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for ameliorating obesity. In this review, we discuss recent 
work that has documented that ZFPs are important func-
tional contributors to the regulation of adipogenesis. Taken 
together, these data lead to the conclusion that ZFPs may 
become promising targets to combat human obesity.
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Introduction

As obesity and adiposity-associated diseases continue to be 
a huge worldwide health problem, various approaches have 
been proposed, studied, and/or tried to ameliorate this ever-
increasing public health issue [1, 2]. Since to date energy 
balance and exercise-oriented approaches as well as phar-
macological treatments have not been overly successful, 
academic researchers, clinical scientists, public health offi-
cials, as well as patients have been interested in effective 
strategies to lower the rate of obesity. In this regard, a more 
complete understanding of adipocyte biology has been of 
increasing interest to all for over 50 years [1, 2]. In the pro-
cess of seeking understanding and solutions to obesity at 
organ, cellular, and molecular levels, significant biologi-
cal processes involved in adipogenesis have been revealed, 
which inferred the process of precursor cells (arising from 
pluripotent cells) to form committed cells of the fat cell 
lineage and these preadipocytes then transform into lipid-
containing mature adipocytes [3]. Although important 
signal transduction pathways and key transcriptional fac-
tors involved in adipogenesis have been brought to light 
within the complicated gene regulatory networks, these 
efforts have not yet resulted in robust and safe anti-obesity 
drugs. In multiple cases, anti-obesity drugs demonstrated 

Abstract  Proteins containing the zinc finger domain(s) 
are named zinc finger proteins (ZFPs), one of the largest 
classes of transcription factors in eukaryotic genomes. A 
large number of ZFPs have been studied and many of them 
were found to be involved in regulating normal growth 
and development of cells and tissues through diverse sig-
nal transduction pathways. Recent studies revealed that a 
small but increasing number of ZFPs could function as key 
transcriptional regulators involved in adipogenesis. Due 
to the prevalence of obesity and metabolic disorders, the 
investigation of molecular regulatory mechanisms of adi-
pocyte development must be more completely understood 
in order to develop novel and long-term impact strategies 
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limited efficacy accompanied by serious long-term side 
effects [2, 4]. During past investigations, zinc finger motif 
proteins emerged as key regulatory transcription factors 
during adipogenesis. This large class of proteins contain-
ing zinc finger motif(s) is more commonly referred to as 
the zinc finger proteins (ZFPs) and represents the larg-
est transcription factor family in mammals [5]. By DNA/
RNA binding, protein–protein interactions, transcription 
activation, and regulation of apoptosis, ZFP transcription 
factors play a crucial role in regulating diverse growth and 
development processes [6]. An increasing number of ZFPs 
involved in adipogenesis have been discovered; hence, this 
review focuses on recent advances in the most prominent 
ZFP members that are related to the regulation of adipo-
genesis. Advances in understanding of molecular regula-
tory factors during adipocyte growth and development may 
provide crucial new insights into possible solutions in the 
fight against obesity.

Adipose tissue development

Adipose tissue

Adipose tissue/fat was originally known by its function as 
an energy transit station in mammals via storing triglycer-
ides and releasing fatty acids. Upon more recent research 
on cellular and molecular processes, however, adipose tis-
sue was also found to secrete numerous adipokines, notably 
adiponectin and leptin, and currently is being considered 
as a major endocrine organ [7]. By influencing a variety 
of biological and physiological processes including ther-
moregulation, energy regulation, insulin sensitivity, tis-
sue cross-talk, inflammatory reactions, and cardiovascular 
responses, fatty tissue plays an irreplaceable role in main-
taining whole-body homeostasis.

Brown adipose tissue (BAT) and white adipose tis-
sue (WAT) are the two types of adipose tissue present in 
mammals. BAT-derived adipocytes contain a large number 
of mitochondria, in which abundant uncoupling proteins 
1(UCP1) are uniquely present in the inner mitochondrial 
membrane. These UCPs dissipate the matrix to inner-
membrane space proton gradient thus uncoupling electron 
transport from ATP synthesis, which results in dissipation 
of energy as heat [8, 9]. Different from BAT, which plays 
a key role in thermogenesis, WAT stores a large amount 
of lipids and is the source of numerous adipokines, which 
are either involved in maintenance of whole-body energy 
balance, inflammation, and numerous other aspects of 
fat metabolism [10, 11]. From a whole-body distribution 
perspective, BAT is generally abundant in newborns and 
decreases with age, whereas WAT exists widely, especially 
in the intra-abdominal and subcutaneous tissues [12, 13]. 

In humans, the excessive accumulation of WAT is a main 
contributing factor to obesity, which also leads to adverse 
health effects, such as insulin resistance, heart disease, and 
metabolic disorders [14].

Adipose development and molecular regulation

Adipose tissue is a dynamic organ (as exhibited by circu-
lar lipogenic and lipolytic processes) that is controlled by 
systemic hormones and local paracrine and autocrine fac-
tors. Remodeling of fat tissue in response to fluctuations in 
nutrient availability, exercise, and medical care is essential 
for maintaining metabolic homeostasis. In vivo, both adipo-
cyte hyperplasia (number increase) and hypertrophy (vol-
ume increase) contribute to adipose tissue expansion and/or 
compensation for adipocyte apoptosis [15] as outcomes of 
a series of molecular events and lipid synthesis. These pro-
cesses are traditionally referred to as adipogenesis, which 
are characterized by initial precursor cell determinations 
of mesenchyme-derived cells programmed to differentiate 
into adipocyte lineage, followed by subsequent prolifera-
tion and terminal differentiation of preadipocytes to mature 
adipocytes resulting in cell expansion and finally cytoplas-
mic lipid accumulation. New ideas on the plasticity of adi-
pocytes have led to a more flexible definition of adipogen-
esis [3], but understanding these mechanisms may allow us 
to identify therapeutic targets to prevent obesity and other 
metabolic disorders.

Adipocytes are primarily derived from multipotent mes-
enchymal stem cells (MSCs), which also have the capacity 
to develop into osteoblasts, chondrocytes, and myoblasts 
through various differentiation pathways, respectively [13, 
16]. Studies of mesenchymal stem cell differentiation pro-
cesses have revealed an array of “master genes” that are 
essential for progenitor cells into unique differentiation 
directions [17]. Through intricate adipogenic signaling 
pathways and epigenetic events, multipotent MSCs are 
progressively determined and then committed to the adipo-
cyte lineage. The next stage of the process of adipogenesis 
is the re-entry of growth-arrested preadipocytes into the 
cell cycle and the completion of several rounds of clonal 
expansion [18]. Under adipogenic signals, the expression 
of C/EBPβ (CCAAT/enhancer binding protein β) is rapidly 
induced, consequently initiating adipocyte differentiation 
[19]. The subsequent expression of PPARγ (peroxisome 
proliferator-activated receptor γ) and C/EBPα (CCAAT/
enhancer binding protein α) ends mitotic clonal expansion 
and is followed by a second growth arrest and terminal dif-
ferentiation and maturation, which is characterized by lipid 
accumulation and the expression of aP2 (FABP4), leptin, 
and several other markers [19–21].

