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Abstract

One hallmark of obesity is adipocyte hypertrophy and hyperplasia. To gain novel insights into adipose biology and
therapeutics, there is a pressing need for a robust, rapid, and informative cell model of adipocyte differentiation for
potential RNAi and drug screens. Current models are prohibitive for drug and RNAi screens due to a slow differentiation
time course and resistance to transfection. We asked if we could create a rapid, robust model of adipogenesis to potentially
enable rapid functional and obesity therapeutic screens. We generated the clonal population OP9-K, which differentiates
rapidly and reproducibly, and displays classic adipocyte morphology: rounded cell shape, lipid accumulation, and
coalescence of lipids into a large droplet. We further validate the OP9-K cells as an adipocyte model system by microarray
analysis of the differentiating transcriptome. OP9-K differentiates via known adipogenic pathways, involving the
transcriptional activation and repression of common adipose markers Plin1, Gata2, C/Ebpa and C/Ebpb and biological
pathways, such as lipid metabolism, PPARc signaling, and osteogenesis. We implemented a method to quantify lipid
accumulation using automated microscopy and tested the ability of our model to detect alterations in lipid accumulation by
reducing levels of the known master adipogenic regulator Pparc. We further utilized our model to query the effects of a
novel obesity therapeutic target, the transcription factor SPI1. We determine that reduction in levels of Spi1 leads to an
increase in lipid accumulation. We demonstrate rapid, robust differentiation and efficient transfectability of the OP9-K cell
model of adipogenesis. Together with our microscopy based lipid accumulation assay, adipogenesis assays can be achieved
in just four days’ time. The results of this study can contribute to the development of rapid screens with the potential to
deepen our understanding of adipose biology and efficiently test obesity therapeutics.
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Introduction

Obesity is associated with an elevated risk of cardiovascular

disease [1], diabetes [2], cancer [3], and other chronic diseases [4–

8]. The physiology of obesity is characterized by an increase in

adipocyte size (hypertrophy) and number (hyperplasia) [9–12]. In

order to identify the genes and pathways essential for the

development of adipocytes, we need a model system for rapid

discoveries in adipose biology.

The process of adipocyte generation, adipogenesis, can be

modeled in cell culture. In order to systemically identify the genes

essential for adipogenesis, we need a model system which is

amenable to RNAi and drug screening. Current models are

prohibitive for rapid screens due to a slow differentiation time

course, waning adipogenic culture with passage, and resistance to

transfection. Gene knockdown (RNAi) screens are useful for

identifying novel therapeutic targets and mapping disease path-

ways [13]. The effects of transient RNAi knockdown generally last

approximately 96 hours, requiring a model of adipogenesis with a

rapid differentiation period. As well, the cells must be readily

transfectable. Lastly, an automated analysis method needs to be

employed. The most widely used model of adipocyte biology is the

3T3-L1 cell line [14–16]. 3T3-L1 adipocytes differentiate over a

period of twelve days with adipogenic stimuli [17], are difficult to

transfect [18], and have waning adipogenic potential with passage

[19–22]. Although advances have been made in high-throughput

[23] and rapid [24] gene knock-down assays in adipogenesis, a

method which is both rapid and high-throughput will greatly

accelerate obesity therapeutic target discovery and treatment

development.

To enable rapid advances in adipose biology, we generated a

new clonal cell line utilizing OP9 cells, originally described by

Wolins et al [25]. This cell line is a model of adipogenesis

potentially suitable for high-throughput screening. OP9 cells are

mouse bone marrow derived stromal cells that accumulate large

triglyceride filled droplets after only 72 hours of adipogenic
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stimuli. OP9 cell differentiation is a PPARc dependent process;

differentiated cells express PPARc, CEBPa, CEBPb, PLIN1, and

PLIN4 proteins similar to other adipogenesis models. OP9 cells

are therefore a potential tool for rapid screening of adipogenesis.

In this paper we investigate the feasibility of OP9 clonal derived

cells as a model for rapid screening of drug and gene knockdown

effects on adipogenesis. This will enable a systematic analysis of the

effects of single gene disruptions on mammalian adipogenesis in a

cost-effective and rapid manner. First, we established a clonal

population of OP9 cells, OP9-K, which differentiate rapidly,

robustly, and reproducibly. We compared the transcriptome of

differentiating OP9-K cells to other models of adipogenesis, and

established the pathways through which OP9-K adipogenesis

occurs. We also determined that OP9-K cells are amenable to

transfection with an efficiency of.80%. Next, we developed a

high-throughput microscopy assay for triglyceride quantification,

enabling automated assessment of the progression of adipogenesis.

