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White adipose tissue (WAT) can develop into several
phenotypes with different pathophysiological impact on
type 2 diabetes. To better understand the adipogenic
process, the transcriptional events that occur during
in vitro differentiation of human adipocytes were investi-
gated and the findings linked to WAT phenotypes. Single-
molecule transcriptional profiling provided a detailed
map of the expressional changes of genes, enhancers,
and long noncoding RNAs, where different types of
transcripts share common dynamics during differentia-
tion. Common signatures include early downregulated,
transient, and late induced transcripts, all of which are
linked to distinct developmental processes during adi-
pogenesis. Enhancers expressed during adipogenesis
overlap significantly with genetic variants associated
with WAT distribution. Transiently expressed and late
induced genes are associated with hypertrophic WAT
(few but large fat cells), a phenotype closely linked to
insulin resistance and type 2 diabetes. Transcription
factors that are expressed early or transiently affect
differentiation and adipocyte function and are controlled
by several well-known upstream regulators such as
glucocorticosteroids, insulin, cAMP, and thyroid hor-
mones. Taken together, our results suggest a complex
but highly coordinated regulation of adipogenesis.

Although obesity is a major risk factor for type 2 diabetes
(T2D), not all forms of excess body fat are equally dangerous
(1,2). White adipose tissue (WAT) expands by increasing the
size (hypertrophy) and/or number (hyperplasia) of fat cells.
There is a constant turnover of adipocytes in adult humans
(3), and the formation of human adipocytes is linked to
WAT morphology (i.e., hyperplasia/hypertrophy) (4). Sub-
jects with adipose hypertrophy, independent of obesity,
have increased risk of development of T2D (5,6). Thus,
changes in adipogenesis (differentiation of precursor cells
to fat cells) are important in distinguishing diabetogenic
from less pernicious excess WAT.

Cell differentiation is governed by gene regulatory pro-
grams that involve transcription factors (TFs) and coregu-
lators acting on promoters and enhancers, as well as less
well-studied regulators such as long noncoding RNAs
(lncRNAs). Adipocyte differentiation has been studied exten-
sively, particularly in the murine 3T3-L1 cell line. This has
allowed for identification of major regulators like PPARg
(peroxisome proliferator–activated receptor g [7,8]) and
the C/EBPs (CCAAT/enhancer binding proteins [9–12]) (for
review, see refs. 13,14). However, a detailed mapping of
the complete transcriptome (including enhancer RNA and
lncRNA) during human adipocyte differentiation is lacking
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and essential to better understand the interactions that
transform a progenitor cell into an adipocyte.

Recent advances in high-throughput methods enable
studies of genome-wide transcriptional events in an un-
biased manner. Here, single molecule 59 cap analysis of gene
expression (CAGE) (15) was used to map the transcriptional
output at promoters and enhancers during human adipocyte
differentiation in vitro. The influence of selected early and
transiently expressed TFs on adipocyte differentiation was
assessed functionally using small interfering RNA (siRNA).
Finally, we overlapped enhancers active during adipogenesis
to single nucleotide polymorphisms (SNPs) associated with
T2D-related traits, such as obesity and WAT morphology.

This work is part of the FANTOM5 project. Data down-
loads, genomic tools, and copublished articles are summarized
at http://fantom.gsc.riken.jp/5/.

RESEARCH DESIGN AND METHODS

Cell Culture and Isolation
Subcutaneous WAT (scWAT) was obtained as a waste product
of cosmetic liposuction from otherwise healthy subjects. Apart
from sex, age, and BMI, no clinical details are available from
the donors. All studies were approved by the regional ethics
board, and all donors gave their written informed consent.

Human Adipose-Derived Stem Cells
Human adipose-derived stem cells (hASCs) were isolated
from scWAT of a male donor (aged 16 years, BMI 24 kg/m2).
The cells were isolated, propagated, and differentiated to
adipocytes using protocols described in refs. 16–18. Briefly,
stromal vascular fraction (SVF) cells were isolated by colla-
genase treatment of scWAT followed by centrifugation. Cells
were then selected for their ability to adhere to plastic and
proliferated/subcultured in proliferation medium containing
10% FBS and FGF2 (2.5 ng/mL).

Primary Preadipocytes
The SVF cells and mature adipocytes from four donors were
isolated using a previously described method (19). Briefly,
scWAT was collagenase treated, and SVF and mature fat
cells were separated by centrifugation. SVF cells were
allowed to adhere to plastic in plating medium containing
10% FBS. To avoid proliferation, cells were kept in plating
medium,20 h before inducing differentiation. SVF, unlike
hASC cultures, is believed to contain both mesenchymal-
like stem cells and committed adipocyte precursor cells.

RNA Isolation
RNA for CAGE library preparation from primary preadipo-
cytes (PreAds), hASCs, and mature adipocytes was isolated
using Qiagen (GmbH, Germany) miRNeasy Mini Kit (cat.
no. 217004). RNA for quantitative RT-PCR (RT-qPCR) was
isolated using the Macherey-Nagel (GmbH & Co., Germany)
NucleoSpin RNA kit (no. 740955). Both kits were used
according to the manufacturer’s instructions.

