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ABSTRACT
Dicer is a cellular enzyme required for the processing of pre-miRNA molecules into mature miRNA, and Dicer and miRNA biogenesis have

been found to play important roles in a variety of physiologic processes. Recently, reports of alterations in miRNA expression levels in

cultured pre-adipogenic cell lines during differentiation and findings of differences between the miRNA expression signatures of white and

brown adipose have suggested that miRNA molecules might regulate adipocyte differentiation and the formation of adipose tissue. However,

direct evidence that miRNAs regulate adipogenesis is lacking. To determine if Dicer and mature miRNA govern adipocyte differentiation, we

utilized primary cells isolated from mice bearing Dicer-conditional alleles to study adipogenesis in the presence or absence of miRNA

biogenesis. Our results reveal that Dicer is required for adipogenic differentiation of mouse embryonic fibroblasts and primary cultures of

pre-adipocytes. Furthermore, the requirement for Dicer in adipocyte differentiation is not due to miRNA-mediated alterations in cell

proliferation, as deletion of the Ink4a locus and the prevention of premature cellular senescence normally induced in primary cells upon Dicer

ablation fails to rescue adipogenic differentiation in fibroblasts and pre-adipocytes. J. Cell. Biochem. 110: 812–816, 2010. � 2010 Wiley-Liss,

Inc.

KEY WORDS: ADIPOGENESIS; DICER; DIFFERENTIATION

A dipocytes store excess glucose in the form of triacylglycerol

during times of nutritional abundance and release this

energy source by converting the stored triacylglycerol into fatty

acids during times of fasting. In addition to storing fat and

regulating nutritional homeostasis, adipocytes synthesize and

release peptide hormones that help to regulate blood pressure,

immune response, bone density, and reproductive functions [Rosen

and Spiegelman, 2006; Waki and Tontonoz, 2007].

Much of what is known about the molecular control of

adipogenesis has been gleaned from differentiation studies using

primary or immortalized fibroblasts or pre-adipocytes that were

isolated from the vascular stroma of adipose tissue. These various

precursor cells can be induced to differentiate into mature

adipocytes in vitro, as scored by Oil Red O (ORO) staining of the

large, numerous lipid deposits that form within these cells

(lipogenesis), and by the induction of genes that are normally

expressed in mature adipocytes [Smyth et al., 1993; Farmer, 2006;

Rosen and MacDougald, 2006; Leftorova and Lazar, 2009].

Analysis of gene expression during adipocyte differentiation

assays has indicated potential roles for microRNA (miRNA)

molecules in this process. miRNAs are single-stranded, non-coding

RNA molecules of approximately 22 nucleotides in length that

function to regulate the expression of messenger RNA [Bartel, 2004].

miRNAs are encoded within the genome of the cell and are

transcribed as longer RNAmolecules (pri-miRNA) that are processed

into smaller precursor-miRNA (pre-miRNA) molecules and exported

into the cytoplasm, where they undergo final cleavage by the

ribonuclease III-like cellular enzyme Dicer. Once cleaved, the

mature miRNAs are incorporated into the RNA-induced silencing

complex (RISC), where they mediate either translational repression

or cleavage of target messenger RNA. In mammalian cells, the

differentiation of pre-adipocyte cells into adipocytes alters the

expression level of many miRNA molecules. For example, miR-143

is upregulated in cultures of differentiating human pre-adipocytes,

and reducing the level of miR-143 in these cells by addition of 20-O-
methyl-modified antisense oligonucleotides was found to inhibit

triglycerol accumulation [Esau et al., 2004]. More recently, the miR-
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17-29 cluster was also found to accelerate adipogenic differentia-

tion in cultured 3T3-L1 cells, by facilitating cell growth [Wang et al.,

2008]. In addition, bioinformatic approaches indicate that nearly

three quarters of the genes differentially expressed during the

adipogenic differentiation of 3T3-L1 cells have the potential to be

regulated by miRNA molecules [Hackl et al., 2005]. Collectively,

these studies suggest that miRNAs may have important regulatory

effects on adipocyte differentiation and adipogenesis. However,

definitive proof for miRNA-mediated regulation of mammalian

adipogenesis and adipose formation is lacking, and recent analysis

of a subset of miRNAs whose expression levels were highly altered

during adipogenic differentiation revealed that downregulation

of these miRNAs did not affect differentiation of cultured pre-

adipocytes [Kajimoto et al., 2006].