As a proof of concept, we knocked-down the master adipogenic

regulator Pparc in OP9-K cells and confirmed inhibition of

adipogenesis through our image-based assay. We utilized our

model to query the effects of a novel obesity therapeutic target, the

transcription factor SPI1. We conclude that a reduction in levels of

Spi1 leads to an increase in lipid accumulation. Taken together

these results show the potential to identify novel therapeutic targets

and map disease pathways in a cost-effective, robust, and rapid

fashion using differentiating OP9-K cells.

Results

Clonal OP9 cell lines differentiate rapidly and with high
efficiency

To study the effect of gene knockdown on adipogenesis, we

created a highly efficient preadipocyte clonal OP9 cell line.

Previously, OP9 cells were shown to differentiate upon treatment

with insulin oleate media [25]. Using the parental OP9 line and 4

clonal populations we tested triglyceride accumulation, lipophilic

Nile Red stain accumulation, and lipid droplet formation.

During differentiation preadipocytes accumulate lipid droplets,

which are filled with triglycerides. To assess the differentiation of

OP9 cells, cells were treated with insulin oleate media (IO) for

72 hours and triglyceride levels were measured. Triglyceride

content in parental OP9 cells increased 10% after 3 days in

differentiation media (Fig 1c). OP9 cells were also stained with the

lipophilic stain, Nile Red, to assess lipid content. Microscopy

revealed ,10% of the OP9 parental cells accumulate lipid

droplets (data not shown).

In order to achieve robust differentiation we selected clonal

OP9 cell lines. Interestingly, clonal populations grew at various

rates and had varied morphology. Several clonal lines were

assessed for lipid accumulation. Most of the clonal cell lines grew

rapidly, had spindly morphology, and differentiated poorly (data

not shown). Four clonal lines with increased lipid accumulation

were selected for further study. After 3 days of IO media the cell

lines increased triglycerides compared to the parental OP9 cell line

(Fig 1b, c). Differentiated clone K OP9 cell lines accumulated 2-

fold more triglyceride than undifferentiated clone K OP9 cells.

Additionally all four clonal cells lines showed a significant increase

in Nile Red staining between day 0 and day 3 cells (Fig 1b). After

treatment with IO media all selected clonal cell lines visibly

accumulate lipid droplets (Fig 1b). Differentiated clone K and T

cells also display hallmark adipocyte morphology: large lipid

droplets and a peripherally located nucleus (Figure 1b). Several

clone K cells display a mature adipocyte phenotype consisting of

one large coalesced lipid droplet (arrow in Figure 1b). Greater

than 90% of OP9 clone K cells contain lipid droplets after 3 days

in IO media, the potential for this phenotype does not wane with

time. Therefore OP9 clone K cells were selected for further

characterization.

Response of the OP9 clone K transcriptome to
adipogenesis

To evaluate if OP9 cells undergo a differentiation process

similar to other adipocyte models, a microarray was performed on

RNA extracted from OP9 clone K cells during the course of

differentiation (Appendices S2-S13 in Files S1 and S2). RNA from

clone K cells treated for 0, 24, 48, or 72 hours with IO media was

collected (corresponding to day 0, 1, 2, and 3). Samples were

hybridized to the Affymetrix GeneChip Mouse Gene 1.0 ST Array

and analyzed using Expression Console from Affymetrix and the R

Limma package. To verify the results of the microarray,

quantitative PCR (qPCR) was performed on four known adipose

marker genes: Plin1, Gata2, C/Ebpa and C/Ebpb (Figure 2).

Microarray and qPCR demonstrate C/Ebpa and Plin1 are

upregulated and Gata2 is downregulated during OP9 adipogenesis

(Figure 2 and Table 1). C/Ebpb is expressed in OP9 cells during

adipogenesis, but levels do not significantly change during the

course of differentiation. This corroborates protein expression data

from Wolins et al. suggesting that OP9 cells are later stage

preadipocytes [25]. Tables S1 and S2 show the 25 most up/down

regulated genes from each time point.

To determine which biological processes are involved in OP9

adipogenesis, the 250 most differentially regulated genes at each

time point were analyzed for pathway enrichment using GProfiler

[26]. Adipose and bone cells share a common progenitor and

differentiation is mutually exclusive [27]. In our samples we see

confirmation of the interplay between bone and adipose differen-

tiation; Day 1 OP9 cells down regulate cartilage development,

signaling to bone morphogenic proteins, and proteinaceous

extracellular matrix (Figure S1). Furthermore, adipocytes are

mitotically quiescent cells [28], and we see down regulation of cell

cycle components during day 2 and day 3 of OP9 adipogenesis.

We also see down regulation of transcripts associated with miR

568, miR 374, and miR 590-3p.

During the entire differentiation time course the following

processes are upregulated: fat cell differentiation, lipid metabolism,

PPARc signaling, and triacylglyceride biosynthesis processes

(Figure S2). The only process enhanced solely on day 1 is

transmembrane receptor protein tyrosine kinase adaptor protein

activity. Many pathways are upregulated on day 2 and remain

enhanced during the remainder of differentiation. These pathways

include cellular alcohol metabolism and cholesterol metabolism.