CAGE Library Preparation, Sequencing, and Mapping
CAGE libraries were prepared, sequenced, mapped, and
clustered into transcription start site regions as previously

described (20). Briefly, libraries were prepared using 5 mg
of total RNA by manual and automated protocols followed
by sequencing on the HeliScope Single Molecule Sequencer
platform. Three (hASC) or four (PreAd, mature adipocyte)
replicates were used per time point, where the hASCs were
derived from the same donor and the PreAds and mature
adipocytes from four (one donor per replicate). hASC rep-
licates were defined as cells differentiated in separate wells
and treated separately throughout the sample processes
afterward. Reads corresponding to ribosomal RNA were
removed using the rRNAdust program (http://fantom.gsc
.riken.jp/5/suppl/rRNAdust/). Remaining CAGE reads were
mapped to the genome (hg19) using Delve (http://fantom
.gsc.riken.jp/software/). Reads mapping with a quality of,20
(,99% chance of being true) were discarded. Furthermore,
all reads that mapped to the genome with a sequence identity
of ,85% were discarded.

RNA integrity measurements were made using an
Agilent Bioanalyser for samples with more than 1 mg of
RNA available. An RNA integrity number score of at least
7.5, a mapped tag count of 250,000, and at least 0.8 Pearson
correlation of log10(promoter expression) to other replicates
for the same time point was required for a library to be
included in the analysis. In 16 out of 21 time points, all
replicates passed quality control after sequencing and map-
ping, whereas five had one replicate discarded because of low
tag counts.

FANTOM5 CAGE data, including the libraries analyzed
here (Supplementary Table 1), is available at the DNA Data
Bank of Japan under accession numbers DRA000991,
DRA002711, DRA002747, and DRA002748.

CAGE Promoter Analysis
To identify peaks/promoters in the CAGE profiles, we
used decomposition peak identification as previously de-
scribed (21). We used the relative log expression method
(22) to calculate normalization factors for the expression of
promoters used in this study. For normalization of the
libraries, we used the same method but with calculation
of the geometric mean taken from a previous study (21).

Differential Expression of Promoters
For each pair of time points, differential expression was
calculated using edgeR (22), using default parameters and
common dispersion, on promoters having at least five
CAGE tags in total across all samples. Comparisons with
a q value (false discovery rate [FDR]) ,0.05 were defined
as differentially expressed.

CAGE Enhancer Analysis
Candidate active enhancers were predicted using all
FANTOM5 phase 1 and 2 samples, as described previously
(20,23). A minimum of three CAGE tags was required for
each enhancer to be considered expressed in that CAGE
library. Pairwise differential enhancer expression between
time points was determined using edgeR (22), using com-
mon and tagwise dispersion. Only enhancers expressed in
at least half of CAGE library replicates for at least one of
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the time points in each time point pair were considered
for differential expression. Enhancers with a Benjamini–
Hochberg adjusted FDR #0.05 were considered differen-
tially expressed. Enhancers enriched in adipocytes, PreAds,
and adipose tissue in a previous study (23) and enhancers
expressed in PreAds in this study were compared with
enhancers expressed in at least one sample during the
hASC time course, and statistical significance of overlaps
was computed using Fisher exact test. Histone modifica-
tion data from ref. 24 was converted from human genome
assembly hg18 to hg19 using the UCSC liftOver tool (25),
where the absolute majority (.99.9%) of the histone mod-
ification reads could be unambiguously converted between
the genome versions. Histone modification enrichment was
calculated in a 2-kb window around the center point of all
enhancers identified in the FANTOM5 project and sepa-
rately in enhancers expressed in at least one library in the
hASC time course. Finally, enhancers expressed in at least
one library were overlapped with SNPs with disease asso-
ciation in the following way: SNPs were obtained from the
GWAS catalog (26), and an additional two recent GWAS
studies where traits with high relevance to adipocytes
were studied (27,28). This set of 14,816 GWAS SNPs
was extended by including SNPs in linkage disequilib-
rium (r2 . 0.8) to GWAS SNPs (within 250 kb) in the
1000 Genomes Project pilot data, using the SNAP search
tool (29), yielding a total of 207,431 SNPs with disease
association according to the above definitions.

Annotation of Promoters
Promoters were associated to gene symbols and TFs as
described in ref. 21. Any promoter not associated to a gene
symbol was annotated as a putative lncRNA promoter.

Expression Clustering
Clustering using the k-means method was applied to pro-
moters and enhancers differentially expressed in at least
one time point compared with time zero. For each data
type, expression was averaged in each time point and
normalized to range between 0 and 1 across the time
course prior to clustering. Manual inspection after trial
of different choices of the k parameter suggested that k = 3
captured the major patterns in enhancers and k = 5 captured
major patterns in promoters.