In the past decades, significant progress has been 
achieved in revealing the characteristics and molecular 
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regulations of adipocytes by using several cell lines (such 
as 3T3-L1) as well as primary cell cultures. The prominent 
signaling cascades in preadipocyte determination, such as 
BMP (bone morphogenic protein), Wnt, and Hedgehog 
signaling pathways, and the master genes during adipo-
cyte differentiation, notably PPARγ and C/EBPs (CCAAT/
enhancer binding proteins), have broadened our knowledge 
about growth and development of adipocytes. However, 
the regulation of the early stage of adipose development, 
adipogenic commitment, is still largely unknown, espe-
cially regarding the adipocyte origin/determination and the 
underlying molecular mechanisms. It was recently discov-
ered that zinc finger protein 423 (Zfp423) regulates PPARγ 
expression, in part through amplification of the BMP sign-
aling pathway, playing a critical role in regulating the adi-
pogenic potential/determination of progenitor cells [22]. In 
addition, an increasing number of ZFPs have been recently 
reported to regulate fat-cell determination and differen-
tiation. Progressive understanding of ZFPs broadens our 
knowledge about adipogenesis and may allow us to identify 
therapeutic treatments against obesity.

An overview of ZFPs

The discovery of ZFPs

The first recognized zinc finger protein, general tran-
scription factor IIIA (TFIIIA), was reported in 1983 from 
Xenopus immature oocytes [23]. This protein-activated 
transcription of Xenopus 5 S RNA synthesis by binding to 
its DNA control region while intrinsic zinc ion of TFIIIA 
was unexpectedly found to be required [23]. Amino acid 
sequence analysis revealed that TFIIIA contained several 
similar tandem units, each consisting of about 30 residues 
and two pairs of cysteine (Cys) and histidine (His) [24]. 
Proposed linear arrangement of these repeated domains 
showed that each domain might fold and center on a zinc 
ion independently [24]. By binding two pairs of Cys and 
His residues, each zinc iron draws the ends of adjacent 
units together, making the central residues to form a poten-
tial DNA-binding loop like raised “finger” [24]. This struc-
ture was later confirmed by nuclear magnetic resonance 
(NMR) spectroscopy [25] and is considered as the canoni-
cal zinc finger motif, accompanied by the discovery of a 
large number of other zinc-binding motifs over the past 
decades.

Basic structures of zinc fingers

Zinc finger proteins contain one or more zinc fin-
ger motif(s), which play a major role in its regulatory 

functions. Structurally, canonical zinc finger is a short 
polypeptide with a special secondary structure stabilized 
by a zinc ion bound to two conserved Cys and His resi-
dues within the motif. Based on the number and order of 
the Cys and the His residues, ZFPs are sorted into C2H2, 
C2HC, C2C2, C2HCC2C2, and C2C2C2C2 types (C rep-
resents Cys; H represents His) [26–28]. Among these, 
C2H2 (also known as CCHH/TFIIIA/Krüppel-like fingers) 
is the first found classical zinc finger, and represents one 
of the largest and most important families of DNA-bind-
ing proteins of eukaryotic transcription factors [29–31]. 
C2H2 is also described as CX2–4CX12HX2–6H (X repre-
sents variable amino acid residues) and contains two to 
three β strands in its N-terminal sequence and one α helix 
in the C-terminal half of the X12H [5, 32, 33]. The first rec-
ognized zinc finger protein TFIIIA belongs to the C2H2 
category.

The specific affinity of zinc fingers for different ligands 
is associated with amino acid sequences, spatial struc-
tures, as well as finger numbers and their interactions. For 
example, a greater finger number always results in wider 
binding activities in the C2H2 type of ZFPs [32]. So far, 
in addition to the traditional way of binding DNA, some 
ZFPs can also bind to dsRNA/ssRNA, DNA, and RNA 
hybrid, or protein [26, 34, 35], and thereby function as a 
master regulator of a set of genes or work cooperatively 
with other DNA-binding proteins [36]. Diverse structures 
of zinc fingers enable the ZFP family to play critical roles 
in many cellular functions.

Roles of ZFPs in adipogenesis and adipocyte function

Zinc finger proteins are involved in different cellular 
responses, such as cell proliferation, growth, differentia-
tion, metabolism, immunity, as well as the process of adi-
pogenesis. Several members of the zinc-finger protein 
family, such as the GATA, KLF5, and Egr2 (Krox20), 
have been long known to play important roles in adipocyte 
development. As the increasing numbers of ZFP genes have 
currently been identified to be involved in adipose develop-
ment, we believe that this prominent family of proteins and 
their proposed functions during adipocyte differentiation 
must be highlighted. In this review, we focus on recently 
discovered ZFPs occur in adipogenesis, which participate 
in adipocyte determination and differentiation, function as 
a master modulators or co-regulators via recruiting various 
co-activators and repressors (Table  1). In addition, sche-
matic representations of these ZFPs are shown in Fig.  1. 
Since the ZFP superfamily has considerable members in 
mammals, some ZFP regulators like Sp1 and Sp3, which 
have been reported to participate in adipogenesis for a long 
time [37, 38], are not discussed here.
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Table 1   Direct roles of zinc finger proteins (ZFPs) in regulating white adipogenesis

Main function 
stage

ZFP member ZFP category Cell type/model Effect(s) on white adipogenesis in mammals Reference

Determination Zfp423 C2H2 Swiss 3T3; NIH 3T3; 3T3-L1; 
Zfp423−/−mice; Bovine 
IMF-SVs

Promotes adipocyte development by increasing 
PPARγ expression

[22, 43, 
46, 47]

Zfp467 C2H2 Kusa 4b10; C57B1/6 mice; 
Mouse ADSCs

Promotes adipocyte development by increasing 
PPARγ expression; inhibits osteoblast development

[39, 48]

Zfp521 C2H2 3T3-L1; 3T3-F442A; 
C3H10T1/2; Primary MEFs; 
Zfp521+/− mice

Inhibits adipocyte development by negatively regulat-
ing Ebf1 and Zfp423; promotes bone development

[40]

ZNF395 C2H2 hFIB; hBM-MSCs Promotes adipocyte development by coordinating with 
PPARγ; may decrease osteoblast development

[41]

Shn-2 C2H2 Shn-2−/− mice; Primary MEFs Promotes adipogenesis via cooperating with Smad1/4 
and C/EBPα to induce the expression of PPARγ

[42]

Differentiation Zfp638 C2H2 U2OS; 3T3-L1; C3H10T1/2 Early positive regulator of preadipocyte differentiation 
by cooperating with C/EBPs and increasing PPARγ

[55]

GATA2 C2C2 3T3-L1; 3T3-F442A; NIH3T3; 
COS-7; ob/ob mice; db/db 
mice; tub/tub mice; KKAY 
yellow mice

Negatively control preadipocyte-to-adipocyte transi-
tion by suppressing PPARγ, C/EBPα, and C/EBPβ 
expression, and recruiting cofactors of FOGs, 
CTBPs, COUP-TFII, and SPI1

[57, 
59–62]

GATA3 C2C2 3T3-L1; 3T3-F442A; NIH3T3; 
COS-7; ob/ob mice; db/db 
mice; tub/tub mice; KKAY 
yellow mice

Negatively control preadipocyte-to-adipocyte transi-
tion by suppressing PPARγ, C/EBPα, and C/EBPβ 
expression, and recruiting cofactors of FOGs and 
CTBPs

[57, 59, 
60]

SLUG C2H2 3T3-L1; Primary MEFs; slug−/− 
mice; combi-Slug mice

Promotes preadipocyte differentiation [64]

Egr2 C2H2 3T3-L1; NIH3T3 Promotes preadipocyte differentiation partially 
through and in cooperation with C/EBPβ

[66, 67]