By day three vitamin A metabolism, glucose metabolism,

cholesterol biosynthesis, and miR 516a-5p are all upregulated.

Interestingly the nuclear envelope-endoplasmic reticulum (ER)

network is also enriched in day 2 and day 3 differentiating cells. It

is reported that inducing ER stress can suppress adipogenesis [29],

and our results confirm this link between the ER and adipogenesis.

Overall, these data suggest that OP9 cells undergo a differentiation

process similar to other adipocyte models.

Knock-down of target genes in adipogenesis
After characterizing the transcriptome of OP9 clone K cells, we

conclude OP9 adipogenesis is similar to other cell models. The

main difference between 3T3-LI cells and OP9 cells is the

differentiation period. OP9 cells differentiate in 72 hours enabling

screens of transient RNAi and drugs with a short half-life. To test if

assessment of gene function on adipogenesis through transient

knock-down of target genes is possible in OP9 cells, we evaluated
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Figure 1. Selection of clonal preadipogenic cell line as a rapidly differentiating adipogenesis model. (A) Schematic display of robust
OP9 adipogenesis demonstrating the desired morphological characteristics of a rounded cell, peripheral nucleus, lipid accumulation, and a coalesced
lipid droplet. Triglyceride accumulation shown in red and nucleus shown in blue. OP9 cells differentiate over the course of 72 hours. After one day of
insulin oleate (IO) media exposure, cells begin to accumulate small lipid droplets. After two days of IO media exposure, cells adopt a round
morphology, the nucleus migrates to the periphery, and the cytoplasm is filled with lipid droplet. After three days of IO media exposure, cells
resemble mature adipocytes. The nucleus is peripherally located and lipid droplets have fused into one large lipid droplet. OP9 cells are capable of
differentiation at sub-confluent levels. (B) OP9 clonal populations were differentiated into adipocytes using insulin oleate (IO) media. Clone K (orange
box) demonstrates desired adipogenesis morphology. Cells were fixed with paraformaldehyde and then stained with the lipophilic dye, Nile Red. Nile
Red stain is shown in red. The arrow points to a mature adipocyte. Magnification is 40X. (C) Triglyceride (TG) content of clonal OP9 cell lines after
72 hours exposure to IO media, low serum media (lsm), or propagation media (pm), using TG assay. Assays performed in triplicate. Clone K (orange
box) robustly accumulates triglyceride. Clone K consistently demonstrated adipocyte morphology of a rounded cell, coalesced lipid droplet, and
triglyceride accumulation. Therefore, clone K OP9 cells were selected for further study.
doi:10.1371/journal.pone.0112123.g001
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OP9 clone K transfectability, the efficiency of gene knock-down,

and the effect of knock-down of genes essential for adipogenic

differentiation.

To assess if OP9 cells are readily transfectable an Alexa 647

negative control RNAi was transfected into OP9 clone K cells.

Cells imaged 48 hours later have green foci, indicating successful

transfection (Figure 3a). To quantify the percent of transfected

cells we used the Amnis ImageStream, multispectral imaging flow

cytometer. Roughly 83.5% of the cells contain green foci

(Figure 3b). To study the ability of RNAi to knock-down

transcripts in OP9 cells we transfected RNAi directed against

GAPDH. We observed an 8-fold reduction in GAPDH expression

level in cells transfected with GAPDH RNAi (Fig 3c). These

experiments demonstrate OP9-K cells are readily transfectable.

To quantify differentiation in a rapid and reproducible manner,

images of differentiating cells were obtained on the ImageExpress

system and a lipid analysis scheme was created using MetaXpress.

Images of DAPI and Nile Red stained cells were captured. Using

MetaXpress software, we created a program to identify the DAPI

stained nuclei, expand the region around the nuclei to identify the

cell boundaries, and quantify the intensity of Nile Red staining in

each cell (Figure 4)(Materials and Methods)(Appendix S1). The

system allows us to compare Nile Red staining intensity (threshold

NR intensity) of cells with different treatments. Preliminary

analysis of differentiating OP9 clone K cells using the Metaxpress

software shows a correlation between the integrated intensity

measurements and lipid accumulation (Figure 4). This demon-

strates that cellular triglyceride accumulation can be measured in a

rapid and reproducible manner using automated microscopy

analysis.

To validate our automated analysis scheme, we knocked-down

the master adipogenic regulator Pparc in our OP9 clone K cells

(Figure S3). It has previously been demonstrated that Pparc is

necessary for adipogenesis [30]. Our results confirm this finding.