Gene Ontology Analysis
Genes in k-means expression clusters were analyzed for Gene
Ontology (GO) enrichment using the DAVID web resource
(30) with all genes expressed during the hASC time course as
background. In cases where the same gene was represented by
several promoters, only the most highly expressed promoter
was used. Gene groups were subjected to Functional Annota-
tion Clustering using the GOTERM_BP_FAT, BIOCARTA, and
KEGG_PATHWAY categories, and annotation clusters with
enrichment score at least 1.3, corresponding to P # 0.05
(30), were considered enriched. A separate analysis on the
same gene groups was also performed with the ReactomePA
package (31) using default parameters.

Principal Component Analysis of k-means Cluster
Gene Expression Extracted From WAT Data
Gene expression data for the genes in each k-means clus-
ter were extracted from a previously published microarray
experiment from human WAT (32). Each subject was clas-
sified according to obesity status (nonobese/obese, accord-
ing to BMI) and morphology (hyperplastic/hypertrophic).
The gene expression levels of genes in each k-means cluster
were subjected to principal component analysis in R
(http://www.R-project.org/). Principal components were
plotted against each other and subjects annotated with
color/shape according to their corresponding BMI/obesity
status or obesity/morphology status.

siRNA
One day before differentiation induction, hASCs were
reverse transfected with 50 nmol/L siRNA (GE Healthcare
Life Sciences, Dharmacon ON-TARGETplus) using 0.35 mL
DharmaFECT 3 (GE Healthcare Life Sciences, Dharmacon)
and 10,000 cells per well in a 96-well plate. TFs with effects
on adipogenesis were reinvestigated using electroporation
as transfection method. The NEON system (Invitrogen,
Carlsbad, NM) 10-mL electroporation tips were used with
105 cells per reaction. Two pulses (1,200 V, 20 ms) were
used to transfect a final concentration of 40 nmol/L siRNA
to cells. All siRNAs were from the ON-TARGETplus series
from GE Healthcare Dharmacon, Inc. Order numbers are
found in Table 1.

RT-qPCR
cDNA from a total of 50 ng of RNA was prepared using
iScript cDNA Synthesis Kit (no. 170-8891, Bio-Rad Labora-
tories, Inc.). On a CFX96 RT-qPCR system (Bio-Rad Labora-
tories, Inc.), 0.1 ng/mL cDNA, 300 nmol/L SYBR primer, and
1xiQ SYBR Green mix (no. 172-5006, Bio-Rad Laboratories,
Inc.) were run. Data were analyzed using the DDCt method
(33). Primer sequences are found in Table 1.

Lipid Accumulation
Cells were fixed at day 9 of differentiation and neutral
lipids stained as described (18).

Lipolysis (Glycerol Release)
Cell culture medium was collected at day 9 of differenti-
ation and assayed for glycerol content as described (18).

Statistical Methods
Values are presented as individual points and as mean 6
SD. The level of significance was calculated using statisti-
cal tests as indicated.

RESULTS

Study Design and Initial Results
59 ends of capped RNA from 17 time points during the
14-day-long in vitro differentiation of subcutaneous
hASCs from one donor was sequenced using CAGE. In
four additional donors we sequenced RNA from three
time points of adipocyte precursor cells during differenti-
ation (PreAds) and from mature fat cells isolated by colla-
genase treatment from WAT (Fig. 1A). Quality control
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demonstrated high correlation between replicates across
all time points (Supplementary Fig. 1) and confirmed in-
duction of typical adipogenic markers (Supplementary Fig. 2).
Samples isolated at late time points of adipogenesis (hASC
day 8–14, PreAd day 8–12) displayed similar transcrip-
tional profiles as mature adipocytes as observed in the
following two analyses. First, we assessed whether an un-
biased selection of variable promoters would be sufficient
to divide the samples into biologically meaningful groups
using an unsupervised clustering method. Hierarchical
clustering of the 100 promoters with highest variance
across all samples showed that the samples could be di-
vided into three major temporal groups: early (hASC 0–24
h), middle (hASC 48 h to 4 days, PreAd day 4 and one
sample day 8) and late (hASC 8–14 days, PreAd 8–12 days,
mature adipocytes) (Fig. 1B and Supplementary Fig. 3).
Second, principal component analysis (Fig. 1C and Supple-
mentary Fig. 4) revealed similar results in hASCs and
PreAds: the trajectory of differentiation was traced mainly
along the first principal component, which captured 21.5%
of the variance. The second principal component mainly
captured cell type differences, whereas the third compo-
nent distinguished samples from the middle of the
hASC time course (12 h to 4 days) as a separate group
(Supplementary Fig. 4B). These analyses suggest that hASCs
and PreAds display similar dynamics during adipogenesis
with low donor bias and that the end results of in vitro
differentiation mirror the results of in vivo differentiated
adipocytes (i.e., the mature fat cells).