Egr1 C2H2 3T3-L1; db/db mice Inhibits preadipocyte differentiation and decreases 
adipocyte insulin sensitivity (via PI3 K/Akt and 
Erk/MAPK signaling)

[67–69]

ZBTB16 C2H2 3T3-L1; Primary human SVs Inhibits preadipocyte differentiation possibly by sup-
pressing PPARγ and C/EBPα

[70]

YY1 C2H2 3T3-L1 Promotes preadipocyte differentiation by suppressing 
CHOP-10 expression to release C/EBPβ

[74]

KLF4 C2H2 3T3-L1 Promotes preadipocyte differentiation via activating 
C/EBPβ in cooperation with Egr2

[89]

KLF5 C2H2 3T3-L1; NIH 3T3; MEFs; 
KLF5+/− mice

Promotes preadipocyte differentiation via activating 
the PPARγ in cooperation with C/EBPβ and C/EBPδ

[88]

KLF6 C2H2 3T3-L1; NIH 3T3 Promotes preadipocyte differentiation via suppressing 
DLK1 and activating PPARγ, C/EBPα and C/EBPβ

[90]

KLF8 C2H2 3T3-L1; Primary mouse SVs Promotes preadipocyte differentiation via activating 
the PPARγ and C/EBPα

[91]

KLF9 C2H2 3T3-L1; Primary rat SVs Promotes adipocyte differentiation (middle stage) via 
activating the PPARγ in cooperation with C/EBPα

[86]

KLF15 C2H2 3T3-L1; NIH 3T3; C2C12; 
MEFs; KLF15+/− mice

Promotes adipocyte differentiation (middle stage) via 
activating the PPARγ in cooperation with C/EBPα; 
Positively regulates the expression of GLUT4

[85, 87]

KLF2 C2H2 3T3-L1; MEFs; 3T3L1-KLF2 
cell line; KLF2−/− mice

Negatively control preadipocyte-to-adipocyte transi-
tion by suppressing PPARγ and recovering DLK1

[92, 93]

KLF3 C2H2 3T3-L1; MEFs; KLF3−/−mice Inhibits adipogenesis via recruiting CTBP and sup-
pressing C/EBPα promoter

[94]

KLF7 C2H2 3T3-L1; Human preadipocytes Inhibits adipocyte differentiation via suppressing 
PPARγ, C/EBPα, aP2 and adipsin; contributes 
insulin resistance

[95]

IMF-SVs intramuscular-derived stromal vascular cells, ADSCs adipose-derived stem cells, MEFs mouse embryonic fibroblasts, Ebf1 early B cell factor 
1, hFIB human dermal fibroblasts, hBM-MSCs human bone-marrow derived mesenchymal stem cells, FOGs friend of GATA proteins, CTBPs C-terminal 
binding proteins, COUP-TFII COUP transcription factor II, SPI1 hematopoietic transcription factor PU.1, Combi-Slug slug overexpressing, SVs stromal 
vascular cells, CHOP-10 C/EBP homologous protein-10, DLK1 proto-oncogene delta-like 1 (also known as Pref-1), GLUT4 insulin-glucose transporter-4
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Zinc finger proteins in white adipogenesis

Zinc finger proteins in adipogenic determination

Like other stem cell populations, adipogenic precursor 
cells require cooperation of multiple transcription factors to 
maintain their precursor state and/or regulate their differ-
entiation directions [20]. Adipocytes derive from the same 
stem cell pools that also give rise to bone, cartilage, and 
muscle progenitors. Understanding the molecular switch 
between fat and other mesenchymal cell types appears to be 
of particular medical importance, with downstream impli-
cations for diseases like obesity and osteoporosis. Recent 
studies discovered that Zfp423, Zfp467, Zfp521, ZNF395, 
and Shn-2 members of the ZFP family have a pivotal role 
in adipocyte determination [22, 39–42].

Zfp423 promotes adipocyte commitment

Zinc finger protein 423 (Zfp423), which contains 30 Krüp-
pel-like zinc fingers, was originally identified as a negative 
regulator of Ebf1 (early B cell factor 1), a basic transcrip-
tion factor that participates in mesenchymal cell lineage 
determinations such as adipocyte and osteoblast differ-
entiation [43–45]. It was recently discovered that Zfp423 
directly participated in early adipose determination [22]. 
By comparing the differentially expressed genes in adi-
pogenic and non-adipogenic fibroblast cell lines derived 
from 3T3 Swiss fibroblasts, Zfp423 as well as PPARγ, a 
dominant regulator of adipocyte differentiation, were found 

to be expressed abundantly in preadipose fibroblasts [22]. 
Under adipogenic signals, 3T3-L1 cell lines showed the 
greatest adipogenic potential as well as the highest mRNA 
and protein levels of Zfp423 [22]. In pro-differentiation cell 
culture conditions, ectopic expression of Zfp423 in non-
adipogenic NIH 3T3 fibroblasts robustly activated expres-
sion of PPARγ and allowed cells to undergo adipogenic 
differentiation with accumulated lipids, while the knock-
down of Zfp423 markedly reduced PPARγ expression and 
impaired the in vitro adipogenesis in 3T3-L1 preadipocytes 
[22]. Moreover, both brown and white adipocyte differen-
tiations were significantly impaired in Zfp423-deficient 
mouse embryos [22]. Adipogenic potential was found to be 
related to Zfp423 status by Huang et al. [46] who selected 
several adipogenic clones from bovine stromal vascular 
(SV) cells possessing high and low adipogenic potential 
[46]. Increasing/decreasing Zfp423 in low/high adipo-
genic cells dramatically changed their adipogenic ability 
to a similar level of high/low adipogenic cells, respectively 
[46]. The lower adipogenic ability of adipogenic cells may 
result from the higher density of DNA methylation of the 
Zfp423 promoter [46].

Although Zfp423 expression increased significantly in 
preadipocytes compared with precursor cells, its expres-
sion did not change during the preadipocyte-to-adipocyte 
transition, suggesting Zfp423 function as a transcriptional 
regulator of preadipocyte commitment [47]. Interestingly, 
Zfp423 has a SMAD-binding domain that is required for 
bone morphogenic protein 4 (BMP4)-dependent adipogen-
esis. A Zfp423 mutant lacking this domain was still able to 

Fig. 1   Schematic representations of several ZFPs involved in white adipogenesis. GATA3 and Egr1, which have similar protein domains with 
GATA2 and Egr2, respectively, are not shown in this image. In addition, KLF5 is shown in this image representing KLF subfamily



4574 S. Wei et al.

1 3

induce PPARγ and enhance adipocyte conversion in NIH 
3T3 cell lines [22]. Zfp423 may promote adipogenesis in 
both a BMP-dependent and a BMP-independent manner. 
Future experiments will be required to uncover the whole 
pathways of how Zfp423 controls PPARγ expression, as 
well as the commitment of MSCs to adipogenic differen-
tiation. In addition, regulating the DNA methylation of 
Zfp423 promoter to inhibit adipogenesis may be an alterna-
tive treatment to fight against obesity.