In OP9 clone K cells, treatment with RNAi directed against Pparc
prevents the accumulation of lipid in cells grown in IO media for

72 hours (Figure 5, p,0.0001). Therefore we show the power of

our gene knockdown analysis assay to detect alterations in lipid

accumulation during adipogenesis.

After validating our clonal cell line and automated analysis

scheme, we tested the effect of a reduction in Spi1 mRNA, a

transcription factor with a potential role in obesity. In OP9 clone

K cells, RNAi directed against Spi1 (Figure S4) leads to increased

accumulation of lipid in cells grown in IO media for 72 hours

(Figure 5). Additional treatment with the Pparc agonist ciglizitone

further increases lipid levels. Reduction of Spi1 levels leads to

adipocyte hypertrophy, which is further increased by induction of

the Pparg cascade. This indicates a role for Spi1 in the modulation

of fat deposition.

Discussion

We set out to establish OP9 clonal cells as a model of

adipogenesis suited for gene-depletion studies of mid and late stage

adipogenic genes. The gene expression profiles of differentiating

OP9 clone K cells were studied to determine if classical adipogenic

marker genes and processes identified in other cell lines are

important for OP9 cell differentiation as well. After confirming

OP9 clone K cells as a model of adipogenesis, we establish a

method for evaluating gene-depletion effects in OP9 cells in mid to

late adipogenesis.

The process of lipogenesis and adipogenesis are intimately

linked. The gene expression patterns and pathways activated and

repressed in OP-K cells upon challenge with insulin and lipids

indicate that, at a bare minimum, adipocyte maturation is being

triggered [31,32]. Adipogenic marker gene expression data has led

us to conclude that OP9 clone K cells are more committed than

the widely used cell model of adipogenesis, 3T3-L1 cells,

displaying patterns of mid to late adipogenesis more akin to

Ob17 preadipocytes [33]. 3T3, Ob17, and mesenchymal stem

cells upregulate C/Ebpb expression during the early stage

differentiation [34–36]. C/Ebpb is highly expressed in OP9 clone

K cells as preadipocytes and throughout the differentiation time

course. We also show upregulation of the mid and late stage

adipogenesis genes C/Ebpa and Plin1 during differentiation. In

3T3 cells C/Ebpa and Plin1 are upregulated during the terminal

growth arrest stage, roughly 4 days into the induction phase of

3T3 cell differentiation [37]. C/Ebpa and Plin1 are also

upregulated during adipogenesis in human mesenchymal stem

cells [38]. Expression of Gata2 inhibits adipogenesis, and is

downregulated when 3T3 cells reach confluency after the

exponential growth phase [39]. We see this expression pattern

mirrored in OP9 cells. As opposed to 3T3-L1, 3T3-F442A and

Ob17 cellular models of adigenesis, OP9-K cells treated with

insulin oleate media differentiate without reaching confluency or

undergoing clonal expansion, and gene expression patterns mirror

this difference. Moving forward, it would be interesting to

compare the transcriptome of differentiating OP9 preadipocytes

with visceral and subcutaneous fat depots to determine which

subtype of adipose is represented by OP9 cells.

Adipogenesis involves canonical pathways such as triacylglycer-

ide biosynthesis, PPARc signaling, and cholesterol metabolism

[36,40–43]. Recent literature also suggests that microRNAs play

an important role in adipogenesis and obesity [44–47]. Several

microRNAs have been demonstrated to decrease adipogenesis,

including miR-155 which targets C/EBPb and miR-27/miR-130

which both target PPARc. Han et al. recently validated miR-340

as a potential negative regulator of the obesity-related gene 11b-

Hydroxysteroid dehydrogenase type 1 [48]. Our study shows a

decrease in expression of genes targeted by miR-340, miR-590,

miR-352, miR-568, miR374, and miR-516 during adipogenesis.

This demonstrates that beyond validating canonical adipogenic

pathways, analysis of the OP9-K transcriptome points toward

novel microRNA targets of adipogenesis.

The shorter duration of differentiation in OP9 cells opens up

countless possibilities for new methods of rapid discovery in

adipose biology and therapeutics. To enable potential high-

Figure 2. The transcriptome of OP9 clone K cells is analogous
to previous models of adipogenesis. Mid and late stage known
adipocyte markers are confirmed during OP9 cell adipogenesis.
Quantitative PCR of adipocyte marker genes at 0, 24, 48, and 72 hrs
after addition of IO media. Standard deviation is derived from 3
replicates.
doi:10.1371/journal.pone.0112123.g002
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throughput studies using OP9-K, a scalable lipid accumulation

read-out is required. In our study we utilize high content

microscopy as a read-out for cellular lipid content. Several studies

have previously reported the use of image-based methods to

measure fat accumulation [49–54]. Dragunow et al. [49] utilizes

various methods of image based analysis and concludes that

thresholding is the quickest and most accurate. Therefore we have

Table 1. Microarray analysis profile of probes for adipocyte marker genes.