Temporal Expression Patterns During Adipogenesis
To find global patterns of transcript expression, un-
supervised clustering of the CAGE expression data were
performed (Fig. 2). We observed transcripts with initial
high expression that dropped after addition of adipogenic
medium (i); transient transcripts with expression that in-
creased between 12 h and 2 days after adipogenic induc-
tion and then dropped again (ii); and late transcripts with
expression that started to increase between 1 and 4 days
after induction (iii). Furthermore, the downregulated (i)
and upregulated (iii) groups were separated into early/late
downregulated (ia and ib) and late induced/upregulated
(iiia and iiib) clusters (Fig. 2A, genes in clusters listed in
Supplementary Table 2A). Separate clustering of functional

subclasses such as TFs (Fig. 2B and Supplementary Table
2B), lncRNAs (Fig. 2C), and enhancers (Fig. 2D) resulted
in similar subdivisions, although a subgroup of lncRNAs
showed an early transient expression pattern absent in
the other feature types. For all promoters (including TFs
and lncRNAs), there was an initial phase of about 120 min
when expression was largely stable on a global scale.

To elucidate the possible functional role of genes
associated to promoters in the different clusters, we
linked their expression patterns to biological processes
and pathways (Fig. 2E). Actin/cytoskeleton processes, an-
giogenesis, cell cycle, and wound healing were enriched in
the early downregulated group (ia), while the late down-
regulated group (ib) was enriched for RNA processing. The
group of transiently expressed transcripts (ii) contained
developmental genes and genes involved in tissue forma-
tion such as cell adhesion, circulation, and extracellular
matrix (ECM) organization. Late induced genes (iiia) were
enriched for lipid (fatty acid, triglyceride, and steroid)
metabolism, while the late upregulated group (iiib) con-
tained primarily energy metabolism–related pathways
such as the respiratory chain and the tricarboxylic acid
cycle (Fig. 2E and Supplementary Tables 3 and 4).

Enhancer Dynamics and Overlap With Functional
Variants
CAGE sequencing captures expression of enhancer RNA
(eRNA) transcribed by polymerase II. In total, 2,072
enhancers were expressed during adipogenesis in the hASC
data and 2,846 in the PreAd time course. Many of the
identified enhancers were common between hASCs and
PreAds (1,182 enhancers, P , 1e-15, Fisher exact test),
indicating that enhancer usage during differentiation is
largely independent of donor and subculturing. Overlapping
enhancers with two enhancer histone markers (H3K4me1,
H3K27ac) from a previous study of adipogenesis (24)
showed substantial enrichment in hASC-expressed en-
hancers compared with those from all other cells and
tissues in the FANTOM5 project (Fig. 3A). We also found
significant overlaps (P , 1e-15, Fisher exact test, Fig. 3B)
with previously identified enhancers from commercially
available PreAds, adipocytes, and adipose tissue (23).

Genetic variation within enhancers can affect traits
connected to adipose tissue function (34). We therefore

Table 1—siRNA oligos and qPCR primers

Gene siRNA order number, Dharmacon qPCR primer 1 qPCR primer 2

NegC D-001810-10 NA NA

PPARG L-003436-00 TCATAATGCCATCAGGTTTG CTGGTCGATATCACTGGAG

BCL6 L-011591-01 GTGTGATCAATCTAGATCCTG CACTGGCCTTAATAAACTTCC

CREB3L1 L-008579-02 CAAATTACAGGGGACATCAG CACATACTCCTTCTTCTTACG

PRRX1 L-012402-00 CAGGTGTGGTTTCAGAAC CTGAGTAGGATTTGAGGAGG

SOX4 L-011779-00 AGTGACAGTATCCCTTAACC GTGTTTGGCTAATTCTCCTC

ZFP36L2 L-013605-01 ACAGAAATCGATCTTGATGC TGATTGCAAAGTATGTGGTC

NA, not available.
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investigated enhancer overlap with adipose-related SNPs
identified in genome-wide association studies (GWAS)
(26–29). Overall, 80 GWAS-associated SNPs resided within
enhancers active during adipogenesis, of which 26% (n =
21, Supplementary Table 5) were associated with traits that
could be related to adipogenesis/WAT tissue function such
as obesity, body shape, and components of the metabolic
syndrome. For example, an SNP (rs1451385) associated
with waist-to-hip ratio (a measure of fat distribution) (28)
overlapped with an enhancer expressed during adipogen-
esis (Fig. 3C). This enhancer is located in open chromatin
(DNase hypersensitive sites) and has conserved binding
sites for the TFs USF1, USF2, BHLHE40, MYC, MAX, and
ARNT (confirmed for all but ARNT by ChIP-seq data from
ENCODE) (35).

Genes With Transient or Induced Temporal Expression
Patterns in Adipogenesis Are Associated With Adipose
Morphology
The GO term enrichment analysis of temporal gene
clusters suggested that the different differentiation states
are associated to specific functions. To elucidate if these
gene groups had relevance in vivo, we reanalyzed previously

published gene expression data in WAT from a cohort of
lean and obese human subjects (32). Adipocyte cell size
had been recorded in this cohort and WAT classified as
hypertrophic or hyperplastic. Gene expression data for
each dynamic cluster from the WAT data set was subjected
to principal component analysis. We plotted the first two
principal components against each other and labeled sub-
jects according to weight status (obese/nonobese and BMI,
Fig. 4A) or weight status in combination with hyperplasia/
hypertrophy (Fig. 4B). Genes from all adipogenesis-based
expression clusters separated patients according to obesity
status, with transient and late upregulated or induced
genes showing stronger separation than genes downregu-
lated during adipogenesis (Fig. 4A). Furthermore, only
genes in the transient and late induced clusters separated
subjects based on morphology/obesity combined, with non-
obese hyperplastic subjects being most distant from obese
hypertrophic subjects (Fig. 4B and Supplementary Fig. 5).

