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Abstract

Mesenchymal stem cells (MSCs) are multipotent progenitors present in the bone marrow stroma and in subcutaneous abdominal
fat, an abundant and easily accessible source of MSCs with the ability to differentiate along multiple lineage pathways. The stem
cell-associated transcription co-factor Zinc Finger Protein 521 (ZNF521/zfp521) has been implicated in the control of the
homeostasis of hematopoietic, neural and osteo-adipogenic progenitors. Here we document through the analysis of a panel of
human adipose-derived stem cells (hADSCs), that ZNF521 strongly inhibits the generation of mature adipocytes. Enforced
overexpression of ZNF521 in these cells resulted in a significant delay and reduction in adipocyte differentiation upon exposure
to inducers of adipogenesis. Of particular relevance, ZNF521 was able to inhibit the expression of ZNF423, recently identified as
an essential commitment factor necessary for the generation of pre-adipocytes. Conversely, silencing of ZNF521 was found to
significantly enhance the adipogenic differentiation of hADSCs. Inhibition of adipogenesis by ZNF521 was at least in part due to
inhibition of EBF1. Taken together, these results confirm a role for ZNF521 as a key negative regulator of adipocyte differen-
tiation of hADSCs.
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Background

Mesenchymal stem cells (MSCs) are multipotent precursor
cells, present in bone marrow and other connective tissues,
that are capable of differentiating along the chondrogenic,
osteogenic and adipogenic lineages. Adipose tissue represents
an accessible source of MSCs, known as adipose-derived stem
cells (ADSCs). These cells have been demonstrated to have
very similar phenotypic and functional characteristics to bone
marrow-derived MSCs and have been proposed for several
applications including bone regeneration [1, 2]. hADSCs can
be isolated in large amounts from lipoaspirates or subcutane-
ous adipose tissue of adult subjects, propagated in vitro and
induced to differentiate into the three mesenchymal lineages,
in response to appropriate stimuli.

Adipocyte differentiation is a complex process in which
preadipocytes undergo changes in cell morphology, hormone
sensitivity and transcriptional events that have been studied
primarily in murine preadipocyte cell lines [3]. During adipo-
genesis, cells convert from a fibroblastic to a more spherical
shape characterized by the accumulation of cytoplasmic lipid
droplets. Adipogenic commitment of early precursor cells is
fine-tuned by the sequential down regulation of inhibitory and
activation of a series of transcription factors that are consid-
ered key regulators of the adipocyte fate [4]. Commitment to a
specific lineage appears to be mutually exclusive with alter-
native fates and factors that enhance adipogenesis are often
inhibitory to osteoblastogenesis and viceversa. One critical
molecule in the control of adipocyte differentiation is the mas-
ter regulator Peroxisome Proliferator-activated receptor gam-
ma (PPARY) (reviewed in [4—7]). This nuclear receptor tran-
scription factor is controlled positively by a variety of other
transcription factors (including the CCA AT/enhancer binding
proteins C/EBP, EBF1, EBF2, ZNF423, ZNF638, NF1,
ADDI1/SREBPI1, CREB, KLF4, KLF5, KLF9, KLF15) and
negatively by others (GATA2, GATA3, KLF2, PREF-1,
SIRT1, TAZ). Adipocyte differentiation takes place in two
waves, the first consisting of the activation of early transcrip-
tion factors (C/EBP-f3 and C/EBPy, KLFs, CREB, Krox20
and SREBP-1c), that in turn induce most importantly PPARy
and C/EBP« [8]. These factors act cooperatively during ter-
minal differentiation by activating the expression of one an-
other in a positive feedback loop, inducing growth arrest and
transcriptionally regulating the expression of adipocyte-
specific genes such as fatty acid binding protein 4 (FABP4),
fatty acid synthase (FAS), lipoprotein lipase (LPL), stearyl-
CoA-desaturase (SCD), glucose transporter type 4 (GLUT-4)
and adiponectin [9, 10].