Similar to pre-adipocyte cell lines, mouse embryonic fibroblasts

(MEFs) or pre-adipocytes isolated from the vascular stroma of

adipose tissue can also be induced to differentiate into adipocytes ex

vivo. To directly assess the requirement for miRNAs in adipocyte

differentiation, we have utilized primary cells isolated from mice

bearing a Dicer conditional allele [Mudhasani et al., 2008]. Loss of

Dicer function inhibits miRNA biogenesis, and conditional ablation

of Dicer in mice has been previously reported to alter numerous

cellular and developmental processes [Harfe et al., 2005; Muljo et al.,

2005; Andl et al., 2006; Harris et al., 2006; Yi et al., 2006; Chen et al.,

2008]. Furthermore, we have previously demonstrated that

conditional deletion of Dicer in primary fibroblasts results in the

induction of Ink4a/Arf and p53-dependent cell senescence

[Mudhasani et al., 2008]. In this present study, we have generated

primary fibroblasts and pre-adipocytes from our Dicer-conditional

mouse model and examined adipocyte differentiation in vitro in the

presence or absence of Dicer. Our results indicate that Dicer and

miRNAs play an essential role in adipocyte differentiation distinct

from the ability of miRNAs to regulate senescence in primary cells.

RESEARCH DESIGN AND METHODS

MICE AND CELL CULTURE

Dicer-conditional (Dicerc/c) mice, Dicerc/c� p53-null mice, and

Dicerc/c� Ink4a-Arf mice have been described previously, as were

Dicer-conditional mice bearing the CAG-Cre transgene [Mudhasani

et al., 2008]. All mice were maintained and used in accordance with

guidelines set by the University of Massachusetts Animal Care and

Use Committee. MEFs were generated by harvesting embryos from

pregnant female mice at E12.5 or E13.5, and treating the embryos

with trypsin for 30min at 378C. Adherent cells were recovered from

trypsinized embryos by placing the disassociated tissue in 10 cm

plates overnight in a 378C, 5% CO2 incubator in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 15% fetal bovine

serum, 48U/ml penicillin, and 50mg/ml streptomycin sulfate. All

MEF studies were conducted using low passage (passage 0 or 1)

primary cells maintained in a 378C, 5% CO2 incubator in DMEM

supplemented with 10% fetal bovine serum. Dicer was deleted from

the Dicerc/c, Cre-ER MEFs by addition of 1mM tamoxifen (Sigma,

T5648) to the cell culture media. Pre-adipocytes were cultured as

described [Daya et al., 2007] with minor modifications. Briefly, cells

were extracted by isolating the deeper subcutaneous adipose tissue

from the lateral regions in the lower abdomen of 12- to 14-day-old

mice, which was minced into small pieces and digested with type II

collagenase (A, B, andM, Roche, Cat. # 103578) at 1mg/ml in Hank’s

balanced salt solution (HBSS) with 10% bovine serum albumin

[Sigma–Aldrich] for 45min to 1 h in a 378C shaking water bath. Pre-

adipocytes and other smaller cells in the mixed population were

separated from the larger differentiated adipocytes and debris with a

100mm nylon filter. The filtered cells were plated on a 24-well plate

and cultured in DMEM medium supplemented with 10% FBS and

140U/ml penicillin and 50mg/ml streptomycin for 48 h. Cells were

treated with 1mM tamoxifen for 3 days. Dicerc/c cells and Dicerc/c,

Ink/Arf-null cells were passaged for two or four times, respectively.

MEFs or pre-adipocytes were then plated at 50–60% confluence and

stimulated 2 days later (considered as day 0 [D0]) with a hormonal

cocktail composed of 0.25mM 3-isobutyl-1-methylxanthine (IBMX

[Sigma, I5879]), 0.1mM dexamethasone (Dex [Sigma, D4902]),

insulin (Sigma) at 10mg/ml, and 1mM rosiglitazone (Cayman, CAS

316371-84-3). Starting on day 2 (D2), the media were replaced every

2 days with fresh DMEM supplemented with insulin (10mg/ml) and

1mM rosiglitazone. Cells were harvested 7–9 days post-induction

for RNA and genomic DNA isolation, or fixed in 10% formalin for

ORO staining as described [Salma et al., 2004].

