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SUMMARY

GATA transcription factors and their FOG cofactors
play a key role in tissue-specific development and dif-
ferentiation, from worms to humans. Mammals have
six GATA and two FOG factors. We recently demon-
strated that interactions between retinoblastoma pro-
tein (pRb) and GATA-1 are crucial for erythroid prolif-
eration and differentiation. We show here that the
LXCXE pRb-binding site of FOG-2 is involved in adi-
pogenesis. Unlike GATA-1, which inhibits cell divi-
sion, FOG-2 promotes proliferation. Mice with a
knockin of a Fog2 gene bearing a mutated LXCXE
pRb-binding site are resistant to obesity and dis-
play higher rates of white-to-brown fat conversion.
Thus, each component of the GATA/FOG complex
(GATA-1 and FOG-2) is involved in pRb/E2F regula-
tion, but these molecules have markedly different
roles in the control of tissue homeostasis.
INTRODUCTION

The members of the GATA family of transcription factors (six

members in mammals) have a highly conserved zinc-finger

DNA-binding domain that specifically binds a consensus DNA

sequence (A/T)GATA(A/G). The functions of GATA proteins are

regulated by cofactors, such as Friend of GATA (FOG). These co-

factors bind exclusively to the N-terminal zinc finger of GATA

protein, are unable to bind DNA, have no independent function,

and act together with GATA to control cell differentiation (Chlon

and Crispino, 2012).

TheFOG family containsonly twomembers: FOG-1andFOG-2.

GATA-1/2/3 and FOG-1 are predominantly expressed in hemato-

poietic cells,whereas theotherGATAmembersandFOG-2partic-

ipate in control of the differentiation of most other cell types

(Cantor and Orkin, 2005; Patient and McGhee, 2002). The roles

of GATA-1/FOG-1 complexes in red blood cell production are

well established, and both factors are involved in regulating the
3524 Cell Reports 21, 3524–3535, December 19, 2017 ª 2017 The A
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expression of many erythroid genes (Cantor and Orkin, 2002). A

role for GATA-1 in the arrest of cell proliferation has been

described (Rylski et al., 2003; Kadri et al., 2005; Zhao et al.,

2006). Our recent discovery of an LXCXE pRb-binding site (Morris

andDyson, 2001) atNter ofGATA-1,which is involved in the direct

association of GATA-1with the retinoblastoma protein (pRb), pro-

vides a molecular explanation for this function (Kadri et al., 2015):

sequestration of E2F2 by the GATA-1/pRb complex results in cell

cyclebreakat theG1/S transition, acrucial step forerythroidmatu-

ration (Kadri et al., 2009). The resumption of normal cell cycle ki-

netics is induced by erythropoietin, which triggers the phosphory-

lationofGATA-1atSer310 byAKT, thereby increasing theaffinityof

GATA-1 for FOG-1 (Kadri et al., 2015). In turn, FOG-1 displaces

pRb/E2F2 from phosphorylated GATA-1, ultimately releasing

free, pro-proliferative E2F2. Mice bearing a Gata1S310A mutation

suffer from fatal anemia when a compensatory pathway for E2F2

production involving IGF-I signaling is simultaneously abolished

(Kadri et al., 2015). Thus, GATA-1, FOG-1, pRb, E2F2, erythropoi-

etin, and IGF-I are involved in coordinating expansion/maturation

during red blood cell production (Figure 1).

Surprisingly, the few studies that have been published suggest

that the other GATA factors have no direct function on cell pro-

liferation (Chlon and Crispino, 2012; Tsai et al., 2005; Zeisberg

et al., 2005), contrasting strongly with the inhibitory effect of

GATA-1 on cell proliferation (Kadri et al., 2005; Rylski et al.,

2003). The disruption of GATA or pRb protein production results

in convergent phenotypes. Knockouts of Gata2 and Gata3 are

associated with obesity (Jack and Crossley, 2010; Tong et al.,

2000), and FOG-2 overproduction interferes with adipogenesis

(Jack and Crossley, 2010; Tong et al., 2000), whereas E2f1�/�

(Blanchet et al., 2011; Aguilar and Fajas, 2010) and pRb�/�

mice (Calo et al., 2010; Dali-Youcef et al., 2007; Hansen et al.,

2004; Mercader et al., 2009) are resistant to diet-induced obesity

and develop a marked thermogenic phenotype. The Hedgehog-

mediated inhibition of adipogenesis requires GATA-2 or -3

expression (Suh et al., 2006), and GATA/COUP-TFII interaction

has antiadipogenic effects (Xu et al., 2008). Decreases in

GATA-2 expression promote brown adipogenesis (Tsai et al.,

2005), and conditional pRb knockout (KO) regulates white/brown

adipocyte conversion or fate choice (Aguilar and Fajas, 2010).
uthor(s).
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Figure 1. Only GATA-1 and FOG-2 Proteins

Share Common Peptidic Sequences

(A) Amino acid sequence comparison of GATA-1 and

FOG-2. Nter LXCXE motif that can bind to pRb is

indicated. See also Figure S1A.

(B) Schematic model of the coordination of cell pro-

liferation and maturation during erythropoiesis (Kadri

et al., 2015).
This cell-autonomous function of pRb, increasing the capacity

for brown-like adipogenesis, was confirmed in recent studies

(Hu et al., 2015; Petrov et al., 2016). Altogether, GATA, pRb,

and E2F1 are intrinsically involved in adipogenesis.

In this study, we provide potential molecular explanations for

these observations. We show that, like GATA-1 (Kadri et al.,

2009), the LXCXE pRb-binding site of FOG-2 is involved in adipo-

genesis. Unlike GATA-1, which inhibits cell division, FOG-2 stim-

ulates proliferation. In both cases, mutation of the LXCXE motif

reverts the respective phenotypes. Knockin homozygous mice

for a point mutation affecting the FOG-2 pRb-binding domain

(Fog2Rb�/Rb�) are hyperactive and resistant to obesity. These

mice have better adaptive thermogenesis associated with higher

rates of conversion of white to brown fat, and they display an

abnormal response to metabolic drugs. Thus, only GATA-1

and FOG-2 are involved in E2F regulation, with negative and pos-

itive effects, respectively, on cell proliferation.