Several members of the zinc containing Kriippel-like factor
(KLF) family (7 out of the 17 known KLFs [8]) have been
implicated in the control of adipogenesis and are sequentially
expressed during this process. In addition to this family, others
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zinc finger proteins have been implicated in the control of
adipocyte differentiation. In particular, ZNF423, a multifunc-
tional Kriippel-like transcription co-factor with 30 C2H2 zinc
fingers, has been identified as an essential transcriptional ac-
tivator. In adipocyte precursors this factor is sequestered in the
cytoplasm by WNT1-inducible-signaling pathway protein 2
(WISP2). During adipocyte commitment, BMP4 induces the
dissociation of WISP2 and allows ZNF423 to enter the nucle-
us thereby activating the expression of PPARYy [11, 12].
ZNF423 shares high homology with another 30 ZF-
containing factor, ZNF521, which was originally found as
highly enriched in hematopoietic stem cells and characterized
as a regulator of EBF-1 in B cell differentiation [13—16] and
leukemia [17-20], and has since been found to have a central
role in neurogenesis [21-23], medulloblastoma [24], osteo-
genesis [25-28] and chondrogenesis [29, 30].

ZNF521 and its orthologue zfp521 in mouse have recently
also been implicated in the control of adipogenesis [28, 31,
32]. In in vitro and in vivo models the expression of zfp521
was correlated with the inhibition of adipogenesis of mesen-
chymal stem cells or pre-adipocyte cells lines via repression
of Ebf-1 and of zfp423 [28, 31], as well as to increased stim-
ulation of osteogenesis [33]. In contrast, a recent study per-
formed on human bone marrow mesenchymal stem cells has
reported that overexpression of ZNF521 enhances adipogen-
esis[32]. To clarify this discrepancy and better define the role
of ZNF521 in the control ofadipogenesis, we have undertak-
en an extensive study using a panel of commercially avail-
able human adipose-derived stem cells (hADSCs) and con-
trolled differentiation conditions to determine the effect of
the modulation of ZNF521 expression on hADSCs
adipocytic maturation.

Results

ZNF521 Overexpression Delays Adipocyte
Differentiation in hADSCs

The expression levels of ZNF521 in hADSCs were deter-
mined by Q-RT-PCR in comparison with the leukemic cell
lines NB4, K562 and THP1, that express low/undetectable,
intermediate and high amounts, respectively, of ZNF521
mRNA. This analysis revealed the presence in hADSCs of
an intermediate level of ZNF521 mRNA, similar to that of
K562 cells (Fig. 1A), that made it amenable to enforced over-
expression or silencing. In addition Western Blotting analysis
confirmed the same trend of ZNF521 protein expression
across diverse cell lines (Fig. 1B).

To enhance ZNF521 expression we infected hADSCs with
a lentivirus termed FUIGW-ZNF521, containing an expres-
sion cassette comprising the strong promoter of the



Stem Cell Rev and Rep (2018) 14:901-914

903

a ZNF521 b
1000000 - ©
- ~
c 100000 - S &9
FELE
@ 10000 -
g o9 ZNF521 o - 150kDa
< 100 A
= 10 H12 -21.3 kDa
= i R
1 T T T 1
NB4 K562 THP-1  hADSC
c UNTR FUIGW ZNF521

10° 10 10°

10° 10°] 10

10° 107 10°

107 107 v

# 7
< 1.11 e
1 ok 87.8

4

10° 10" 10% 10° 10

—
GFP
d ZNF521 f
50 - K
c
S = 40 A
2 S
@ G 30 -
3 2
S £ 201 G}
)
Z E’ 10 =
=
0 4
FUIGW ZNF521
e N
s & =
S5 & 0
& ~N E
FLAG- ! -150kDa N
ZNF521
HDAC-1 e wws  G5kDa

Fig. 1 Analysis of ZNF521 overexpression in hADSCs. (A) Q-RT-PCR
was used to quantify the mRNA levels of endogenous ZNF521 in
cultured hADSCs and in the low, intermediate and highly expressing
hematopoietic cell lines: NB4, K562 and THP1 (B). Western Blotting
analysis with nuclear extracts showed endogenous ZNF521 protein
expression in the four different cell types. (C). Lentiviral mediated
transduction was used to introduce ZNF521 with the eGFP reporter
gene. Flow cytometry was performed on day 3 for eGFP and for
ZNF521 and control (FUIGW) transduced cells. (D) Q-RT-PCR of cells

Ubiquitin C gene (UBC) [34], the ZNF521 coding sequence,
an intra-ribosomal entry site (IRES) sequence, and the cDNA
for the reporter fluorescent protein eGFP. This vector allows
the simultaneous expression of transgene and reporter protein,
encoded by a single bi-cistronic mRNA [35].