RNA ISOLATION AND ANALYSIS

Total RNA from cultured cells was isolated using the Trizol method

(Invitrogen). For real-time PCR analysis, RNA was reverse

transcribed using the Superscript II reverse transcriptase enzyme

(Invitrogen) and used in quantitative PCR (q-PCR) reactions (Qiagen

master mix containing SYBR-green fluorescent dye [ABI]). Relative

expression of mRNAs was determined after normalization with 36B4

levels using the DD�Ct method. q-PCR was performed using the

ABI-9300 PCRmachine. q-PCR analysis for let-7a miRNA levels was

performed using the mirVana qRT-PCR miRNA detection kit

(Ambion), and data for let-7a miRNA were normalized with U6

expression levels. Primers used for PCR reactions are as follows:

PPARg2 (f): gcatggtgccttcgctgatgc, PPAR2 (r): aggcctgttgta-

gagctgggt; aP2(f): aaggtgaagagcatcatcaccct, aP2 (r): tcacgcctttca-

taacacattcc; FAS (f): ggaggtggtgatagccggtat, FAS (r):

tgggtaatccatagagcccag; Glut4 (f): gtgactggaacactggtccta, Glut4

(r): ccagccacgttgcattgtag.

RESULTS

DICER IS REQUIRED FOR ADIPOGENIC DIFFERENTIATION OF

PRIMARY EMBRYONIC FIBROBLASTS

To explore a role for miRNA biogenesis in adipocyte differentiation,

we examined the ability of primary MEFs to undergo adipogenesis

after Dicer ablation.We previously reported that Dicer-ablatedMEFs

display reduced proliferation and premature cell senescence

[Mudhasani et al., 2008]. Therefore, we analyzed the response of

Dicer-conditional cells in the presence or absence of functional

Ink4a alleles, as loss of the Ink4a (p16) and Arf (p19) genes encoded

at this locus alters both Rb and p53 signaling and prevents

premature senescence in Dicer-ablated MEF [Mudhasani et al.,

2008]. Dicer-conditional (Dicerc/c) MEFs containing or lacking

functional Ink4a/Arf alleles (Ink/Arf �/�) and control Ink/Arf�/�
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MEFs heterozygous for the Dicer-conditional allele (Dicerc/þ) were
generated from E12–E14 mouse embryos. All embryos also

contained the CAG-CreER transgene, which encodes Cre activity

that is positively regulated by the addition of tamoxifen [Hayashi

and McMahon, 2002]. Low passage MEFs were plated on 10 cm

dishes, and tamoxifen was added to the media to induce Cre

activity and subsequent Dicer ablation. The cells were treated or

mock-treated with tamoxifen for 3 days, passaged twice to promote

loss of pre-existing mature miRNAs, then induced to differentiate

into adipocytes. Cre-induced rearrangement of the Dicer conditional

alleles was confirmed by PCR analysis of genomic DNA generated

from a portion of the cells harvested after tamoxifen treatment

(Fig. 1A). Approximately 30% of the non-ablated Dicerc/c MEFs (no

tamoxifen treatment) underwent differentiation and initiated

lipogenesis, as determined by ORO staining (Fig. 1B, top panels).

In contrast, no differentiation was observed in these cells when

treated with tamoxifen prior to induction of differentiation. To

determine if the block in adipogenic differentiation in Dicer-ablated

MEFs was caused by premature senescence of these cells, we

repeated the experiment using Ink4a-null, Dicer-conditional MEFs,

as Ink/Arf-null cells do not senesce upon Dicer ablation [Mudhasani

et al., 2008]. Interestingly, a greater percentage (>50%) of Ink/Arf

null MEFs underwent adipogenic differentiation when exposed

to differentiation media, consistent with a positive role for cell

proliferation in this process. However, Ink/Arf-null MEFs were

severely compromised in their ability to differentiate into adipocytes

following Dicer ablation (Fig. 1B, middle panels). In contrast, control

Dicer heterozygous, Ink/Arf-null cells displayed robust differentia-

tion in the presence or absence of tamoxifen (Fig. 1B, bottom

panels). Therefore, tamoxifen treatment or expression of Cre by itself

does not inhibit adipogenesis, but rather it is Dicer ablation that

correlates with a block to cell differentiation. Furthermore,

premature cell senescence induced by Dicer deletion does not

account for the block in adipogenic differentiation of MEFs.