RESULTS

Only GATA-1 and FOG-2 Proteins Have Peptide Motifs
in Common
The GATA-1 amino acid sequence contains an N-terminal pRb-

binding motif, LXCXE, at position 81 and a Ser residue that can

be phosphorylated by AKT at position 310 (Kadri et al., 2005,

2009; Zhao et al., 2006) (Figure 1A). Mice with a mutation of the

LXCXE motif of GATA-1 die from anemia at embryonic day (E)11

(Kadri et al., 2009). All six GATA proteins have an N-terminal acti-

vation domain, but the primary sequences of these proteins

diverge considerably, and only GATA-1 contains the pRb-binding

motif LXCXE. Surprisingly, FOG-2, a cofactor of non-hematopoi-
Cell Repo
eticGATAproteins (Tevosian et al., 1999; Pa-

tient andMcGhee, 2002), containsapotential

pRb-binding sequence at position 55 in theN

terminus of the protein as well as a Ser resi-

due, a potential target for AKT phosphoryla-

tion, at position 532 (Figure 1A; Figure S1A).

We also identified another consensus

sequence (LKXEXXSP), at position 137 in

GATA-1and471 inFOG-2, inwhich the lysine

may be either sumoylated or acetylated de-

pending on the phosphorylation state of the

Ser residue (Shalizi et al., 2006) (Figure 1A;

Figure S1A). As FOG-2 and GATA-1 are not

phylogenetically related, the presence of

these three conserved sequences in the

same configuration is statistically implau-

sible. Based on our published results for
GATA-1 (Kadri et al., 2005, 2009, 2015) (see model at Figure 1B),

this last finding for FOG-2 led us to investigate first the putative

functions of the LXCXE sequence and to compare the results ob-

tained for FOG-2 with those for GATA-1.

Fog2Rb�/Rb� Mutant Mice Are Resistant to Obesity and
Present Abnormal WAT/BAT Conversion
To evaluate the physiological importance of the LXCXE pRbmotif

of FOG-2 in vivo, wemutated this sequence in a Fog2Rb� knockin

(KI) mouse strategy (Figures S1B and S2; Experimental Proced-

ures). As expected, FOG-2 and FOG-2Rb� protein expression

was similar in heart, muscle, brain, and adipose tissues. Of

note, FOG-2 expression was low in abdominal white adipose tis-

sue (WAT) and in liver (Figure S2D). Homozygote KImice express-

ing the mutant Fog2Rb� allele developed normally, but they were

resistant to age-associated obesity independently of sex (Figures

S3A and S3B). The macroscopic appearance of Fog2Rb�/Rb�

livers indicated resistance to hepatosteatosis, and Fog2Rb�/Rb�

mice were hyperactive (Figures S3C and S3D). H&E staining of

inguinal and scapular WAT revealed that aged Fog2Rb�/Rb�

mice present adipocyte hypotrophy associated with abnormally

large numbers and sizes of mitochondria (Figures S3E–S3H).

Fog2Rb�/Rb� inguinal WAT revealed smaller adipocytes and cells

with a specific morphology, suggesting a phenotypic transition to

brown adipose tissue (BAT) (Figure S3E). Fog2Rb�/Rb� scapular

WAT contained smaller lipid droplets (Figure S3E).

To confirm these observations, 12-week-old mice were fed

low-fat or high-fat diets for 6 weeks. Wild-type (WT) mice under

high-fat diet became obese, whereas Fog2Rb�/Rb� mice kept a

lean phenotype (Figure 2; Figure S4). Fog2Rb�/Rb� WAT abdom-

inal adipocytes were larger than those in control mice but were
rts 21, 3524–3535, December 19, 2017 3525
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Figure 2. FOG-2Rb� Expression Prevents

Weight Gain in Mice Fed a High-Fat Diet

(A) Comparison ofWT and Fog2Rb�/Rb� female mice

(8 weeks old, n = 6 per group) fed a 45% high-fat

diet (HFD) for 6 weeks (DBW = 11.11 ± 3.51 g). See

also Figure S4.

(B) Mean body weight gain of WT and Fog2Rb�/Rb�

female mice fed a low-fat diet (LFD) or a HFD for

6 weeks (n = 6 per group).

(C) Macroscopic comparison of subcutaneous and

abdominal fat.

(D) Macroscopic comparison of livers and H&E

staining of liver sections.
less numerous (hypoplasia) (Figure 3A). A lower recruitment of

new adipocytes from preadipocytes or a preexisting adipocyte

hypoplasia in Fog2Rb�/Rb� mice could explain this phenotype.

H&E staining of Fog2Rb�/Rb� inguinal WAT (low-fat diet condi-

tions; Figure 3A) or Fog2Rb�/Rb� peritoneal fat (Figure 3C) re-

vealed areas characteristic of the phenotypic transition to BAT

adipocytes. For both diets, scapular BAT andWATwere analyzed

and found to display no marked histological differences (Fig-

ure 3B). An analysis of specific markers of the BAT, such as un-

coupling protein 1 (UCP1), the mitochondrial respiratory chain

(Cox5a), fatty acid oxidation (Cpt1b) (Figure 3D), and the number

and size of mitochondria (Figure 3E; Figure S3H) indicated that

mutation of the LXCXE pRb-binding site of FOG-2 might increase

generation of the BAT phenotype in inguinal and scapular fat.

