14 32.20 29.81 0.93 ↓ 1.95 ↑ Dubr Dppa2 upstream binding RNA [Source:MGI Symbol;Acc:MGI:1915440] 
ENSMUSG00000104960.1 194.54 81.24 0.42 ↓ 2.03 ↑ Snhg8 small nucleolar RNA host gene 8 [Source:MGI Symbol;Acc:MGI:1917145] 
ENSMUSG00000097993.7 6.71 7.45 1.11 = 3.36 ↑ Ptprv protein tyrosine phosphatase, receptor type, V [Source:MGI  
        Symbol;Acc:MGI:108027] 
Note: ↑ means up-regulated; ↓ means down-regulated; = means no change; NA: not detected 
Note: white adipocytes in Sun et al's were 4 days after differentiation 
Re-analyzed data from Sun et al. 2013. Long noncoding RNAs regulate adipogenesis. Proc Natl Acad Sci U S A 110:3387-3392. 10.1073/pnas.1222643110 