Fold Change (p-value)

Gene Symbol Day 1 Day 2 Day 3

Plin1 6.88 (1.5E-10) 16.63 (2.75E-12) 21.81 (9.85E-13)

Cebpa 1.88 (1.7E-7) 2.89 (1.18E-9) 3.42 (1.36E-10)

Cebpb 1.07 (0.200) -1.04 (0.314) -1.18 (0.002)

Gata2 21.33 (0.008) 21.5 (3.83E-4) 21.79 (2.15E-5)

Expression values are RMA normalized and log transformed. Fold change is relative to Day 0.
doi:10.1371/journal.pone.0112123.t001

Figure 3. OP9 cells are efficiently and effectively transfected.
(A) OP9 cells uptake Alexa (green) tagged RNAi during transfection.
Amanis imagestream images of OP9 clone K cells transfected with Alexa
647 tagged RNAi and sorted based on Alexa 647 fluorescence. (B)
Quantification of cell populations as classified by Amanis imagestream.
(C) Relative expression of GAPDH demonstrates gene knockdown in
OP9 cells. qPCR analysis of GAPDH expression level in two GAPDH RNAi
samples and two negative control RNAi samples.
doi:10.1371/journal.pone.0112123.g003

Figure 4. Automated lipid accumulation detection enables
high throughput adipogenesis assay. Analysis starts with the raw
image as captured by microscopy system. The program draws a
boundary around the DAPI foci, identifying the nuclei (shown in blue). A
cell outline is drawn around each nucleus, identifying the cell boundary.
Lastly, the intensity of Nile Red staining within the cell boundary is
quantified (Nile Red shown in red). The analysis steps are shown on
representative images of differentiating OP9 clone K cells over the
course of 72 hours.
doi:10.1371/journal.pone.0112123.g004
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implemented a thresholding based methodology. Prior studies

correlate high content microscopy methods with more conven-

tional measures of adipogenesis, such as triglyceride assays and

quantitative PCR, demonstrating the validity of high content

microscopy as a read-out for lipid accumulation. Coupled with

this, Gasparri et al. [55] emphasizes the critical importance of cell

type selection in high content screening. Therefore, our approach

which combines a novel clonal cell line together with high content

microscopy is a step forward in the field of rapid screening of

adipocytes for fat accumulation.

Additionally we used the OP9 model of adipogenesis to

demonstrate that reduction in levels of SPI1 stimulates adipose

generation. This is consistent with previous data demonstrating

inhibition of adipogenesis following SPI1 overexpression [56].

Regulation of SPI1 involves transcript inhibition by a lncRNA,

leading to an increase in adipogenesis [56]. SPI1 is expressed in

visceral white adipose tissue [57]. Data also demonstrates a link

between SPI1 and insulin resistance via inflammatory and

antioxidant pathways [58]. Linking SPI1 back to inflammation,

in macrophages, adipose differentiation related protein (ADRP) is

regulated by SPI1 [59]. Our data also indicates that SPI1 operates

in a pathway parallel to PPARc, as addition of the PPARc agonist

ciglizitone has an additive effect on adipogenesis. Taken together

these data indicate that SPI1 could play a role in adipogenesis, and

subsequently in the development of obesity.

In conclusion, we have established OP9-K cells as an adipose

cell model which can enable rapid discoveries in adipose biology

and may be suitable for high-throughput RNAi screens of

adipogenesis. We validated our model for RNAi screens of

adipogenesis by depleting OP9 cells of Pparc and demonstrating a

resultant inhibition of adipogenesis using high content microscopy.

A screen for essential adipogenic genes is important to discover

novel therapeutic targets for obesity. Hyperplasia and hypertrophy

of adipose cells greatly increases the risk of developing cardiovas-

cular disease [9,60,61]. Due to the central role of adipocyte

hyperplasia in the pathogenesis of obesity, discovering genes which

inhibit or induce adipogenesis provides important drug and

therapeutic targets and the OP9-K line will expedite these

discoveries.

Materials and Methods

RNA interference
Cells were plated in 6-well plates at a density of 3,000 cells/cm2

24 hours prior to transfection. OP9 cells were transfected with

RNAi (Silencer Select Pre-designed siRNA, Silencer FAM labeled

Negative Control #1 siRNA) using Optifect reagent per the

product instructions with 30 nM of target RNAi and 10 uL of

optifect reagent in 250 uL of Opti-MEM I Reduced Serum

medium (Invitrogen) for each well. The siRNA:lipid transfection

complex was added to the cells and incubated overnight. Knock-

down was confirmed using qPCR assays specific for each target.