Fog2Rb�/Rb� MEFs and Preadipocytes Have Abnormally
Low Levels of Proliferation
To explore the intrinsic consequence of the FOG-2 mutation on

adipogenesis, we generated mouse embryonic fibroblasts

(MEFs) from these mice: Fog2Rb�/Rb� MEFs proliferated less

strongly thanWTMEFs (Figure 4A). The cell cycle profiles of asyn-

chronously growing MEFs showed a significantly higher propor-

tion of cells in the G1 phase for Fog2Rb�/Rb� MEFs (Figure 4B).

Compared to WT MEFs, Fog2Rb�/Rb� MEFs differentiated less

(Figure 4C). To confirm the involvement of the FOG-2 LXCXEmotif

in cell proliferation, we determined gene expression profiles by

microarray analysis (Experimental Procedures). This analysis

was conducted with RNA samples prepared from Fog2Rb�/Rb�

MEFs and WT MEFs on day �4 (Figure 4A; 1 day before the sig-

nificant decrease in Fog2Rb�/Rb� MEF proliferation) to prevent

bias in the results and to ensure that only genes displaying early

differential expression would be identified. We found that the

expression of 1,587 genes was significantly modified, by a factor

of more than 1.3, by FOG-2Rb� expression (p < 0.01).
3526 Cell Reports 21, 3524–3535, December 19, 2017
As expected, ingenuity pathway analysis

identified supernetworks in which most of

the targeted genes were involved in cell

proliferation (p = 1.433 10�27) and cell cy-

cle progression (p = 3.07 3 10�13; Fig-

ure 4D). Previous observations, hypothe-

ses, and this last analysis confirmed the

importance of FOG-2/pRb association in

the control of proliferation. The heatmap

for misregulated genes confirmed our hy-
pothesis and the lists of genes directly involved in cell prolifera-

tion, expression of genes under E2f1 control, or both these pro-

cesses are indicated in Figures 4E–4G. In particular, Pdk4

expression, which was stronger in E2f1�/� BAT (Blanchet et al.,

2011) and Fog2Rb�/Rb� BAT (Figures 3D, 6D, and 6E), was also

stronger in proliferating Fog2Rb�/Rb�MEFs (Figure 4F). The regu-

lation ofMcm5,Mcm6 (Ohtani et al., 1999), andPsat1 (Yang et al.,

2015) expression and the functions of the products of these

genes as activators during progression through the G1/S phase

of the cell cycle are consistent with our results (Figure 4B versus

Figures 4F and 4G). The higher levels ofCyb5a (Giovannetti et al.,

2014) or Eya4 (Mo et al., 2016) tumor suppressor expressionmay

also account for the proliferation defect seen in Fog2Rb�/Rb�

MEFs (Figure 4G). Overall, our analysis suggests that the muta-

tion of the FOG-2 binding to pRb is sufficient to disturb prolifera-

tion and cell cycle control, with E2F as an upstream regulator.

To confirm the potential intrinsic role of the FOG-2 on cell pro-

liferation, we turned to primary culture of preadipocyte cells that

are able to differentiate in adipocyte. We generated mouse pre-

adipocytes from inguinal WAT of Fog2WT and of Fog2Rb�/Rb�

mice: Fog2Rb�/Rb� preadipocytes proliferated less strongly

than WT preadipocytes (Figure 4H). Compared to WT pre-

adipocytes, Fog2Rb�/Rb� preadipocytes differentiated less (Fig-

ures 4I and 4J). Altogether, the lower proliferation capacity of

Fog2Rb�/Rb� MEFs (Figures 4A–4G) and Fog2Rb� preadipocyte

cells (Figures 4H–4J) is consistent with an adipocyte hypoplasia

shown in Figure 3A.

Fog2Rb�/Rb� Mutant Mice, MEFs, and Preadipocytes
Present Abnormal WAT/BAT Shift, and Fog2Rb�/Rb�

Mutant Mice Are Resistant to Cold Stress
We went back to our MEF and preadipocytes models to confirm

the potential WAT/BAT conversion of Fog2Rb�/Rb� inguinal WAT

(low-fat diet conditions; Figure 3A) or Fog2Rb�/Rb� peritoneal fat
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Figure 3. Fog2Rb�/Rb� Mutant Mice Present Adipocyte Hypotrophy Associated with Abnormal WAT/BAT Conversion

(A–C) Representative H&E staining sections of abdominal FAT (A), inguinal FAT (A), scapular BAT (B), scapular WAT (B), and peritoneal (C) from 12-week-old WT

and Fog2Rb�/Rb� male mice fed a LFD or a HFD (6 weeks; scale bar, 50 mm; and n = 6 per group). The cell surface average (mm2) was estimated by measurement

on histological sections, and the weight of each tissue was used to evaluate the relative adipocyte numbers (% of WT under LFD) in abdominal FAT (one-way

ANOVA with Bonferronni post-test, a = 0.05).

(D) Relative expression by qRT-PCR of relevant BAT or mitochondrial genes involved in oxidative metabolism and thermogenesis in inguinal and scapular FAT of

12-week-old WT and Fog2Rb�/Rb� male mice (Student’s t test, n = 3/genotype).

(E) mtDNA qPCR estimation of the mitochondrial number in the different FAT pads (Student’s t test, n = 3/genotype). See also Figure S3H.

Data are mean ± SD.
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Figure 4. Fog2Rb�/Rb� MEFs and Preadipocytes Have Abnormally Low Levels of Proliferation, and FOG-2 Regulates the Expression of E2F-

Regulated Genes

(A) Comparison of the timescale of WT and Fog2Rb�/Rb� E14.5 MEF proliferation before and after the onset of differentiation (J0) by two-way ANOVA with

Bonferronni post-test (a = 0.05, n = 3).

(B) Cell cycle profile of asynchronously growing WT and Fog2Rb�/Rb� MEFs (Student’s t test, n = 5).