Zfp467 promotes adipocyte commitment and suppresses 
osteoblast differentiation

Zinc finger protein 467 (Zfp467) is another recently iden-
tified potential co-regulator of preadipocyte commitment. 
Overexpression of Zfp467 in Kusa 4b10 cells (mouse mar-
row stromal cells) significantly decreased the rate of min-
eralization and increased adipocyte formation as shown 
by elevated levels of adipogenic markers (such as PPARγ) 
and reduced mRNA levels of osteoblast markers [39]. 
Conversely, knockdown of Zfp467 decreased expression 
of these adipocyte genes and impaired adipogenesis [39]. 
Similarly, a recent study indicated that Zfp467 played an 
important role in adipocyte/osteoblast differentiation of 
adipose-derived stem cells (ADSCs) [48]. Knockdown 
of Zfp467 in ADSCs inhibited adipocyte formation and 
stimulated osteoblast commitment with decreased expres-
sion of adipogenic markers and enhanced expression of 
osteogenic markers [48]. In addition, utilizing luciferase-
reporter promoter function assay Quach et al. [39] showed 
Zfp467 significantly enhanced transactivation function of 
the PPARγ/RxRα heterodimer (PPAR-response element) 
thereby indicating a possible mechanism by which Zfp467 
promotes adipocyte formation. Thus, like Zfp423, Zfp467 
may also affect preadipocyte commitment on a transcrip-
tional level to promote adipocyte differentiation and sup-
press osteoblast differentiation. Studies on Zfp467 may 
allow therapeutic strategies involving osteoporosis and adi-
pogenesis, as Zfp467 regulates both adipocyte and osteo-
blast differentiation and si-Zfp467-based treatments are 
currently available [48].

Zfp521 inhibits adipocyte commitment and promotes bone 
development

Zinc finger protein 521 (Zfp521), also known as Evi3, con-
tains 30 C2H2 zinc finger repeats [49]. Zfp521 is present 
in various tissues and cell types, especially in immature 
cells like MSCs and hematopoietic stem cells while these 
cells participate in diverse biological processes [50, 51]. 
A recent study showed that Zfp521 served as a key regu-
lator of adipose cell commitment and differentiation by 
directly binding to Ebf1, which induces Zfp423 expression 

and is necessary for the generation of adipocyte progeni-
tors by enabling the expression of PPARγ and C/EBPα 
[40]. Contrariwise through direct physical interaction 
with Ebf1, wild-type Zfp521 blocked Ebf1 stimulation for 
Zfp423, leading to the suppressed expression of Zfp423 
[40]. In addition, Ebf1 bound to an intronic enhancer of 
the Zfp521 gene and repressed its expression, providing a 
negative feedback loop to regulate Zfp521 function [40]. 
Overexpression of Zfp521 in cells greatly inhibited adipo-
genic potential, whereas knockdown or genetic ablation of 
Zfp521 enhanced fat cell development [40]. Furthermore, 
Zfp521−/− embryos exhibited increased mass of inter-
scapular BAT and subcutaneous white adipocytes [40]. 
Since Zfp521 has been known to promote bone develop-
ment [52], Zfp521 appears to act as a critical switch in the 
commitment decision between adipogenic and osteogenic 
lineages.

ZNF395 promotes adipogenesis via coordinating  
with PPARγ

Except for the recently discovered dominant zinc finger 
genes, which play a key role in fat cell determination, the 
ZNF395 (zinc finger protein 395), was found to be a novel 
modulator in human mesenchymal stem cells (hMSCs) 
via functional coordination with PPARγ [41]. In hMSCs, 
ZNF395 was significantly induced by adipogenic agents 
[41]. The ablation of ZNF395 during hMSCs adipogen-
esis reduced adipocyte numbers, whereas co-transfection 
of ZNF395, together with PPARγ, significantly induced 
adipocyte population and white adipocyte markers from 
both hMSCs and human dermal fibroblasts compared to 
PPARγ transfection alone [41]. In addition, overexpression 
of ZNF395 alone failed to induce adipogenesis [41]. These 
observations suggest human ZNF395 may be an important 
co-modulator of (trans-) differentiation towards adipo-
cytes. In a study involving obese and non-obese children, 
ZNF395 expression was strongly expressed in adipocytes 
of obese children when compared to non-obese children, 
which also suggests a role for ZNF395 as a strong modu-
lator of adipogenesis in vivo [41]. Further experiments are 
required with ZNF395 to elucidate the molecular regu-
latory pathways and mechanisms underlying the noted 
enhanced adipogenesis.

Shn‑2 promotes adipogenesis via coordinating with 
Smad1/4 and C/EBPα to induce PPARγ expression

Shn-2 (Schnurri-2) is a large zinc finger protein that has 
been demonstrated to regulate lymphogenesis [53] and 
bone development [54]. In addition, Shn-2 was recently 
reported to regulate adipogenesis via interacting with 
Smad1/4 and C/EBPα on the PPARγ promoter [42]. In an 
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experiment to assess the function of Shn-2 in adipogenesis, 
Shn-2 knockout mice and its embryonic fibroblasts (MEFs) 
were used [42]. Compared to wild-type mice, Shn-2 null 
mice exhibited reduced WAT and increased insulin sensitiv-
ity, while BAT remains unchanged [42]. Moreover, Shn-2 
null MEFs failed to efficiently differentiate into adipocytes 
in vitro. However, ectopic expression of PPARγ could 
compensate for the loss of Shn-2 [42]. Shn-2 entered the 
nucleus upon BMP-2 stimulation and, in cooperation with 
Smad1/4 and C/EBPα, induced the expression of PPARγ 
[42]. These results indicate that Shn-2-mediated BMP sign-
aling has a critical role in adipogenesis.

Zinc finger proteins in preadipocyte differentiation

Zfp638 is the early positive regulator of preadipocyte 
differentiation

Zinc finger protein 638 (Zfp638), also known as ZNF638, 
is a novel regulator of adipogenesis [55]. During the differ-
entiation of 3T3-L1 cells, Zfp638 was induced shortly after 
exposure to the induction mixture at both the protein and 
mRNA levels. In addition, the expression of Zfp638 peaked 
before PPARγ and decreased rapidly during later stages 
of differentiation, indicating a potential role of Zfp638 in 
the early stages of adipogenesis [55]. Immunostaining in 
3T3-L1 cells undergoing adipocyte conversion revealed 
the nuclear localization of Zfp638 and identified the likely 
location where Zpf638 exerts its transcriptional regula-
tion functions [55]. Ectopically, expression of Zfp638 in 
C3H10T1/2 mesenchymal stem cells increased the number 
of lipid-accumulating cells as well as the increased expres-
sion of specific markers of fat differentiation, including 
aP2 and PPARγ; Zpf638 knockdown inhibited differentia-
tion and decreased expression of adipocyte-specific genes 
[55]. Moreover, Meruvu et al. [55] also showed that Zfp638 
physically interacted and transcriptionally cooperated with 
C/EBPs, a process that leads to the expression of PPARγ. 
Zfp638 is a novel and early regulator of adipogenesis that 
works as a transcription cofactor of C/EBPs.