We next reexamined an analysis from Gao et al. (36)
where the subset of nonobese subjects from a study by
Arner et al. (32) was analyzed for mRNA expression
changes between hypertrophic and hyperplastic scWAT.

Figure 1—Experimental set up and model system comparison. A: Model system and sampling schematic. B: Hierarchical clustering of the
100 promoters with the highest variance in all samples that passed quality control. C: Principal component (PC) analysis of promoters with at
least 10 tags per million (TPM) expression level in at least one sample. The two components capturing the highest variance are plotted.
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We focused on the genes with an adjusted P value ,0.05
and mapped whether these genes were altered by adipo-
genesis and, if they were, which k-means cluster they
mapped to. We also included the genes CCL2 (MCP-1)
(37), DUSP1 (MKP-1) (37), and PLXND1 (38) as they
have been implicated in adipose hypertrophy. A total of
54% of the morphology genes were regulated by adipo-
genesis, and all k-means clusters were represented among
the genes regulated based on morphology (Table 2).

BCL6, PRRX1, ZFP36L2, and CREB3L1 Are Early or
Transient TFs With Effects on Adipogenesis
On the basis of expression patterns (Supplementary Table
2B) and expression levels (above 50 tags per million in
at least one time point during the hASC time course and
expressed in PreAd and/or mature adipocyte samples), we
manually curated a list of 20 TFs with either recognized
(e.g., PPARG and CEBPA as positive controls) or less-
established roles in adipocyte differentiation, mainly
selecting TFs from the transient and early clusters.

Genes were knocked down using siRNA transfected
1 day before induction of differentiation. Lipid accumula-
tion and lipolysis (glycerol release) were measured at day
9 as proxies of adipogenesis. PPARG and CEBPA knock-
down resulted in the expected reduction in both param-
eters. An initial screen identified five candidates (BCL6,
CREB3L1, PRRX1, SOX4, and ZFP36L2) with significant
effects on lipid accumulation and/or lipolysis (Supplemen-
tary Fig. 6A and B and Supplementary Table 6, with
Bonferroni corrected Student t test P value ,0.05). The
expression of these five TFs (and PPARG) during adipo-
genesis is depicted in Fig. 5A. We assessed the knockdown
efficiency on the five by qPCR and confirmed significant
knockdown at the mRNA level for all but SOX4, which was
excluded from further analyses (Fig. 5B). We confirmed
the knockdown at the protein level for BCL6 and PRRX1
using Western blotting (Supplementary Fig. 7A and B),
but for CREB3L1 and ZFP36L2 we had technical issues
with the antibodies tested and were not able to detect
specific bands at the correct molecular weight. The four

Figure 2—Temporal expression patterns and functional annotations of gene clusters. k-means clustering of the following: all promoters
with a minimum expression over 10 tags per million in any hASC sample and a statistically significant (FDR corrected P value # 0.05), at
least twofold, change in expression in any time point compared with time zero (A); the subset of promoters in A annotated as belonging to
TFs (B); the subset of promoters in A annotated as belonging to lncRNAs (C ); and enhancer RNA, expressed in at least half of all libraries
and differentially expressed between any two time points (D). The x-axis in A–D corresponds to log10 (time of sampling in minutes), and the
y-axis is the average of the normalized expression [expression/max(expression)] of each gene in each cluster. E: Functional annotation
clustering of genes belonging to the clusters/temporal classes identified in A. The five most enriched functional clusters of each k-means
class are given in the plot. For complete list of clusters and included GO terms and pathways, see Supplementary Table 3. rRNA, ribosomal
RNA; TCA, tricarboxylic acid cycle.
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TFs were again tested for effects on lipid accumulation
(Fig. 5C) and glycerol release (Fig. 5D). Knockdown of BCL6
reduced lipid accumulation and glycerol release, whereas
CREB3L1 knockdown reduced glycerol release. Knockdown
of PRRX1 increased lipid accumulation, and ZFP36L2
knockdown increased lipid accumulation and glycerol re-
lease. Thus, BCL6 and CREB3L1 knockdown reduced, while
PRRX1 and ZFP36L2 increased, measures of adipogenesis,
indicating that they may be inducers (BCL6, CREB3L1) and
repressors (PRRX1, ZFP36L2) of adipogenesis.