(legend continued on next page)
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Figure 5. Differentiated Fog2Rb�/Rb� MEFs

Display the Characteristics of Brown Adipo-

cytes

(A) qRT-PCR quantification of the relative levels of

Ucp1 (adipocyte browning) and Fabp4 (general adi-

pogenesis) expression of differentiated WT and

Fog2Rb�/Rb� E14.5 MEFs in the absence (IDMR) or in

the presence (T3, CL). The fold change in Ucp1

expression relative to 18 s or Fabp4 is shown (n = 3

per treatment, one-way ANOVA t test with Bonfer-

ronni post-test (n = 3).

(B) Lipid droplets (Bodipy 493/503), mitochondria

(MitoTracker-Red), and the nuclei (Hoechst)

fluorescent staining of differentiated WT and

Fog2Rb�/Rb� MEFs.

(C) Oil red staining of inguinal WT and Fog2Rb�/Rb�

preadipocytes cultivated in WAT (IDM) or BAT (T3 or

CL) differentiating medium for 18 days.

(D) As in (A), same experiments were repeated in

preadipocytes (n = 6 per treatment and genotype).

Data are mean ± SD.
(Figure 3C). When BAT differentiation was promoted by the addi-

tion of T3 and the b-adrenergic agonist CL 316,243 (CL),

Fog2Rb�/Rb� MEFs and preadipocytes developed BAT charac-

teristics, with a consistent and significant upregulation of Ucp1

(Figures 5A and 5D). For MEF cells, a specific distribution of

intracellular lipids staining by Bodipy (small clustered lipid drop-

lets in the brown adipocytes and unilocular droplets in the white

adipocytes) and a stronger staining of mitochondria with Mito-

Tracker Red are visualized (Figure 5B). For Fog2Rb�/Rb� preadi-

pocyte cells, the observed morphology resembles brown-like

lipids with small lipid droplets that form clusters with multilocular

appearance (Figure 5C).
(C) Oil red staining of WT and Fog2Rb�/Rb� MEFs during adipogenesis (scale bar, 50 mm) with a quantifi

Bonferronni post-test, a = 0.05; n = 3).

(D) Pie charts showing the gene distribution in a classification indicating the percentage of genes belongin

analysis on 1,587 genes, using a threshold of 1.3 with p < 0.01).

(E–G) Heatmaps for E2f1-related genes (E), proliferation-related genes and E2f1-related genes (F), and E2

(H and I) As in (A) and (C), same experiments were repeated in preadipocyte (n = 9). Scale bar, 50 mm.

Data are mean ± SD.

Cell Repo
As the conversion from white to brown

adipocytes is associated with adaptive

thermogenesis, we challenged mice with

cold. Fog2Rb�/Rb� mice maintained body

temperature longer than controls (Fig-

ure 6A) due to an increase in BAT differen-

tiation within the inguinal WAT (Figures 3A

and 6B, 30�C). After exposure to 4�C
for 10 days, the conversion rate of WAT

to BAT was equivalent in WT and

Fog2Rb�/Rb� mice (Figure 6B, 4�C). More-

over, electron microscopy analysis re-

vealed features characteristic of a BAT

phenotype within the Fog2Rb�/Rb� inguinal

tissue: an increase in the number and size

of mitochondria and a decrease in the size

of lipid droplets (Figure 6C). In a thermo-
neutral environment, expression analysis of genes differentially

expressed in BAT versus WAT confirmed the presence of BAT

within WAT in Fog2Rb�/Rb�, but not in WT mice (Figures 6D and

6E). After cold exposure, an expression increase of BAT

markers was observed in both mouse genotypes: BAT in

Fog2Rb�/Rb� reached a plateau and BAT in WT mice caught

up with the mutant mice level after cold exposure (Figures 6D

and 6E). As a control, analysis of scapular BAT indicated an

equivalent enhancement of BAT markers in both cases (Fig-

ure S5D). An analysis of adiposity parameters under cold stress

confirmed that Fog2Rb�/Rb� mice were already well adapted to

this stress and maintained their adiposity, whereas WT mice
cation of staining on the right (two-way ANOVA with

g to specific groups, as indicated (ingenuity pathway

f1-related genes (G) as indicated.
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Figure 6. Fog2Rb�/Rb� Mice Are Resistant to

Cold Stress

(A) Time course (hours) of rectal temperature of 10-

week-oldWT and Fog2Rb�/Rb�malemice exposed

to a stress cold (4�C) for 7 hr (two-way ANOVAwith

Bonferronni post-test, a = 0.05; n = 4/genotype).

(B) Macroscopic observation and H&E staining

of sections of inguinal WAT from WT and

Fog2Rb�/Rb�male mice at thermo-neutrality (30�C)
or cold-adapted (4�C) for 10 days (n = 5/genotype;

scale bar, 50 mm) under a regular diet. See also

Figure S5.

(C) Representative electron micrographs of

inguinal sections from (B) focused onmitochondria

(340,000; scale bar, 0.2 mm). The localization of

the lipid droplet (LD) is indicated.

(D and E) qRT-PCR relative expression of relevant

genes involved in BAT and mitochondrial meta-

bolism in inguinal (D) and scapular (E) WAT (n = 3/

group). *WT 30�C versus WT 4�C, +WT 30�C
versus Fog2Rb�/Rb� 30�C, #WT 4�C versus

Fog2Rb�/Rb� 4�C (one-way ANOVA with Bonfer-

ronni post-test, a = 0.05). See also Figure S5D.

Data are mean ± SD.
lost weight and increased the browning of WAT (Figure 6;

Figure S5).