GATA2 and GATA3 are negative regulators  
of the preadipocyte‑to‑adipocyte transition

GATA2 and GATA3 belong to the C2C2-type zinc finger 
protein subfamily consisting of a highly conserved zinc 
finger DNA binding domain that recognizes the consen-
sus DNA sequence (A/T)GATA(A/G) located in regula-
tory regions of GATA target genes [56]. In mammals, both 
GATA2 and GATA3 were highly expressed in white preadi-
pocytes (adipocyte precursors) and decreased upon under-
going terminal differentiation, suggesting their potential 
roles in the regulation of adipocyte differentiation [57]. In 

an experiment to revert to a adipocyte phenotype, forced 
expression of GATA2 in mature adipocytes complemented 
PPARγ depletion and impaired adipocyte functionality 
with a more preadipocyte-like gene expression profile [58]. 
GATA2 and GATA3 control the preadipocyte-to-adipocyte 
transition and function as negative regulators of adipo-
cyte differentiation [57]. Forced expression of GATA2 and 
GATA3 in 3T3-F442A preadipocytes inhibited adipocyte 
differentiation as determined by decreased accumulation 
of intracellular lipids as well as adipocyte differentiation 
markers (including the PPARγ, GLUT4, aP2, and adip-
sin) [57]. In addition, the expression of DLK1 (Pref-1) and 
AEBP-1 (preadipocyte markers and adipocyte differentia-
tion suppressors), was maintained at levels comparable to 
those observed in undifferentiated preadipocytes, indicating 
the GATA-expressing cells were trapped at the preadipo-
cyte stage [57]. This effect was mediated partially through 
direct binding to the PPARγ, C/EBPα, and C/EBPβ pro-
moters and subsequently suppressing their basal transcrip-
tional activities [57, 59]. Contrariwise, down-regulation of 
GATA2 and GATA3 allowed onset of adipogenesis and was 
associated with adiposity [57].

A series of experiments demonstrated that various cofac-
tors cooperate with GATA to prevent adipogenesis. GATA2 
and GATA3 regulate adipogenesis through recruiting cofac-
tors of the friend of GATA family (FOGs), which, in turn, 
recruit co-regulators, including C-terminal binding proteins 
(CTBPs) [60]. A GATA2 mutant that was unable to bind 
FOG, displayed abnormal activity and caused enhanced 
proliferation and almost complete absence of the adipo-
genic program, suggesting the important function of this 
mutated region in adipocyte differentiation, or alternatively, 
a failure to exit the cell cycle [60]. Similarly, GATA2 failed 
to fully inhibit adipogenesis in the absence of COUP-TFII 
(a transcriptional factor that prevents adipogenesis) and 
showed additivity in repressing key adipocyte genes such 
as C/EBPα and GLUT4 together with COUP-TFII, indicat-
ing that GATA actions in adipogenesis require COUP-TFII 
cooperation [61]. Furthermore, GATA2 and SPI1 (hemat-
opoietic transcription factor PU.1) have an additive inhibi-
tory effect on C/EBP transactivation and adipogenesis [62]. 
These results implicate FOGs, CTBPs, COUP-TFII, SPI1, 
and possibly other factors as partners of GATA proteins in 
the control of adipocyte proliferation and differentiation. 
GATA2 and GATA3 are important regulators controlling 
preadipocyte-to-adipocyte conversion.

SLUG promotes preadipocyte differentiation

SLUG, also known as SNAI2, is one of the C2H2-type 
zinc finger transcriptional factors. Studies have indicated 
that Slug regulates epithelial–mesenchymal transitions 
(EMTs) and plays a key role in various physiological and 
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pathological processes [63]. A recent study showed that 
SLUG is expressed in WAT tissue and serves as an impor-
tant modulator for adipocyte differentiation and adipose 
development [64]. In both 3T3-L1 and mouse embryonic 
fibroblasts (MEFs), Slug expression was very high before 
adipogenic inducement and decreased during the differentia-
tion, while PPARγ was apparent within 1 day and increased 
dramatically thereafter [64]. These results indicate that Slug 
is tightly controlled during preadipocyte differentiation. 
Slug-deficient mice had reduced WAT mass, while Slug-
overexpressing mice (Combi-Slug) exhibited an increase in 
WAT size and this increase in the WAT tissue was restored 
by suppression of the Slug transgene [64]. WAT alterations 
induced by Slug were reversible [64]. In addition, Slug-
deficient MEFs dramatically reduced adipogenic capacity in 
vitro, whereas Combi-Slug MEFs exhibited extensive lipid 
accumulation [64]. The analysis of adipogenic gene expres-
sion both in vivo and in vitro showed that PPARγ expression 
was altered, although Slug failed to directly regulate PPARγ 
promoter activity [64]. As Slug is a key regulator of adipo-
cyte differentiation both in vivo and in vitro, and the loss of 
tight control of Slug expression can induce obesity and/or 
lipodystrophy in mice, further studies on the Slug regulatory 
mechanisms may allow the development of targeted drugs 
for the treatment of patients with obesity and lipodystrophy.

Egr2 promotes adipocyte differentiation; Egr1 inhibits 
adipocyte differentiation

Egr2 (early growth response-2), also known as Krox20, 
belongs to the C2H2-type zinc finger protein family and has 
been involved in modulation of the cell cycle [65]. Recent 
studies indicated that Egr2 was abundantly expressed in 
adipose tissue in vivo and was transiently upregulated by 
serum stimulation in NIH3T3 fibroblasts [66]. However, 
the Egr2 expression was not readily detectable in mature 
adipocytes in vitro [66]. After exposing 3T3-L1 cells to the 
adipogenic induction cocktail, Egr2 was first induced after 
15  min of exposure and peaked about 1  h post-induction 
[66]. Egr2 was quickly diminished after this and became 
undetectable at 6  h and thereafter [66]. The kinetics of 
Egr2 induction was similar to that of C/EBPβ and Egr2 
was expressed earlier than C/EBPα and PPARγ, suggest-
ing that it might play an early role in the process of adi-
pogenesis [66]. Constitutive expression of Egr2 exhibited 
increased lipid accumulation as well as the expression of 
adipocyte markers in both 3T3-L1 cells and NIH3T3 cells, 
whereas knockdown of Egr2 significantly decreased lipid 
content and expression of adipocyte markers in 3T3-L1 
cells [66]. Ectopic expression of Egr2 leaded to the induc-
tion of C/EBPβ expression and transactivation of C/EBPβ 
promoter [66]. However, Egr2 overexpression in C/EBPβ 
knockdown cell lines still exhibited enhanced adipogenesis 

compared with control cells [66]. These observations sug-
gest that Egr2 exerts this adipogenic effect in C/EBPβ-
dependent and -independent mechanisms. Furthermore, 
when Egr2 and C/EBPβ were co-expressed in NIH3T3 
cells, cells exhibited greater adipogenesis than for expres-
sion of either gene alone further demonstrating that these 
two genes have a synergistic effect on adipogenesis [66]. 
Egr2 promotes expression of C/EBPβ and, in conjunction 
with C/EBPβ, facilitating terminal adipogenesis.

In addition to Egr2, Egr1 (Krox24) has also been identi-
fied as another early modulator of adipogenesis. Egr1 pro-
tein was rapidly induced after the addition of differentiation 
cocktail even before the expression of Egr2 [67]. In marked 
contrast to the effects of Egr2, differentiation was inhibited 
by ectopic expression of Egr1 and enhanced by knockdown 
of Egr1; these effects were particularly notable when IBMX 
(isobutylmethylxanthine) was omitted from the differentia-
tion medium [67]. The pro-differentiation effects of IBMX 
involve suppression of the inhibitory influence of Egr1 
[67]. However, Egr1 did not directly affect C/EBPβ protein 
expression as well as the activity of promoters of C/EBPα or 
PPARγ [67]. A recent study showed that Egr1 could tilt the 
signaling balance by blocking PI3 K/Akt signaling through 
PTEN and augmenting Erk/MAPK signaling through 
GGPPS (geranylgeranyl diphosphate synthase), resulting 
in insulin resistance in adipocytes [68, 69]. These data indi-
cate that Egr1 and Egr2 exert opposing influences on adipo-
cyte differentiation and that the precise regulation of both 
is required for maintaining the proper level of adipogenesis.