Propagation of OP9 cells: Parental OP9 cells ([25] and American

Type Culture Collection Manassas, VA; catalog no. CRL-2749)

were generously provided by Dr. Coleen McNamara (University

of Virginia, Charlottesville) [62]. OP9 cells were grown in

propagation media consisting of MEM-alpha (Invitrogen, cat#
12571-063) with 20% premium fetal bovine serum, 0.02 mM L-

glutamine, and 500 Units of Penicillin Streptomycin. Cells were

passaged at 80% confluency by rinsing once with Hank’s Balanced

Salt Solution, followed by 3 minute incubation with Trypsin-

EDTA at 37 degrees C. Cells were passaged at a ratio or 1:2–1:4.

Cells were frozen in 20% FBS, 5% DMSO, and 75% Propagation

Media.

Differentiation of OP9 cells
Cells were differentiated using Insulin Oleate media. Prepara-

tion of insulin oleate media is described by Wolins et al. in detail

(18). Briefly, cells were plated at 12,500 cell/cm2 in 96 well plates,

and 24 hours later propagation media was replaced with insulin

oleate media (MEM-a, 0.2% FBS, 175 nM insulin, 900 mM

oleate:albumin, and 500 U penn/strep).

Triglyceride Assay
Triglyceride assay was performed according to the manufac-

turer’s protocol. The Biovision TG assay (Cat #K622-100) was

used in parallel with the Pierce BCA Protein Assay Kit (Thermo

Scientific, cat# 23227) for standardization. Cells were lysed in

100 uL of a 5% Triton-x solution in water. The cell/lysis solution

was thoroughly mixed to assure total lysis. The plate was

Figure 5. Adipogenesis is increased by RNAi against Spi1 and inhibited by RNAi against Pparg. OP9 clone K cells were transfected with
RNAi against the known adipogenic master regulator Pparc, the transcription factor Spi1, or negative control. Cells were treated with insulin oleate
differentiation media with and without the Pparc agonist, ciglizitone, for 72 hours, imaged using the high-throughput image express system, and
Nile Red content quantified using a custom analysis scheme. Intensity values are shown are the average of 72 images. Error bars represent the
standard error of the mean. * indicated significantly different from negative control at P,0.05.
doi:10.1371/journal.pone.0112123.g005
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subsequently sealed and incubated at 80 degrees C in a water bath

for 5 minutes. Plates were then cooled to room temperature and

heated in the water bath again. Following lysis, 10 uL of cell lysate

was used in the TG assay. TG and protein were measured in

triplicate. Significant differences in TG content were determined

by two tailed t-test.

Microscopy (Imaging)
DAPI (Sigma cat# D8417) was diluted in water to 700 uM, and

stored at -20 degrees C. Cells were fixed cells for 20 minutes at

room temperature in 4% Paraformaldehyde (PFA). Pipetting steps

were performed gently, as differentiated adipocytes are easily

dislodged. PFA was removed and replaced with 100 uL of 2 uL/

mL of stock DAPI in 1:1 glycerol:PBS and incubated for 5 minutes

at RT. DAPI stain was removed and 100 uL of a 1:10000 Nile

Red (Sigma) solution in PBS added (prepared from 1 mg/ml stock)

and incubated for a minimum of 25 minutes at RT. Cells were

imaged in the nile red solution. Conventional microscopy was

performed for initial low throughput studies of clonal differenti-

ation. To determine the percent of cells containing lipid droplets,

using 40x magnification, 8 fields of cells were visually counted for

the presence of Nile-red stained lipid droplets. For high content

microscopy, plates were imaged in the ImageExpress robotic

microscope in the core facility. Images were acquired at 40x

magnification across 16 sites per well with 12 wells per condition.

The image analysis is performed with a customized journal with

MetaXpress, chaining together image analysis steps. The first steps

involve cell segmentation using MetaXpress built-in "Cell Scoring"

functionality with DAPI and NileRed. We determined the total

number of cells per image, and the cell segmentation is also

achieved in this step. Using the cell segmentation as a mask, the

area of each cell was determined. The integrated NileRed staining

intensity (including oil droplet and other lipid component, such as

membrane lipid) for each cell was determined. A threshold was

then applied to the NileRed image to separate the dimmer cellular

membrane or lipid NileRed stain from the bright oil droplets. The

area and integrative NileRed intensity of oil droplets with each cell

was then measured. The resulting measurement was then

summarized and analyzed in AcuityXpress. Specific details about

threshold and other journal steps can be seen in Appendix S1.

Quantitative PCR
cDNA was generated using the Applied Biosystems TaqMan

Reverse Transcription Reagents (P/N N808-0234) according to

the manufacturer’s protocol. Quantitative PCR reactions were

performed in 10 uL in 384 well plates using 2x sybr green, 50 nM

forward primer, 50 nM reverse primer, 5 ng cDNA, and 3 uL of

water. Reactions were cycled at 95 degrees for 10 min, followed by

40 cycles of 95 degrees for 15 seconds and 60 degrees for 1 min.