Fasted Homozygous Fog2Rb�/Rb� Mutant Mice Have
Lactic Acidosis and an Alteration of Metabolism
Serum glucose levels were slightly lower, insulin secretion lower,

and serum lactate levels higher in Fog2Rb�/Rb� than WT mice

(Figure S6A). This suggests that the mutation of the LXCXE

pRb-binding site of FOG-2 may be involved in the anaerobic

glycolytic pathway in muscle and in hepatic gluconeogenesis

(Cori cycle). Glucose and insulin tolerance tests indicated that

Fog2Rb�/Rb� mice were not diabetic but were apparently hyper-

sensitive to insulin (Figure S6B). We performed lactate and pyru-

vate tolerance tests to determine why Fog2Rb�/Rb� mice had a

higher level of lactate. These mice displayed intolerance to

both lactate and pyruvate, and a lower capacity than WT to

convert lactate and pyruvate to glucose (Figures S6C and

S6D). Lactate metabolism in the liver plays important roles in

buffering blood lactate levels. In the Cori cycle, the liver takes

up lactate and converts it into pyruvate, which then serves as a

substrate for gluconeogenesis.

We thus compared the mRNA levels of genes involved in

key enzymes that commit pyruvate/lactate to hepatic neo-

glucogenesis (G6pc, Pck1, Pcx, and Pklr), that are involved in py-

ruvate conversion to lactate (Ldha), and that are engaged in

metabolite transportation (Mct1 for lactate transport and Mpc2

for pyruvate transport). The global expression profile in the liver

of Fog2Rb�/Rb� mice was altered relative to WT mice after

16 hr of fasting: Mpc2, G6pc, and Pck1 expression levels

decreased significantly (Figure S6E). In contrast, Ldha and
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Mct1 expression levels increased. Hence,

the expression profile observed in

Fog2Rb�/Rb� mice is consistent with

their high blood lactate concentration
observed after lactate and pyruvate challenge (Figures S6C

and S6D). Therefore, Fog2Rb�/Rb� mice seem to suffer from a

defect in hepatic gluconeogenesis, the pathophysiology of

which remains to be understood.

As Leptin promotes GATA-3 expression in the liver and con-

trols the inhibition of PPARg1 (Guan et al., 2017), we investigated

the resistance to hepatosteatosis of Fog2Rb�/Rb� livers by eval-

uating Leptin levels in Fog2Rb�/Rb� mice. These levels were

lower in the mutant mice than in WT, providing a potential expla-

nation for the observed phenotype (Figure S6F). Resistance to

hepatosteatosis in Fog2Rb�/Rb� mice may result from an indirect

(Leptin production). Direct implication of GATA-3/FOG-2/pRb

pathway deregulation in hepatosteatosis of Fog2Rb�/Rb� livers

is possible, but the very low level of FOG-2 protein expression

in liver (Figure S2D) is against this hypothesis.

Given the lack of a link between FOG-2 and total energy

expenditure, we addressed this question by making extensive

analyses of metabolism using indirect calorimetric analysis in a

controlled environment, as described in the Supplemental

Experimental Procedures. Compared to Fog2Rb�/Rb littermate,

Fog2Rb�/Rb mice displayed a significant decrease in whole-en-

ergy expenditure (Figure S7A). The effect on energy expenditure

stemmed from the decrease of the resting metabolism (Supple-

mental Experimental Procedures and Figure S7B). Concomitant

analysis of food intake (expressed in kcal/kg lean body mass)

showed a significance decrease of food intake in Fog2Rb�/Rb�

mice (Figure S7C). Interestingly, energy balance calculated dur-

ing the same period showed that WT animals were in significant

positive energy balance compared to the Fog2Rb�/Rb�mice (Fig-

ure S7D). These differences could explain the differences in body



weight. However, the lower level of resting metabolism (Fig-

ure S7B) and an increase in lipid oxidation (Figure S7E) indicate

that peripheral tissue metabolism was adapted for the preferen-

tial use of lipid substrates.

Oxamate Reverses the Adiposity of WT and Fog2Rb�/Rb�

Mice In Vitro and In Vivo

The concentration of lactate in the blood was high in

Fog2Rb�/Rb� mice (Figure S6A), and lactate has been identified

as a WAT-browning factor (Carrière et al., 2014; Vergnes and

Reue, 2014). Various metabolic processes are coupled with

pRb/E2F cell cycle regulators (Aguilar and Fajas, 2010). We

therefore explored the importance of this cellular metabolite in

our model. We tested the effects of drugs that disturb pyru-

vate/lactate metabolism, including oxamate (OXA) and phenyl-

acetate (PA), which inhibit lactate dehydrogenase (LDH) and py-

ruvate carboxylase (PC), respectively. Only OXA has the most

significant differential effects on adipogenesis: complete resto-

ration of Fog2Rb�/Rb MEF differentiation and inhibition of WT

MEF differentiation (Figure 7A). Once again, these MEF experi-

ments support the conclusion that Fog2Rb� defects are, at least

in part, cell intrinsic.

To confirm this observation in vivo, WT and Fog2Rb�/Rb� mice

were treated for 5 weeks with OXA by intraperitoneal injection.

Treated WT mice showed all the symptoms of adipose hypotro-

phy, whereas Fog2Rb�/Rb� mice, which were lean before drug

treatment, became fat (Figures 7B–7D). Histological and molec-

ular analysis revealed a concomitant inversion of (1) cell morpho-

logical features (Figure 7E; Figure S8); (2) Ucp1, Cidea, and

Cox5a expression (Figure 7F); and (3) mitochondrion numbers

(Figure 7G). These observations are consistent with the induction

of a subcutaneous browning ofWAT inWTmice and an inhibition

of WAT browning in Fog2Rb�/Rb� mice by OXA. Indeed, we also

observed that OXA treatment corrected blood lactate level in

Fog2Rb�/Rb� mice, but it led to an increase in blood lactate in

WT mice (Figure 7H). Fog2Rb�/Rb� mice compensated for their

inability to recycle lactate through a metabolic adaptation

involving a switch to BAT. The molecular mechanisms by which

OXA modifies the phenotypes of WT and Fog2Rb�/Rb� mice

remain to be established.