To confirm that loss of Dicer blocks adipogenic differentiation in

MEFs, we analyzed the expression of various adipogenic marker

genes before and after differentiation using q-PCR (Fig. 2).

Differentiation of wild-type (Dicer-retaining) MEFs strongly

upregulated the expression of various adipogenic factors that

regulate fat differentiation, fatty acid synthesis, and lipid and

glucose transport, including peroxisome profilator activator

receptor g (PPARg), fatty acid synthase (Fas), fatty acid binding

protein (aP2), and glucose transporter 4 (Glut4), respectively.

Induction of these adipogenic genes was greatly reduced in

Dicer-ablated MEFs regardless of Ink/Arf status, whereas the

expression of these adipogenic markers did not differ in non-

treated versus tamoxifen-treated cells when at least one wild-type

allele of Dicer was present (Dicerc/þ). Thus, in agreement with the

ORO staining data in Figure 1, it is not the presence or absence of

tamoxifen that alters adipogenic differentiation, but rather it is the

presence or absence (ablation) of Dicer. Analysis of gene expression

levels in Dicer-ablated MEFs reveals that tamoxifen treatment of

Dicer-conditional MEFs results in a 30–40% reduction of Dicer

transcripts in Dicerc/þMEFs, and an 80% reduction in Dicer message

levels in Dicerc/c MEFs, consistent with ablation of the Dicer allele

in most tamoxifen-treated Dicerc/c cells. In keeping with robust

ablation of Dicer in these cells, there was a 75% reduction in the

Fig. 1. Dicer is required for adipogenic differentiation of mouse embryonic

fibroblasts. A: PCR analysis of Dicer alleles in MEFs after mock treatment (�) or

treatment (þ) with tamoxifen to induce Dicer ablation. B: ORO staining of

R26-CreESR transgenic, Dicer-conditional MEFs in the presence (þ) or absence

(�) of tamoxifen (top panels), of CAG-CreESR transgenic, Dicer-conditional

MEFs deleted for Ink4a locus (middle panels), and of control CAG-CreESR

transgenic, Dicer-heterozygous MEFs deleted for Ink4a (bottom panels). Scale

bar represents 250mm.

Fig. 2. Quantitative PCR analysis of transcripts present in differentiated

MEFs. Values are given as relative expression levels in tamoxifen treated

(Dicer-ablated) cells compared to untreated (Dicer-wt) cells (T/U). Dicer

PCR primers hybridize to sequences encoded by exons 15–17 contained within

the floxed region of the Dicer conditional allele. Error bars represent SD of

values from five independent experiments.
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level of Let-7a (Fig. 2), a representative miRNA species with an

especially long half-life that is highly expressed in adipocyte

precursors [Kajimoto et al., 2006].

DIFFERENTIATION OF PRIMARY PRE-ADIPOCYTES REQUIRES DICER

The inability of fibroblasts lacking Dicer to undergo adipogenic

differentiation prompted us to examine if Dicer is similarly required

for the differentiation of pre-adipocytes. Primary cultures of pre-

adipocytes were generated from Dicer-conditional mice bearing the

tamoxifen-inducible, CAG-CreER transgene and either wild type or

null for Ink4a. Primary pre-adipocytes were expanded for 6 days in

culture, then plated at equal densities and induced to differentiate.

Analysis of genomic DNA confirmed the rearrangement of the

conditional Dicer allele in primary pre-adipocytes following

tamoxifen treatment (Fig. 3A). Tamoxifen-induced Cre ablation

of Dicer in the pre-adipocytes blocked differentiation of these cells

(Fig. 3B, top panels). As seen in the previous MEF experiments,

deletion of the Ink4a alleles slightly increased the percentage of pre-

adipocytes undergoing cell differentiation when treated with the

hormone cocktail, and co-deletion of functional Ink4a genes did

not alter the differentiation block imposed upon Ink/Arf-null pre-

adipocytes by Dicer loss (Fig. 3B, middle panels), These data indicate

that the block in adipogenesis seen in Dicer-ablated pre-adipocytes

is not due to the induction of premature cell senescence in these

primary cells. In contrast, control pre-adipocytes retaining one

functional allele of Dicer were able to undergo robust differentiation

regardless of tamoxifen treatment (Fig. 3B, bottom panels).