Data were analyzed using the relative quantification delta delta Ct

method. For each sample, six biological and three technical

replicates were used. Significant differences in data were calculated

using a two-tailed t-test.

RNA extraction
RNA was extracted using the Ambion Ribopure kit (Ambion,

cat# AM1924). The manufacturer’s protocol was followed with

the following exception: the phenol extraction step was performed

on 15 mL heavy phase lock gel according to the manufacturer’s

protocol (5Prime, cat# 2302850). The organic and inorganic

phases were separated on phase lock gel, and the organic phase

was collected, and the Ribopure protocol subsequently followed.

Generation of clonal cell lines
The OP9 parental cell line was trypsinized and resuspended at a

density of.5 cells/100 uL of propagation media. 100 uL of cell

suspension was plated in each well of a 96 well plate. Plates were

checked every 48 hours for the appearance of visible colonies.

Colonies were subsequently tested using the differentiation assay

described above.

Microarray analysis
Total RNA was extracted from three biological replicates for

each differentiation timepoint as described above and hybridized

to Affymetrix Mouse Gene 1.0 ST Arrays. Data were analyzed

using Expression Console from Affymetrix and the R Limma

package. Microarray data was normalized using the Robust

Multichip Average (RMA). Data was filtered at a cutoff of 3.5, the

background threshold for the mouse ST 1.0 array. Fold change

data, p-values, and FDR adjusted p-values were generated by the

R limma function ‘‘TopTable’’. Gene ontology overrepresentation

was calculated using g:Profiler (http://biit.cs.ut.ee/gprofiler/).

Microarray probes were sorted by fold change for each time

point and the 250 genes with the largest positive fold change, and

the 250 genes with the largest negative fold change were selected

for analysis. G:Profiler was run using default parameters, organism

(mus musculus), and probe IDs as input.

Supporting Information

Table S1 Top 25 overexpressed genes at each time point
relative to 0 hrs.

(XLS)

Table S2 Top 25 down regulated genes at each time
point relative to 0 hrs.

(XLS)

Figure S1 OP9-K adipogenesis involves down-regula-
tion of biological processes common to adipogenesis.
Functional profile of the 250 genes with the greatest fold change

decrease during OP9 adipogenesis as identified using GProfiler. As

demonstrated in previous models, osteogenesis and cell cycle

processes are down-regulated. The transcriptome of OP9

adipogenesis is similar to previously characterized adipocyte

models.

(PPT)

Figure S2 OP9-K adipogenesis involves up-regulation of
biological processes common to adipogenesis. Functional

profile of the 250 genes with the greatest fold increase genes during

OP9 adipogenesis as identified using GProfiler. As demonstrated

in previous models, PPARc signaling is induced and triacylglycer-

ide is synthesized. The transcriptome of OP9 adipogenesis is

similar to previously characterized adipocyte models.

(PPT)

Figure S3 Pparc levels are significantly reduced in OP9-
K cells after treatment with RNAi against Pparc.
Expression levels were measuring using relative quantification

RT-PCR with biological and technical replicates. Expression levels

are shown relative to OP9-K cells treated with negative control

RNAi. p-value represents the significance level of knock down as

calculated with a t-test. Error bars represent the 95% confidence

interval.

(PPT)
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Figure S4 Spi1 levels are significantly reduced in OP9-K
cells after treatment with RNAi against Spi1. Expression

levels were measuring using relative quantification RT-PCR with

biological and technical replicates. Expression levels are shown

relative to OP9-K cells treated with negative control RNAi. p-

value represents the significance level of knock down as calculated

with a t-test. Error bars represent the 95% confidence interval.

(PPT)

Appendix S1 Journal Code for MetaXpress.

(DOCX)

File S1 Microarray Cel files for OP9-K day 0 and day 1
for biological replicates 0-3.

(ZIP)

File S2 Microarray Cel files for OP9-K day 2 and day 3
for biological replicates 0-3.
(ZIP)

Acknowledgments

The authors would like to thank Albert Tai (Study Center on the

Immunogenetics of Infectious Disease core facility, Tufts University) for

excellent technical assistance, as well as Coleen McNamara and Amanda

Doran for advice on OP9 cell maintenance and differentiation.

Author Contributions

Conceived and designed the experiments: JML ASK JMO. Performed the

experiments: JML JRD JPF. Analyzed the data: JML JPF JRD.

Contributed reagents/materials/analysis tools: ASK JMO. Wrote the

paper: JML.

References

1. Hubert HB, Feinleib M, McNamara PM, Castelli WP (1983) Obesity as an

independent risk factor for cardiovascular disease: a 26-year follow-up of

participants in the Framingham Heart Study. Circulation 67: 968–977.