DISCUSSION

The members of the GATA family of transcription factors

(six members in mammals) and their cofactors (FOG-1 and

FOG-2) play a key role in tissue-specific development and dif-

ferentiation. The FOG cofactors bind exclusively to the N-termi-

nal zinc finger of GATA protein, cannot bind DNA, have no in-

dependent function, and act together with GATA to control

cell differentiation (Chlon and Crispino, 2012). GATA-1/2/3

and FOG-1 are predominantly expressed in hematopoietic

cells, whereas the other GATA members and FOG-2 participate

in control of the differentiation of most other cell types (Cantor

and Orkin, 2005; Patient and McGhee, 2002). We recently

discovered a new pathway in which the dynamic regulation of

GATA-1/FOG-1 binding is directly connected to the control of

cell proliferation by the pRb/E2F pathway. We have demon-

strated the functional importance of an LXCXE pRb-binding
site of GATA-1 as a key component of this regulation control-

ling both erythroid proliferation and differentiation: mutation of

this motif abolishes the anti-proliferative function of GATA-1

in vitro and leads to the death of mice by anemia in vivo (Kadri

et al., 2009). We show here that GATA-1 and FOG-2 are the

only members of the GATA and FOG families to have an N-ter-

minal LXCXE pRb-binding motif. Unlike GATA-1, which inhibits

cell division, FOG-2 promotes proliferation. The mutation of its

LXCXE motif prevents this effect, and it has an impact on adi-

pogenesis in vitro and in vivo.

We previously showed that mutation of the LXCXE pRb-

binding site of GATA-1 prevents E2F sequestration within

GATA-1/pRb/E2F complexes (Kadri et al., 2009, 2015), result-

ing in changes to the GATA-1/FOG-1 and pRb/E2F equilib-

rium. As biochemical analyses of the endogenous FOG-2/

pRb/E2F complexes in WT and Fog2Rb�/Rb� mice were incon-

clusive, it was not possible to directly demonstrate the

underlying molecular mechanism involved in the proliferation

increase induced by FOG-2. However, loss-of-function data

seem to indicate a direct connection between FOG-2 and

pRb: (1) Fog2Rb�/Rb� mice display abdominal WAT hypopla-

sia, (2) Fog2Rb�/Rb� MEFs and preadipocytes display an

impairment of proliferation, (3) the expression of several genes

involved in cell proliferation and cell cycle progression is mis-

regulated in Fog2Rb�/Rb� MEF cells, and (4) LXCXE mutation

of FOG-2 results in a loss of proliferation. Problems evaluating

the endogenous physical associations between pRb and

LXCXE proteins have repeatedly been reported (Morris and

Dyson, 2001). For example, the LXCXE domains of ID-2 (La-

sorella et al., 1996) and of the oncoproteins E1A, E7, and

SV40 large T antigen (Helt and Galloway, 2003) have clearly

been implicated in pRb/E2F regulation, but no evidence of a

direct association between these proteins and pRb has ever

been reported.

The phenotype of Fog2Rb�/Rb� mice is consistent with a KO

of associated factors. For example, GATA-2/3 gene KO en-

hances adipogenic potential (Tong et al., 2000), and our model

suggests that disruption of one component of the complex can

affect the relationship between FOG-2 and pRb/E2F. Thus, like

Fog2Rb�/Rb� mice, pRb�/� (Calo et al., 2010; Dali-Youcef et al.,

2007; Hansen et al., 2004) and E2f1�/� (Blanchet et al., 2011)

KO mice are resistant to obesity. Collectively, our FOG-2 data

and published data for pRb, E2F, and GATA proteins seem to

indicate that these four components act together in the control

of adipogenesis.

In light of our previous findings for GATA-1 (Kadri et al., 2009),

we conclude that one member of the GATA/FOG complex is

involved in pRb regulation, but that GATA-1 and FOG-2 have

opposite effects. GATA-1 binding to pRb/E2F-2 slows down

theG1/S cell cycle transition, andmicewith aGATA-1Rb�mutant

protein are unable to achieve normal erythroid differentiation and

die from anemia by E11 (Kadri et al., 2009). Conversely, we

show here that mutation of LXCXE pRb-binding motif of FOG-2

reduces adipocyte precursor number (WAT hypoplasia in

Fog2Rb�/Rb� mice) and MEF and preadipocyte cell proliferation.

These opposite effects of GATA-1 and FOG-2 in the control of

cell proliferation are not yet fully understood. Similar results

have been observed with other proteins bearing an LXCXEmotif,
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Figure 7. Oxamate Reverses Adiposity of WT and Fog2Rb�/Rb� Mice In Vitro and In Vivo

(A) Oil red staining of WT and Fog2Rb�/Rb� E14.5 MEF cells induced at confluency to differentiate 7 days into adipocytes with or without sodium oxamate (OXA)

(three independent experiments give the same result). Scale bar, 50 mm.

(B) Quantification of adiposity increase of BMI (kg/m2) and adiposity (%) of 10-week-old WT and Fog2Rb�/Rb� male mice injected daily with PBS or oxamate for

5 weeks (one-tailed Mann-Whitney test, a = 0.05; n = 8/group) under a regular diet.

(C and D) Macroscopic comparison of inguinal (C) and abdominal (D) fat of corresponding mice.

(E) Representative H&E staining of inguinal FAT sections from corresponding mice (scale bar, 50 mm). See also Figure S8.

(F) qRT-PCR relative quantification of genes specifically expressed in BAT (Ucp1, Cidea, and Cox5a) in inguinal FAT of WT and Fog2Rb�/Rb� mice injected with

PBS or oxamate for 5 weeks.

(G) qPCR estimation of mtDNA level with and without oxamate (OXA) treatment in inguinal FAT (for F and G, one-way ANOVAwith Bonferronni post test, a = 0.05;

and n = 5 per group).