q-PCR analysis of gene expression in the pre-adipocytes (Fig. 4)

confirmed a 40–50% reduction in Dicer transcript levels in

Dicer haploinsufficient cells (Dicerc/þ) following Cre induction,

and mature Let-7a molecules were reduced to approximately 20% of

wild-type levels in Dicerc/c pre-adipocytes following Cre induction,

indicating robust Dicer ablation in these tamoxifen-treated cells.

Similar to what we observed in MEFs, the expression levels of

mature adipogenic marker genes (PPARg2, FAS, Glut4, and aP2)

were greatly reduced following Dicer ablation in pre-adipocytes,

regardless of Ink4a status, confirming that the block in pre-

adipocyte differentiation is not due to induction of senescence in

these primary cells.

DISCUSSION

The ability of primary fibroblasts and pre-adipocytes to differentiate

into adipose-like cells has been very useful for dissecting the

molecular intricacies of adipocyte differentiation [Christian et al.,

2005]. In this present study, our analysis of embryonic fibroblasts

and pre-adipocytes reveals that Dicer is required for adipogenic

differentiation. Hormonal induction of cells ablated for Dicer failed

to induce the master adipogenic transcriptional regulator PPARg,

and these cells also failed to display other hallmarks of differentiated

adipocytes, including lipid accumulation and the expression of

downstream adipogenic marker genes such as aP2 and Glut4. These

results offer genetic proof for a role for Dicer and miRNA biogenesis

in adipocyte differentiation.

Fig. 3. Differentiation of mouse pre-adipocytes requires Dicer. A: PCR ana-

lysis of Dicer alleles in pre-adipocytes after mock treatment (�) or treatment

(þ) with tamoxifen to induce Dicer ablation. B: ORO staining of R26-CreESR

transgenic, Dicer-conditional pre-adipocytes in the presence (þ) or absence

(�) of tamoxifen (top panels), of CAG-CreESR transgenic, Dicer-conditional

pre-adipocytes deleted for Ink4a (middle panels), and of control CAG-CreESR

transgenic, Dicer-heterozygous pre-adipocytes deleted for Ink4a (bottom

panels). Scale bar represents 250mm.

Fig. 4. Expression of adipogenic genes in pre-adipocyte differentiation.

Quantitative PCR analysis of various RNA transcripts and miRNA levels during

differentiation. Values are given as relative expression levels in tamoxifen-

treated (Dicer-ablated) cells compared to untreated (Dicer-wt) cells (T/U).

Error bars represent SD of values from six independent experiments.

JOURNAL OF CELLULAR BIOCHEMISTRY DICER IN ADIPOCYTE DIFFERENTIATION 815



We have previously found that deletion of Ink/Arf alleles in the

MEFs prevents cell senescence following Dicer ablation [Mudhasani

et al., 2008], yet co-deletion of Ink/Arf did not facilitate adipogenic

differentiation of Dicer-ablated MEFs. These findings are confirmed

by the results of our pre-adipocyte studies, as these cells are

similarly unable to differentiate into adipocytes following Dicer

ablation, regardless of their Ink/Arf status. Thus, our results also

indicate that the essential role of Dicer in adipogenic differentiation

of cultured cells is unlinked to the ability of Dicer and miRNA

biogenesis to prevent growth senescence of primary cells.

Although our data reveal that Dicer and miRNA biogenesis are

required for the differentiation of pre-adipocytes into mature

adipocytes, it is possible that the adipogenic functions of fully

differentiated cells might also be impacted by loss of miRNA

biogenesis. Additional studies focused upon the role of miRNA

biogenesis in adipose formation in mice utilizing the Dicer-

conditional allele are ongoing. Identification of the roles of Dicer in

adipose formation and function and the specific miRNAs involved in

regulating adipocyte differentiation and adipose tissue formation in

vivo should facilitate the identification of target molecules involved

in these processes, and add to our understanding of the molecular

mechanisms involved in the regulation of adipogenesis.
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