We next explored whether these factors could be con-
nected to adipose morphology by reexamining data from a
cohort (32) used for the analysis in Fig. 4. We correlated
the mRNA expression of BCL6, CREB3L1, PRRX1, and
ZFP36L2 with the morphology value (delta) (4): a mea-
sure of fat cell volume at the prevailing total fat mass (4).
PRRX1 expression correlated with delta (P = 0.02, r = 0.31)
and also with fat cell volume after adjusting for BMI
(standardized coefficient 0.5, P = 0.007). No such corre-
lations were observed with the other three genes. In ad-
dition, we plotted the mRNA expression of all four genes
when grouped according to the subjects’ BMI status and

adipose morphology. There was a significant difference
between PRRX1 mRNA expression in nonobese subjects
with hyperplasia compared with the other groups (Sup-
plementary Fig. 8).

Glucocorticoids, Insulin, and cAMP Affect the
Expression of BCL6, PRRX1, ZFP36L2, and CREB3L1
During Adipogenesis
The differentiation medium that induces hASC transfor-
mation to adipocytes includes five compounds of special
importance: dexamethasone, acting through the glucocor-
ticoid receptor; the phosphodiesterase inhibitor IBMX,
increasing intracellular cAMP levels; insulin, acting through
the insulin receptors; thyroid hormone (T3), acting on the
thyroid hormone receptor; and rosiglitazone, acting through
PPARG. We excluded one inducer at the time and measured
the effects on the candidate TF mRNA expression 1, 4, and
12 days after differentiation induction.

At day 1 (Fig. 6A), omission of dexamethasone had op-
posing effects on BCL6 and PRRX1 expression, just as
BCL6 and PRRX1 had opposing effects on adipogenesis,
and also decreased CREB3L1. Insulin omission increased

Figure 3—Enhancers. A: Enrichment of H3K4me1 and H3K27ac ChIP-seq reads from an independent study (24) surrounding enhancers
expressed in hASCs (red) compared with all enhancers detected in the FANTOM5 project (blue). B: Overlaps between enhancers expressed
during hASC adipogenesis time course (green) and enhancers enriched in primary cell types profiled in FANTOM5 (blue). From left to right:
PreAds, adipocytes, and adipose tissue. Statistical significance of overlap calculated by Fisher exact test. C: Genomic context of an SNP
(rs1451385) associated to waist-to-hip ratio adjusted for BMI, located in an enhancer expressed during hASC differentiation. The SNP is
visualized as a red bar and the enhancer as a blue line. Locations of conserved TF binding sites (TFBS), as well as clusters of DNase
hypersensitive sites and TF ChIP-seq signal, are also visualized.
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BCL6 and ZFP36L2 expression while decreasing CREB3L1.
IBMX removal increased the expression of CREB3L1 and
PRRX1, while removing T3 slightly decreased PRRX1.
Omission of rosiglitazone had no significant effect on the
expression of the candidate TFs at this early time point.

At days 4 and 12 (Supplementary Fig. 9A and B), ex-
pression of CREB3L1 had dropped and was increasingly
hard to detect, and no significant effects of any of the

omitted compounds were detected. Opposing effects of
dexamethasone were again seen for BCL6 compared with
PRRX1. Exclusion of rosiglitazone significantly increased
PRRX1 and ZFP36L2 mRNA levels, while exclusion of in-
sulin increased BCL6 and ZFP36L2 expression.

At day 12 (Supplementary Fig. 9B), CREB3L1 mRNA
was no longer detectable. Exclusion of rosiglitazone in-
creased PRRX1 and ZFP36L2 while decreasing BCL6

Figure 4—Transient and late induced genes can separate subjects based on adipose tissue morphology and obesity status. Gene
expression for the genes in each of the dynamic clusters identified in Fig. 2A was extracted from a microarray experiment of WAT from
56 female subjects with differing BMI. These data were subjected to principal component (PC) analysis and the first and second or first and
third principal component plotted against each other. Dots representing individual subjects were shaped and colored according to the
weight status/BMI of each subject (A) or according to weight status and adipose tissue cellularity (B). Circles represent 95% CI. WHO,
World Health Organization.
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expression, thus showing the same opposing effects as
omission of dexamethasone. Omission of T3 had the same
opposing effects as dexamethasone and rosiglitazone, while
insulin increased PRRX1 and ZFP36L2.

DISCUSSION

We have generated detailed transcriptomic data from
hASCs during their differentiation into adipocytes. Un-
biased clustering identified at least three general expres-
sion patterns during the 14-day adipogenesis time course:
downregulated, transient, and induced transcripts. These
temporal patterns agree with other studies of adipogenesis
that show that cells undergo epigenomic transitions during
differentiation resulting in three states: undifferentiated,
transient, and differentiated (39). Importantly, we also show
that protein-coding RNA, enhancer RNAs, and lncRNAs all
follow the same dynamic expression patterns. This suggests
a complex but highly coordinated chain of regulatory events
for human adipogenesis.

The three general transcription patterns were charac-
terized by specific gene expression signatures enriched
for different functional classes of genes. A transition from
the undifferentiated to the transient state results in
altered expression of cell cycle, cytoskeletal, and angio-
genic genes, possibly reflecting the change from a dividing

to a differentiating cell. The transient state is enriched for
ECM structure, adhesion, and morphology, perhaps re-
presenting the changes necessary to form and make space
for the maturing adipocyte. Lastly, the differentiated cell
expresses genes that define adipocyte function, such as
those involved in lipid metabolism and energy consump-
tion. Thus, each cluster has a specific role in adipogenesis.