(H) Blood lactate level of WT and Fog2Rb�/Rb� male mice injected with PBS or OXA, (one-tailed Mann-Whitney test, a = 0.05; n = 5/group/genotype). See also

Figure S6.

Data are mean ± SD.
such as ID-2 (Lasorella et al., 1996) and the oncoproteins E1A,

E7, and SV40 large T antigen (Morris and Dyson, 2001).

The hematopoietic factor GATA-1 is phosphorylated by AKT at

Ser310. The non-hematopoietic GATA cofactor FOG-2 also has

a Ser residue in position 532 that could be targeted for AKT

phosphorylation. In erythroid cells, AKT is activated by erythro-

poietin, which is required, in vitro, for erythroid differentiation

(Kadri et al., 2005; Zhao et al., 2006). Mice bearing a mutation

Ser310 to be replaced by an alanine residue (Gata-1S310A) suf-

fer from fatal anemia if a compensatory pathway for E2F2 pro-

duction involving IGF-I signaling is simultaneously abolished.
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Thus, signaling via the IGF-I receptor results in physiological ad-

aptations compensating for the abnormal sequestration of E2F2

by the GATA-1S310A/pRb complex (Kadri et al., 2015). We

deduce that FOG-2 phosphorylation by AKT may also be

involved in the dynamics of this pRb pathway. It is interesting

to note that the restriction of erythropoietin receptor expression

to hematopoietic tissues promotes obesity (Teng et al., 2011)

and erythropoietin overexpression (Hojman et al., 2009) or the

loss of AKT (Wan et al., 2012) protects against diet-induced

obesity. AKT activation by erythropoietin or other cytokines

may induce FOG-2 phosphorylation, increase FOG-2/GATA



binding, and enhance FOG-2/pRb dissociation. The existence of

this putative pathway remains to be established in vivo: studies

of mice with a KI of a mutated gene encoding a FOG-2 protein

in which Ser532 is replaced by an alanine residue.

Overall, the data presented here indicate that disruption of the

LXCXE pRb-binding site of FOG-2 in adipocyte progenitors may

induce WAT browning, providing support for a role of pRb in di-

recting the differentiation of bipotent adipocyte precursors into

white or brown adipocytes. This hypothesis is not new, and reti-

noblastoma protein haploinsufficiency (Mercader et al., 2009;

Petrov et al., 2016), disruption (Calo et al., 2010; Dali-Youcef

et al., 2007; Hansen et al., 2004), and indirect inhibition (Hu

et al., 2015; Scimè et al., 2005; Wang et al., 2013) have identified

pRb as a regulator of the commitment of preadipocytes to brown

adipogenesis.

Finally, our findings highlight the potential role of lactate in

the conversion of WAT to BAT. Lactate is the main by-product

of glucose under conditions of anaerobiosis/hypoxia, for

example, during exercise. Lactate serves not only as an en-

ergy substrate but also as a molecule signaling the fate and

function of adipose cells (Cai et al., 2008; Rooney and Tray-

hurn, 2011). Lactate has been reported to induce UCP-1

expression and, consequently, BAT production. The inhibition

of lactate import abolishes this process (Carrière et al., 2014).

Lactate upregulation during browning increases Fgf21 expres-

sion in WAT adipocytes, contributing to UCP-1 expression

(Jeanson et al., 2016). However, extrinsic processes, such

as the CNS regulation of food intake and body weight by py-

ruvate/lactate balance (Lam et al., 2008), may make interpre-

tation difficult. On the other hand, as FOG-2 and GATA-3 are

required in brain functions (Lu et al., 1999), an intrinsic control

of food intake, body weight, and hyperactivity by FOG-2/pRb

could be a possibility. The effects of injecting OXA in WT and

Fog2Rb�/Rb� mice highlight the complex interplay among

several metabolic pathways regulating pyruvate/lactate ho-

meostasis. OXA, a non-toxic pyruvate analog, inhibits both

the A and B isoforms of LDH responsible for controlling pyru-

vate/lactate interconversion in several metabolic organs,

including the muscle, heart, liver, and adipose tissue (Cassady

et al., 2001; Wong et al., 1997). LDH-A catabolizes pyruvate to

lactate and generates NAD+, an essential cofactor for other

metabolic enzymes. By contrast, LDH-B converts lactate to

pyruvate, making it possible for cells to use lactate as a source

of nutrients for oxidative metabolism (muscle and heart),

gluconeogenesis (liver), and lipogenesis. The functions of

LDH isozymes have probably been underestimated and have

yet to be fully elucidated. OXA also targets other enzymes,

potentially accounting for its impact on metabolic flux (Mor-

eno-Sánchez et al., 2017). OXA has also been identified as a

possible inhibitor of members of the MCT pyruvate/lactate

transporter family (Halestrap, 2012). It is, therefore, difficult

to interpret the effects of OXA injection, leading to an increase

in blood lactate level and a decrease in body weight (catabo-

lism) in WT mice and the opposite effect in mutant mice (anab-

olism). Mutation of the LXCXE motif of FOG-2 in MEF cells

leads to a browning of these cells and OXA treatment reverses

this process. We can therefore conclude that this pathway is

at least partly cell autonomous.
Our data identify FOG-2 as a new switch in lineage commit-

ment and expansion. FOG-2may be a relevant target in attempts

to control the balance between WAT and BAT. Thus, a single

member of each component of the GATA/FOG complex,

GATA-1 and FOG-2, contains a functional LXCXE pRb-binding

motif in an N-terminal position and is involved in pRb/E2F regu-

lation. These both proteins were unexpectedly found to have

different roles in the control of red blood cell production and

adipocyte production, respectively. These twomodels shed light

on the complex processes involved in the normal and patholog-

ical regulation of the crucial balance control between cell prolif-

eration and differentiation within tissues.