ZBTB16 inhibits adipocyte differentiation

By an integrated approach incorporating epigenomic profil-
ing and motif enrichment analysis, ZBTB16 (zinc finger and 
BTB domain containing 16, also known as PLZF, Zfp145, 
and Zfp14), was selected as a candidate regulator of adipo-
genesis [70]. The expression of ZBTB16 was detected in 
both 3T3-L1 cells and human SV cells [70]. Gain- and loss-
of-function assays found that overexpression of ZBTB16 
in 3T3-L1 cells significantly repressed adipogenesis, as 
evidenced by reduced lipid accumulation and expression 
of adipogenic genes, such as PPARγ, C/EBPα, ADIPOQ, 
GLUT4, DGAT1, as well as FASN [70]. Conversely, knock-
down of ZBTB16 enhanced 3T3-L1 adipogenesis [70]. 
ZBTB16 may function as a novel anti-adipogenic regulatory 
factor in vivo. However, further experiments are required to 
elucidate the underlying mechanisms.

YY1 promotes preadipocyte differentiation via suppressing 
CHOP‑10 expression

YY1 (Yin Yang 1) is a ubiquitously expressed C2H2 zinc-
finger transcription factor functioning as a transcriptional 
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repressor or activator [71]. YY1 has been demonstrated 
to regulate normal cell proliferation and differentiation as 
well as cancer development via different signaling path-
ways [72]. Recently, a report has indicated that YY1, which 
could be induced by FBS or IGF-1 [73], contributed to the 
down-regulation of CHOP-10 (C/EBP homologous pro-
tein-10) in the early phase of the adipocyte differentiation 
program [74]. CHOP-10 inhibits adipocyte differentiation 
by sequestering C/EBPβ [75, 76]. YY1 bound to CHOP-10 
promoter and suppressed its expression to stimulate adipo-
cyte development [74]. Overexpression of YY1 decreased 
the transcription of CHOP-10, while knock-down of 
expression of YY1 increased CHOP-10 expression thereby 
inhibiting adipocyte differentiation [74]. YY1 may be a 
new adipocyte differentiation stimulator.

Members of KLFs enhance/inhibit adipocyte differentiation

KLFs (Krüppel-like factors) are a subfamily of zinc finger 
transcription factors that contains three highly conserved 
classical C2H2 zinc fingers [77]. The finger domain is 
located in carboxy-terminus and enables KLFs to specifi-
cally bind to GC-rich sequences and related GT or CACCC 
boxes in regulatory regions of target genes, while the 
non-DNA-binding region is highly variable and involved 
in gene activation/repression and interacts with other co-
regulators [78–80]. Since the first mammalian KLF, named 
KLF1/EKLF (erythroid Krüppel-like factor), was first iden-
tified as a master regulator of erythropoiesis [81], the KLF 
subfamily has reportedly been involved in various cellular 
processes, including cell proliferation, differentiation, as 
well as apoptosis. Recently, a series of experiments dem-
onstrated that many KLF members play vital roles in adi-
pogenesis and adipose development (reviewed in [82, 83]), 
thus showing their potential therapeutic value in fighting 
obesity. A total of nine KLF members have been identified 
to be responsible for controlling white adipocyte develop-
ment, of which KLF4, KLF5, KLF6, KLF8, KLF9, and 
KLF15 promote adipogenesis whereas KLF2, KLF3, and 
KLF7 inhibit adipogenesis.

KLF15 is the first KLF subfamily member that was 
reported to regulate adipocyte differentiation [84]. Dur-
ing the differentiation of 3T3-L1 preadipocytes, both 
KLF15 and KLF9 gene expression was dramatically 
increased in the middle stage of adipocyte differentiation 
[85, 86]. Gain- and loss-of-function approaches showed 
that overexpression of KLF15 in NIH 3T3 or C2C12 pro-
moted adipogenesis while knockdown of KLF15/KLF9 
blocked 3T3-L1 differentiation via directly suppressing 
the PPARγ expression [85–87]. Moreover, both KLF15 
and KLF9 act synergistically with C/EBPα to increase 
the activity of the PPARγ gene promoter [85–87]. KLF4, 
KLF5, KLF6, and KLF8 expressions were induced at an 

early stage of differentiation [88–91]. Down-regulated 
expression of KLF5 inhibited adipocyte differentiation, 
whereas overexpression of KLF5 induced differentiation 
without hormonal stimulation [88]. In addition, neonatal 
KLF5+/− mice carried much less WAT mass than wild-
type mice [88], suggesting that KLF5 plays a role in 
WAT development in vivo. KLF5 expression is induced 
by C/EBPβ and C/EBPδ, and KLF5, in turn, acts in con-
cert with C/EBPβ and C/EBPδ to activate the PPARγ pro-
moter [88]. KLF4 was expressed in 3T3-L1 cells within 
30 min after exposure to a standard adipogenic cocktail 
[89]. Knockdown of KLF4 inhibited adipogenesis via 
directly decreasing C/EBPβ promoter activity [89]. Fur-
thermore, KLF4 together with Egr2 cooperatively acti-
vated C/EBPβ expression, functioning as an early regu-
lator of adipogenesis [89]. KLF6 was demonstrated as a 
positive regulator of adipogenesis since KLF6 repressed 
the expression of DLK1 [90], which is a master regulator 
of preadipocyte homeostasis and inhibits adipogenic dif-
ferentiation. Forced expression of KLF6 strongly inhib-
ited DLK1 expression in preadipocytes and NIH 3T3 
cells, whereas down-regulation of KLF6 in 3T3-L1 cells 
prevented adipogenesis [90]. In addition, KLF6 could 
directly activate the expression of PPARγ, C/EBPα, and 
C/EBPβ, resulting in enhanced adipogenic differentiation 
[90]. KLF8 is a recently discovered adipogenesis-related 
member of KLFs. Expression knockdown of KLF8 
decreased adipocyte differentiation, whereas overexpres-
sion of KLF8 resulted in enhanced adipogenesis [91]. 
Moreover, luciferase reporter assays indicated KLF8 was 
a new adipogenic regulator, which controlled terminal 
differentiation during adipogenesis via activating PPARγ 
and C/EBPα [91].

KLF2, KLF3, and KLF7 inhibit adipogenesis. KLF2 
(LKLF) was expressed in preadipocytes and its role is 
diminished with the differentiation, functioning as a nega-
tive regulator of preadipocyte-to-adipocyte transition by 
directly inhibiting PPARγ promoter activity and recover-
ing DLK1 function [92, 93]. Similarly, KLF3 (BKLF) was 
reported to inhibit adipocyte differentiation. KLF3 knock-
out mice had less WAT, with decreased size and number 
of adipose cells, while overexpression of KLF3 in 3T3-
L1 inhibits adipocyte differentiation [94]. In vivo KLF3 
recruits C-terminal binding protein (CtBP) co-repressors 
and suppresses C/EBPα promoter, thus negatively con-
trolling adipogenesis and adipose development [94]. 
KLF7 (UKLF) has critical roles important to various tis-
sue development processes. For example, KLF7 impaired 
insulin biosynthesis/secretion and adipocyte development 
(inhibit adipocyte differentiation and expression of PPARγ, 
C/EBPα, aP2 and adipsin), and suppressed hexokinase 2 
gene expression in skeletal muscle, suggesting a new target 
for drug discovery in type 2 diabetes [95].
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At this juncture, it needs to be mentioned that functional 
CACCC binding sites (one of the KLFs binding domains) 
were found in the control region of key adipogenic factors, 
such as C/EBPα and PPARγ [82], providing the structural 
basis for the adipogenic regulations of KLFs. Multiple 
KLFs are induced sequentially during adipocyte differen-
tiation and they may work in concert to regulate adipocyte 
differentiation. In addition, interactions and reciprocal reg-
ulations may occur within the KLF family and among the 
KLFs and other adipogenic factors. For example, KLF2, 
KLF4, and KLF5, may activate KLF3, and KLF3 may then 
feedback to temper the activation [96]. Likewise, KLF4 acti-
vates C/EBPβ together with Egr2, while C/EBPβ reduces 
KLF4 expression via negative feedback [66, 89]. However, 
further studies are required to elucidate the relationship of 
these factors as well as the network of adipogenesis.