2. Must A, Spadano J, Coakley EH, Field AE, Colditz G, et al. (1999) The disease
burden associated with overweight and obesity. JAMA 282: 1523–1529.

3. Pais R, Silaghi H, Silaghi A-C, Rusu M-L, Dumitrascu D-L (2009) Metabolic
syndrome and risk of subsequent colorectal cancer. World J Gastroenterol 15:

5141–5148.

4. Lanas F, Avezum A, Bautista LE, Diaz R, Luna M, et al. (2007) Risk factors for

acute myocardial infarction in Latin America: the INTERHEART Latin
American study. Circulation 115: 1067–1074.

5. Gade W, Gade J, Collins M, Schmit J, Schupp N (2010) Failures of feedback:
rush hour along the highway to obesity. Clin Lab Sci J Am Soc Med Technol

23: 39–50.

6. Yaskin J, Toner RW, Goldfarb N (2009) Obesity management interventions: a

review of the evidence. Popul Health Manag 12: 305–316.

7. Wing RR, Jeffery RW, Burton LR, Thorson C, Kuller LH, et al. (1992) Change
in waist-hip ratio with weight loss and its association with change in

cardiovascular risk factors. Am J Clin Nutr 55: 1086–1092.

8. Grundy SM, Benjamin IJ, Burke GL, Chait A, Eckel RH, et al. (1999) Diabetes

and Cardiovascular Disease: A Statement for Healthcare Professionals From the
American Heart Association. Circulation 100: 1134–1146. doi:10.1161/

01.CIR.100.10.1134.

9. Nishimura S, Manabe I, Nagasaki M, Hosoya Y, Yamashita H, et al. (2007)

Adipogenesis in obesity requires close interplay between differentiating
adipocytes, stromal cells, and blood vessels. Diabetes 56: 1517–1526.

10. Prokesch A, Hackl H, Hakim-Weber R, Bornstein SR, Trajanoski Z (2009)
Novel insights into adipogenesis from omics data. Curr Med Chem 16: 2952–

2964.

11. Berry R, Jeffery E, Rodeheffer MS (2014) Weighing in on Adipocyte Precursors.

Cell Metab 19: 8–20. doi:10.1016/j.cmet.2013.10.003.

12. Bray GA, Bouchard C (2014)Handbook of Obesity —: Epidemiology, Etiology,

and Physiopathology, Fourth Edition. CRC Press. 729 p.

13. Chung N, Marine S, Smith EA, Liehr R, Smith ST, et al. (2010) A 1,536-well
ultra-high-throughput siRNA screen to identify regulators of the Wnt/beta-

catenin pathway. Assay Drug Dev Technol 8: 286–294.

14. TODARO GJ, GREEN H (1963) Quantitative studies of the growth of mouse

embryo cells in culture and their development into established lines. J Cell Biol
17: 299–313.

15. Green H, Kehinde O (1975) An established preadipose cell line and its
differentiation in culture. II. Factors affecting the adipose conversion. Cell 5: 19–

27.

16. Green H, Meuth M (1974) An established pre-adipose cell line and its

differentiation in culture. Cell 3: 127–133. doi:10.1016/0092-8674(74)90116-0.

17. Mackall JC, Student AK, Polakis SE, Lane MD (1976) Induction of lipogenesis

during differentiation in a ‘‘preadipocyte’’ cell line. J Biol Chem 251: 6462–
6464.

18. Singh R, Artaza JN, Taylor WE, Braga M, Yuan X, et al. (2006) Testosterone

inhibits adipogenic differentiation in 3T3-L1 cells: nuclear translocation of

androgen receptor complex with beta-catenin and T-cell factor 4 may bypass
canonical Wnt signaling to down-regulate adipogenic transcription factors.

Endocrinology 147: 141–154.

19. Zen_Bio_3T3L1_CARE (n.d.). Available: http://www.zen-bio.com/pdf/

ZBM0009.013T3L1CareprotocolRV08.08.pdf. Accessed 19 May 2014.

20. Morganstein DL, Christian M, Turner JJO, Parker MG, White R (2008)
Conditionally immortalized white preadipocytes: a novel adipocyte model.

J Lipid Res 49: 679–685. doi:10.1194/jlr.D700029-JLR200.

21. Tong Q, Hotamisligil GS (2001) Molecular Mechanisms of Adipocyte

Differentiation. Rev Endocr Metab Disord 2: 349–355. doi:10.1023/

A:1011863414321.

22. Zebisch K, Voigt V, Wabitsch M, Brandsch M (2012) Protocol for effective

differentiation of 3T3-L1 cells to adipocytes. Anal Biochem 425: 88–90.
doi:10.1016/j.ab.2012.03.005.
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