By intersecting regulatory regions for gene expression
with disease-associated gene variants identified in GWAS
studies of relevant traits, it is possible to functionally
assign SNPs with previously unknown functions (34).
CAGE-defined enhancers are more likely to represent
functional enhancers than predictions based on chroma-
tin marks (23). This notion is supported by our observa-
tion that a number of SNPs associated with T2D-related
traits such as obesity and adipose tissue function were
localized to enhancers expressed during adipogenesis. In
the highlighted example (Fig. 3C), a variant associated
with waist-to-hip ratio overlapped predicted and experi-
mentally determined TF binding sites within the enhancer
region, raising the possibility that the variant affects en-
hancer function by altering binding efficacy of TFs bound
to the enhancer region. Future studies of these enhancers
will give a more complete understanding of how genetic
variation can contribute to development of T2D. Compared

Table 2—Adipose tissue morphology regulated genes and their distribution in the adipogenesis k-means clusters

GeneID (36)
Log2 fold change,
morphology (36)

Adjusted P value,
morphology (36)

Regulated in
adipogenesis** In k-means cluster**

Probe set ID (36)
8123744 F13A1 0.94 0.0263 No
8020384 GREB1L 20.50 0.0263 Yes group1_transient
8120428 FKBP1A 0.32 0.0263 Yes group2_latedownreg
8057887 STK17B 0.48 0.0263 Yes group4_earlydownreg
8008263 PDK2 20.50 0.0263 Yes group5_lateupreg
7950933 NOX4 0.90 0.0263 No
8014903 GSDMB 20.85 0.0264 No
8072798 CYTH4 0.54 0.0289 No
7948364 MPEG1 0.77 0.0307 No
8088745 FRMD4B 0.65 0.0363 No
8003903 ARRB2 0.55 0.0405 Yes group2_latedownreg
8091511 P2RY14 0.65 0.0405 No
7968344 ALOX5AP 0.54 0.0405 No
8066117 SAMHD1 0.63 0.0405 Yes group1_transient
8108217 TGFBI 0.61 0.0405 Yes group4_earlydownreg
8178193 HLA-DRA 0.63 0.0405 No
7916229 ECHDC2 20.31 0.0405 Yes group3_lateinduced
8049246 INPP5D 0.41 0.0405 No
7946579 LYVE1 0.82 0.0405 No
8137264 TMEM176A 0.62 0.0412 No
7960794 CD163 0.98 0.0454 No
8115147 CD74 0.52 0.0454 Yes group4_earlydownreg
8180100 HLA-DPA1 0.63 0.0455 Yes group4_earlydownreg
8064790 RASSF2 0.51 0.0481 Yes group4_earlydownreg

Other candidates
(36) EBF1 Yes group1_transient
(37) DUSP1 (MKP1) Yes group2_latedownreg
(38) PLXND1 Yes group1_transient
(37) CCL2/MCP1 Yes group4_earlydownreg

**Data from k-means clustering, see Supplementary Table 2.
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with studies in other cell types using the same approach
(20,23), we find few dynamically transcribed enhancers.
This could be due to the depth of sequencing achieved,
as eRNA expression is much lower than gene expression.
The observation that the eRNAs identified herein overlap
with enhancer chromatin marks from previous studies of
adipogenesis (24) suggests that they are indeed relevant
for human fat cell differentiation and that deeper CAGE
sequencing in future studies of adipocytes and related cell
types may identify additional enhancers contributing to
the regulation of fat cell formation and maintenance.

Changes in the regulation of adipogenesis are likely to
be important for WAT expansion and different WAT
morphologies. For example, lack of the TF EBF1 has been
linked to the pernicious hypertrophic obesity in humans
and mice (36). The current study suggests that genes in all
clusters are related to obesity. However, those expressed

transiently or late during adipogenesis distinguish obese
hypertrophic WAT from nonobese hyperplastic WAT to a
higher degree than early downregulated genes. Late in-
duced genes should be expected to be involved in WAT
morphology, as they likely influence final differentiation
and fine tune specific aspects of adipocyte function. Nev-
ertheless, impaired function in fat cell progenitors may
also contribute to hypertrophy by limiting the ability to
recruit new adipocytes (40), thereby directing WAT ex-
pansion through increased fat cell size. This is corrobo-
rated by the observation that obese hypertrophy was also
reflected in the transiently expressed genes (Fig. 4B).

To shed light on the control and the regulatory role of
the early and transient gene group we functionally assessed
selected early and transient TFs with a less-established role
in adipocyte biology. Four were found to be involved in
the early steps of converting a hASC into an adipocyte.