Summary of the roles of zinc finger protein members  
in white adipogenesis

Adipogenesis occurs through expression of a complex and 
highly regulated transcriptional network. The development 
of fully differentiated mature adipocytes from mesenchy-
mal precursor cells is an elegant progression involving the 
sequential activation of a battery of transcription factors. 
Under adipogenic signals, both the activation of pro-adipo-
genic regulators and the inhibition of anti-adipogenic regu-
lators contribute to adipogenesis. Studies in the last decade 
have revealed an increasing number of ZFPs involved in 
inhibiting or promoting adipocyte development. As indi-
cated in Fig. 2, ZFPs not only regulate fully differentiation 
of committed preadipocytes but also play a key role in fat 
cell determination, notably Zfp423, Zfp467, and Zfp521. 

Fig. 2   Roles of ZFPs in white adipogenesis. The differentiation of 
multipotent mesenchymal precursors to mature adipocytes occurs in 
two stages. The first step of adipogenesis is the embryonic stem cell-
derived MSCs transition to committed white preadipocytes. Then, 
upon hormone cocktail stimulation, committed white preadipocytes 
can become mature white adipocytes. During adipogenesis, various 
members of the ZFP family positively/negatively contribute to tran-

scriptional control of preadipocyte differentiation as well as mesen-
chymal precursor cell linage determination. The solid arrow indicates 
possible direct transcriptional activation while the dashed arrow rep-
resents possible transcriptional suppression (red oval Pro-adipogenic 
ZFP; green oval Anti-adipogenic ZFP; and orange oval other adipo-
genic regulators)
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Zinc finger proteins control adipogenesis by activating/
inhibiting/recruiting PPARγ, C/EBPs, DLK1 (key modula-
tors of adipogenesis) or other transcriptional factors. Stud-
ies of these novel modulators of fat cell determination and 
differentiation may provide an alternative strategy for treat-
ing obesity.

Zinc finger proteins in brown adipocyte development

Among the above ZFP family members that participate 
in white adipogenesis, several proteins, such as Zfp423, 
Zfp521, GATA2, and KLF15 have been reported to be 
involved in brown adipose development [22, 40, 97, 
98]. Moreover, another zinc finger transcriptional factor, 
ZBTB16, has also recently been suggested to play a role in 
brown adipocyte bioenergetics [99]. Conversely, zinc finger 
protein KLF11 and PRDM16 have been demonstrated to 
regulate brown adipogenesis without affecting white adi-
pogenesis [97, 100–102]. The function of ZFPs in brown 
adipogenesis is shown in Fig. 3.

PRDM16, Zfp423, and Zfp521 play roles in brown 
adipocyte determination

Like white adipocyte differentiation, brown adipocyte dif-
ferentiation also requires regulation by PPARγ and C/EBPs 
[20, 103, 104]. For example, a zinc finger transcriptional 
regulator PRDM16 (PR domain containing 16) has recently 
been shown to have crucial roles in the control of brown 
fat determination and differentiation via interacting with 
C/EBPβ and PPARγ [102]. PRDM16 formed a complex 
with C/EBPβ to initiate the brown adipocyte cell forma-
tion, followed by the expression of adipogenic markers by 
recruiting PPARγ to a PRDM16 complex [100–102]. In 
addition, PRDM16 also forms a repressive complex with C 
terminal binding protein 1 (CTBP1) and CTBP2 to repress 

the expression of white adipocyte-specific genes [101]. 
Zfp423 was highly expressed in both WAT and BAT [22]. 
Knockdown of Zfp423 in brown adipocyte precursor cells 
showed dramatically decreased expression of PPARγ (a 
dominant and essential regulator of both white and brown 
adipocyte differentiation) as well as PRDM16 (a brown 
adipocyte determination factor) [22]. In ZFP423-deficient 
mouse embryos, both brown and white adipocyte differen-
tiation was clearly impaired with a reduced mass of BAT 
and subcutaneous white adipocyte precursor cells [22]. The 
opposite results about the BAT development were found in 
Zfp521−/− embryos, which displayed significantly enlarged 
BAT depots as well as increased subcutaneous white adi-
pocytes [40]. Both Zfp423 and Zfp521 are essential deter-
mination factors for brown adipocytes as well as white fat 
cells.

GATA2, KLF11, KLF15, and ZBTB16 participate  
in brown adipocyte differentiation/bioenergetics

Unlike WAT, which expressed both GATA2 and GATA3, 
BAT expressed only GATA2 and not GATA3 [98]. Over-
expression of GATA2 strongly suppressed the expression 
of BAT-specific genes in brown adipocytes, such as UCP1, 
PGC1α (PPARγ-coactivator 1), and COX IV (cytochrome 
c oxidase IV), whereas disruption of a GATA2 allele in 
brown adipocytes resulted in significantly elevated differ-
entiation as well as the expression of UCP1 and PGC1α 
[98]. GATA2 functions to suppress brown adipogenesis, 
and reduced expression of GATA2 in precursor cells poten-
tiates brown adipocyte differentiation [98]. KLF15 and 
KLF11 belong to KLF subfamily and are highly expressed 
in BAT [97]. During brown adipocyte differentiation of 
muBM3.1 (mesenchymal stem cell line), KLF11 and 
KLF15 were dramatically induced [97]. Overexpression 
of KLF11 clearly enhanced the UCP1 expression level, 
whereas overexpression of KLF15 did not affect UCP1 but 

Fig. 3   Roles of ZFPs in brown adipogenesis. Similar to white adi-
pocyte development, the differentiation of multipotent mesenchymal 
precursors to brown adipocytes also occurs in two stages: brown 
preadipocyte determination and differentiation. Various members of 
the ZFP family positively/negatively contribute to transcriptional con-

trol of brown adipogenesis. The solid arrow indicates possible direct 
transcriptional activation while the dashed arrow represents possible 
transcriptional suppression (red square Pro-adipogenic ZFP; green 
square Anti-adipogenic ZFP)
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displayed an additivity effect on UCP1 expression when 
co-transfected with KLF11 [97]. This study also indicated 
KLF11 and KLF15 function to regulate brown adipogene-
sis via directly interacting with UCP1 promoter by GC- and 
GT-boxes, respectively [97]. Conversely, UCP1 expression 
was completely suppressed by KLF11 siRNA, whereas 
KLF15 knockdown partially suppressed UCP1 expression 
[97]. These results indicate that KLF11 is essential for 
brown adipogenesis and cooperation of KLF11 and KLF15 
enhances brown adipocyte differentiation. A recent study 
identified that ZBTB16 is induced in both the BAT and 
skeletal muscle during acute adaptive thermogenesis [99]. 
ZBTB16 overexpression in brown adipocytes enhanced 
the thermogenic program, including genes involved in 
fatty acid oxidation, glycolysis, and mitochondrial func-
tion [99]. Mitochondrial biogenesis, as well as respiratory 
capacity and uncoupling, were also increased, accompanied 
by decreased triglyceride content and increased carbohy-
drate utilization in brown adipocytes [99]. In addition, cells 
overexpressing ZBTB16 upregulates brown fat-enriched 
markers such as UCP1, PGC1α, PPARα, and PRDM16 
[99]. Notably, ZBTB16 expression is correlated with body 
weight, fat mass, and diabetes in vivo [99]. ZBTB16 may 
be a novel determinator of substrate utilization in brown 
adipocytes and adiposity in vivo. Since brown fat can 
increase energy expenditure in the form of heat through 
a specialized program of uncoupled respiration and thus 
physiological protect against cold and obesity [100, 102], 
studies in these areas may uncover new treatments for obe-
sity and other metabolic disorders.