EXPERIMENTAL PROCEDURES

MEF Induction of Adipogenesis

For differentiation, MEFs were seeded at 62.5 3 103 cells/well of MW24, and

2-day post-confluent cells (designated day 0) were switched to adipocyte dif-

ferentiation medium (ADM; AmnioMax C-100 basal medium [Invitrogen] sup-

plemented with 7.5% fetal bovine serum [FBS; 16030, Gibco, Invitrogen],

7.5% AmnioMax-C100 Supplement, 2 mM Glutamine and 13 penicillin/strep-

tomycin and containing 1 mMdexamethasone [Sigma], 0.5mMmethylisobutyl-

xanthine [I7018, Sigma], 5 mg/mL insulin [Sigma], and 0.5 mM rosiglitazone

[R2408, Sigma] for 2 days. From day 2, the medium contained only 5 mg/mL

insulin and 0.5 mM rosiglitazone and was changed every 2 days. Full differen-

tiation was achieved after 6–10 days. For the LDH inhibition experiment, post-

confluent MEFs were induced to differentiate in the ADMwithout rosiglitazone

in the presence of 20mMOXA in PBS 13, and themediumwas changed every

2 days for 7 days.

Cell Cycle Analysis

Cell cycle analysis was performed on asynchronously growing MEFs with a

NucleoCounter NC-3000 (Chemometec) instrument. Cells were harvested

and stained with 10 mg/mL DAPI according to the manufacturer’s instructions,

and DAPI staining intensity was then analyzed as an indicator of DNA content.

The DNA content histograms obtained were used to determine the numbers of

cells in the various stages of the cell cycle and to plot the cell cycle distribution

of MEFs.

Bodipy and MitoTracker Labeling

Bodipy493/503 (790389, Sigma, 1 mg/mL) and MitoTracker Red (100 nM,

M7512, Molecular Probes) were used for the simultaneous staining of live cells

for 30 min at 37�C in culture medium before fixation and staining with Hoechst

33342 (2.5 mg/mL, Molecular Probes H3570). Fluorescent images were

captured with a Leica fluorescence microscope equipped with a Nikon DXM

1200C digital camera.

Oil Red Staining

Dishes were washed with PBS and cells were fixed with Formalin solution 10%

(HT5011, Sigma) for 10 min at 20�C. Cells were washed 2 times with H2O and

one time with 60% isopropanol. Cells were dried completely at room temper-

ature and labeled with filtered oil red solution (0.6 g oil red, O0625 Sigma, dis-

solved in 60% isopropanol) for 10 min. Oil red solution was removed and the

cells were washed 4 times with water before the acquisition of images under

a microscope.

Animals and Diet

Mice were housed in a temperature-controlled (at 22.5�C ± 1�C) room on a

12-hr light/dark cycle in an animal facility of CEA FAR. Animals were main-

tained on a standard chow diet containing 5.1% fat (A03-10, SAFE Diets.com).

Cold Experiment

For the cold challenge experiment, male mice acclimated at 28�C –30�C were

placed at 4�C for several hours or progressively acclimated at 4�C for 10 days.

10-week-old WT and Fog2Rb�/Rb�mice were individually housed in cages and
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acclimated to cold (2 hr per day) during 3 days and maintained at 6�C during

10 days. Mice were euthanized and studied.

OXA Treatment

Sodium OXA (O2751, Sigma) was dissolved in PBS at 50 mg/mL. Mice

received an intraperitoneal injection with 15 mg OXA (300 mL) or PBS

(300 mL/30 g body weight [BW]) every 24 hr for 5 weeks. This treatment was

done under a regular diet.

Metabolic Experiments

Glucose levels in blood from tail were measured, on conscious mice after a

16-hr fast, with test strips on a glucometer (Roche, Accuchek Performa

nano). In the same condition, lactate levels were measured with test strips

on an EKF Diagnostics lactate meter (Lactate Scout). For plasma analysis,

blood was collected from retro-orbital sinus after overnight fasting. Blood

was kept on ice until centrifugation (1,5003 g, 15 min at 4�C), and the plasma

was stored at�20�C until analysis. Plasma mouse adipokines were measured

using Multiplex Biomarkers Immunoassays for Luminex xMAP technology

(MMHMAG-44K, Millipore, France).

Glucose, Insulin, Pyruvate, and Lactate Tolerance Tests

Tolerance tests were performed by fasting themice overnight for 6 or 16 hr and

then injecting glucose (D-Glucose G8769, Sigma, 1 g kg�1), insulin (I2643,

Sigma, 0.75 g kg�1), pyruvate (P4562, Sigma, 2 g kg�1), or lactate (L7022,

Sigma, 1.5 g kg�1) intraperitoneally. Blood samples were collected from tail,

and glucose and lactate level measurements were performed at specific

time points, indicated as described in Metabolic Experiments.

Statistical Analyses

Values are expressed as mean ± SD or mean ± SEM when precised. Data

determined to be normally distributed as the maximum and the minimum

values in each dataset were <3 SD from the mean. Data were analyzed using

Prism 6.0 (GraphPad Software) by one-tailed Student’s t test or one-way

ANOVA with Bonferroni post-test (a < 0.05). Parameters measured over mul-

tiple time points were analyzed with two-way ANOVA with Bonferroni post-

test; time was a within-subject factor. Otherwise, as specified in the legend,

when f-test indicated statistically different variance (a < 0.05), the unpaired

one-tailed Mann-Whitney test was used (a < 0.05). The significance levels dis-

played in figures are as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ‘‘NS’’

means no significance. There was no blinding, and no particular randomization

method was used to assign individuals to experimental groups. Sample or

experiment sizes were determined empirically to achieve sufficient statistical

power.
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The accession number for the proliferating WT and Fog2Rb�/Rb� E14.5 MEF
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