Figure 5—TFs BCL6, CREB3L1, PRRX1, and ZFP36L2 have effects on adipogenesis. A: Temporal expression during adipogenesis from
CAGE data of four TFs identified in a screen for early/transient TFs that affect adipogenesis when knocked down using siRNA. The x-axis is
log-scaled time in minutes. B: RT-qPCR data showing efficiency of siRNA knockdown for each candidate TF and the positive control
PPARG. Cells were electroporated with siRNA day 21 of differentiation and RNA harvested at day 1 (48 h after transfection) of differen-
tiation. C: Intracellular lipid accumulation as measured by neutral lipid staining (BODIPY) normalized to cell number (Hoechst staining of
nuclei) of cells with candidate TFs knocked down at day21 of differentiation. D: Glycerol concentration in cell culture medium as a measure
of lipolysis. Concentrations measured at day 9 of differentiation of cells with candidate TFs knocked down at day21 of differentiation. Each
point represents an individual measurement, each bar the mean value, and each error bar SD. Four independent experiments; significance
compared with negative control calculated by Student t test with Benjamini–Hochberg corrected *P < 0.05; **P < 0.01; ***P < 0.001.
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Two were expressed primarily in the undifferentiated hASCs
(early downregulated cluster) and two in the transiently
expressed cluster. PRRX1 (early downregulated) siRNA-
mediated knockdown increased measures of adipogenesis,
suggesting that it is antiadipogenic, in agreement with
data from murine 3T3-L1 cells (41), as did that for
ZFP36L2 (transiently expressed), in agreement with pre-
vious data from murine 3T3-L1 cells (42). CREB3L1 (early
downregulated) and BCL6 (transient) had proadipogenic
effects. CREB3L1 is part of the CREB3-like family which
also contains CREB3L4, a protein shown to have a nega-
tive effect on adipogenesis in mice (43). CREB3L1 mRNA
was expressed at low levels in our system, and we were
unable to detect the protein via Western blotting; further
studies are required to determine its importance in adipo-
genesis. For BCL6, our data from human cells was in line
with previous murine studies: BCL62/+ heterozygote mice
(44) demonstrated reduced adipose mass and disturbed
lipid metabolism; the lack of fat mass is in agreement with
a role for BCL6 in lipolysis and lipid filling. In addition, Hu
et al. (45) recently showed that BCL6 is involved in early
commitment of a murine pluripotent cell line (C3H10T1/2)
to adipocytes. It thus appears that TFs expressed early and
transiently during adipogenesis may have opposing effects
on fat cell formation despite sharing similar expression pat-
terns. Out of the four TFs relevant to adipogenesis studied
herein, only PRRX1 showed any correlation to measures of
in vivo adipose morphology. It will be interesting to see
whether future studies determine the correlation to be an
effect of disturbed adipogenic activity or a direct regulatory
effect of this early downregulated TF on adipose morphology.

To place our TF candidates into an established network
of events, we studied how omission of selected proadipogenic

compounds affected their expression 24 h after adipo-
genic induction. Individual removal of a corticosteroid
(dexamethasone), insulin, a cAMP elevator (IBMX) or T3
enabled us to identify the TF response to each compound
(Fig. 6A and B). In contrast, although PPARg is a key reg-
ulator of adipogenesis, removal of a PPARg agonist (rosigli-
tazone) did not alter the early expression levels of any of
the four TFs (Fig. 6). This is probably due to the fact that
PPARg exerts its major effects at later stages of differenti-
ation, a notion supported by its expression pattern during
adipogenesis (low levels at day 1 compared with day 14). At
later stages (day 4 and 12), omission of these compounds
generally increased the levels of antiadipogenic factors while
decreasing the adipogenic, which was especially apparent for
rosiglitazone at day 12 (Supplementary Fig. 9).

In summary, the transcriptional dynamics during human
adipogenesis display a complex but highly coordinated chain
of events. The different regulatory factors (genes, enhancers,
lncRNAs) can be divided into similar temporal expression
patterns indicating at least three distinct steps involved
in the birth of a fat cell, where the gene clusters appear to
have distinct functions in adipogenesis. Several enhancers
are linked to genetic variation previously shown to be
important for adiposity-related traits. The transiently
expressed and late induced genes are linked to obese
hypertrophic WAT, which is closely associated with de-
velopment of insulin resistance and T2D. TFs expressed
before or within this cluster have profound effects on late
differentiation and function of fat cells and are regulated
by key upstream factors. We have identified four, in this
context, either novel or not extensively studied TFs that
should be further investigated regarding their contribu-
tions to adipogenesis. The transcriptional map is available

Figure 6—Glucocorticoid, insulin, and cAMP but not PPARG agonist affect BCL6, CREB3L1, PRRX1, and ZFP36L2 expression. A:
Expression of candidate TFs after 24 h of differentiation when dexamethasone (Dexa.), 3-isobutyl-1-methylxanthine (IBMX), rosigiltazone
(Rosig.), insulin (Ins.), or triiodothyrine (T3) had been removed from the complete differentiation medium (Full.diff.). Each point represents an
individual measurement, each bar the mean value, and each error bar SD. A total of 10 experiments; significance calculated by Student
t test with Benjamini–Hochberg corrected *P < 0.05; **P < 0.01; ***P < 0.001. B: Summarization of effects in A.
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as part of the FANTOM5 project, and we encourage
further studies based on this resource.
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