Clinical significance of fighting obesity

Despite the impressive increase in the understanding of 
various aspects of lipid metabolism, definitive treatments 
to combat obesity and its co-morbidities have not emerged, 
or produce adverse side effects [2]. Successfully targeting 
the adipocyte to prevent adipose accumulation requires 
completely understanding of adipose tissue development 
and expansion [1, 2, 4]. In mammals, a set of complex 
transcriptional networks are responsible for the changes in 
cell morphology and gene expression associated with adi-
pocytes as well as adiposity. In the complex regulation of 
adipogenesis, ZFPs play an essential role, although their 
new putative functions and relationships in the regulatory 
networks still need to be described in detail in both murine 
and human cells. Zfp423, Zfp467, ZNF395, and Shn-2 pos-
itively regulate white preadipocyte determination, whereas 
Zfp521 inhibits preadipocyte commitment. ZFP638, 
SLUG, Egr2, YY1, KLF4, KLF5, KLF6, KLF8, KLF9, 
and KLF15 promote white preadipocyte differentiation 
mainly through activating PPARγ and C/EBPs. Conversely, 

GATA2, GATA3, Egr1, ZBTB16, KLF2, KLF3, and KLF7 
are negative regulators during white adipocyte differen-
tiation via suppressing PPARγ and C/EBPs or restoring 
DLK1. Among the above white adipogenesis regulators, 
Zfp423, Zfp521, KLF15, GATA2, and ZBTB16 also play a 
similar role in brown adipogenesis promotion/inhibition. In 
addition, PRDM16 and KLF11 positively regulate brown 
fat determination and differentiation respectively, without 
affecting white adipocyte development. ZFPs function as 
important contributors to intricate regulation network of 
adipogenesis, and may become promising targets to combat 
human obesity.

A better understanding of the various cascades of events 
in which ZFPs participate together within its superfamily 
or with other transcription factors and finally epigenetic 
factors to regulate adipose development will allow us to 
continue with relevant experiments on how commitment 
of cells is regulated to become depot fat or an obesity epi-
demic. Additionally, possible pharmaceutical compounds 
might be developed to specifically activate/suppress ZFP 
genes to regulate master regulators (such as PPARγ) of 
adipocyte differentiation. Alternatively, decreasing cells 
fated to be adipocytes may provide a novel way to inhibit 
excessive fat accumulation, as several ZFPs function to 
control the critical switch in the commitment decision of 
the adipogenic lineage. Understanding the fundamental 
mechanisms that regulate adipose progenitor cell prolif-
eration/recruitment should provide additional targets that 
may be useful in prevention, rather than treatment, of obe-
sity. Another possible way for the development of possible 
pharmacological approaches against obesity might involve 
the brown adipogenesis, as some ZFPs (such as ZBTB16) 
can increase energy expenditure of brown fat to physiologi-
cal protect against obesity.

Potential therapeutic strategies for treating obesity 
through ZFPs might include several approaches. The first 
point is through the change of the spatial configuration of 
intrinsic ZFPs to alter the ZFP specificity and/or binding 
affinity as well as biological functions. Fundamentally, zinc 
finger motif(s), which play a major role in ZFP biological 
functions, are strongly stabilized by zinc ions. Moreover, 
amino acid residues, finger numbers, and finger–finger 
interactions contribute to the ZFP structure and function 
[32]. The disruption of such a stable structure of ZFPs 
represents a new way to regulate critical ZFPs involved in 
diseases. A case in point is the azodicarbonamide (ADA), 
an anti-HIV (human immunodeficiency virus) zinc finger 
inhibitor, which specifically targets the nucleocapsid pro-
tein 7 (NCp7, a zinc finger protein that is required for HIV 
replication) by attacking its cysteine residues and cause a 
covalent conformation change, which results in an ejection 
of the zinc from the zinc finger domain [105, 106]. Sec-
ondly, gene editing/modification of targeted zinc finger 
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genes by engineered ZFPs (artificial ZFPs that contain spe-
cific binding domain and effector domain could effectively 
be used in gene modification) as well as other methods 
provide the possibility to regulate adipogenesis. For exam-
ple, regulating the methylation level of ZFPs may be useful 
as methylation status of several ZFPs (such as Zfp423) is 
strongly correlated with adipogenic ability [46]. Addition-
ally, overexpression/suppression/inactivation of targeted 
ZFPs through gene therapy is possible to treat adiposity, 
as gene therapy possesses highly targeting property and 
currently has been available in LPLD (lipoprotein lipase 
deficiency) disease treatment [107]. Developing novel 
inhibitors/activators/regulators targeting specific pro/anti-
adipogenic genes/proteins have great potential to combat 
adiposity. Among the possible targets, ZFPs are promis-
ing for the development of therapeutic strategies to fight 
obesity.

Conclusions

Obesity is a growing world epidemic and is reported to be 
involved in many human diseases. Fat accumulation in vivo 
is mediated by the cascade of events regulated by a large 
number of transcription factors that are involved in the pro-
cesses controlling fat cell determination and differentiation 
of preadipocytes into mature fat cells, resulting in increased 
numbers as well as expanded volumes of adipocytes. 
Extensive and detailed research in fat cell biology has been 
conducted for a long time; these studies were accompa-
nied with considerable progress of transcription factors in 
fat cell regulation networks. To date, we all know that both 
adipocyte hypertrophy and hyperplasia contribute to over-
weight and PPARγ and C/EBPs are the main regulators of 
preadipocyte differentiation. Such extensive research not-
withstanding, there are still, however, no efficient drugs 
available for patients suffering from adiposity. Develop-
ment of successful therapeutic anti-obesity drugs is diffi-
cult and fat cell regulatory networks are much more com-
plicated than we initially thought. Zinc finger proteins are 
a class of regulatory proteins that participate in a variety of 
cellular activities, such as development, differentiation, and 
tumor suppression, as well as adipogenesis, as discussed. 
Recently emerging ZFPs during adipogenesis show an 
important role in regulating this process, which may pro-
vide opportunities to further understand adipocyte develop-
ment, especially in fat fate determination. Studies on ZFPs 
would open the door to study fat cell origin and determi-
nation and may set up another milestone in understanding 
fat biology. Summarizing and highlighting ZFPs functions 
in regulating adipogenesis can well serve as a theoretical 
basis for developing novel and efficient anti-obesity drugs. 
In summary, here we reviewed the recent studies relating 

principal ZFPs actions on adipose development, especially 
the principal ZFP regulators in white adipogenesis (deter-
mination/differentiation). ZFPs regulatory networks with 
other adipogenic factors (such as PPARγ and C/EBPs) 
highlight the ZFPs as potential target of obesity and its 
associated diseases treatment strategies.
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