4
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transduced with the FUIGW-ZNF521 vector showed up to a 40-fold
increase of mRNA. (E) Western Blot analyses with nuclear extracts
shows introduction of Flag-ZNF521 detected with anti-Flag antibody,
normalized for the HDAC-1 nuclear protein. (F) Immunofluorescence
with rabbit anti-ZNF521 antibody detected with Alexa fluor 594,
showed an increased signal in the ZNF521 transduced cells compared
to low levels of endogenous nuclear ZNF521. Nuclei were stained with
DAPI and counter stained with mouse anti-actin detected with Alexa fluor
488.

FACS analysis, performed to assess the transduction effi-
ciency on hADSCs exposed to FUIGW-ZNF521 or to the
control void virus FUIGW, confirmed a high transduction rate
and high expression of eGFP (> 85%) (Fig. 1C). The levels of
ZNF521 transcript, as measured by Q-RT-PCR, were
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increased by approximately 40-fold in the transduced cells
(Fig. 1D). The expression of Flag-ZNF521 protein was con-
firmed by Western Blotting in nuclear extracts using an anti-
body to the Flag-tag fused to its coding sequence (Fig. 1E).
Immunofluorescence analysis using an antibody against the
endogenous protein showed that ZNF521 displayed a strongly
enforced expression compared to the control cells and accu-
mulated in the nuclei of the cells transduced with FUIGW-
ZNF521 (Fig. 1F).

To investigate the effects of ZNF521 overexpression in
hADSCs, cells were stimulated to differentiate along the
adipogenic lineage with defined commercial medium for adi-
pocyte differentiation (Life Technologies). hADSCs induced
towards adipocytes were characterized by the appearence of
intracellular lipid droplets (LDs) visible by phase contrast mi-
croscopy. To monitor the adipogenic stages of differentiation,
Oil red O staining was performed on day 7 and 14 after induc-
tion. Seven days after adipogenic induction, we observed that
the size and amount of stained LDs, mainly visible in the peri-
nuclear region, were considerably smaller in ZNF521-
transduced cells, compared to the cells transduced with control
FUIGW vector which had accumulated visibly more LDs. By
day 14, the LDs had increased in staining intensity and filled
most of the cytoplasm surrounding the nuclei. Untreated cells
instead displayed little or no lipid accumulation (Fig. 2A).

To monitor the influence of ZNF521 on components of the
molecular mechanisms underlying adipogenesis, the expres-
sion of a set of adipogenic markers was measured by Q-RT-
PCR on day 3, 7, and 14. While the expression of endogenous
mRNA was found to decrease moderately during the later
stages of adipocyte differentiation (Fig. 2B), ZNF521 overex-
pression was associated to a significantly lower induction of
the major adipocyte transcription factors PPARy and C/
EBP«, evident already after 3 days of differentiation and this
inhibitory effect was maintained during the differentiation
(Fig. 2B and Additional files 1A-1B). The cognate transcrip-
tion co-factor ZNF423 was moderately induced following the
exposure to adipogenic stimuli by 7-14 days and this induc-
tion was completely suppressed by enforced overexpresssion
of ZNF521. Additionally the adipocyte transcription factor C/
EBPf3 was monitored by immunofluorescence staining after
10 days of adipocyte differentiation. The typical sub-nuclear
distribution of C/EBP{3 was evident and this too was marked-
ly reduced in ZNF521-transduced cells (Fig. 2C) compared to
control cells. The expression of PPARy and C/EBPx and
target genes such as FABP4 and LPL, were also found to be
dramatically up-regulated in stimulated hADSCs and strongly
delayed and reduced in their counterpart over expressing
ZNF521 (Fig. 2B and Additional files 1A-1B).

In a parallel approach hADSCs were transiently transfected
by nucleofection with ZNF521 and the expression analyses
were performed prior to the stimulation and after 5 days of
adipogenic stimulation. At latter time points the ZNF521 over
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Fig. 2 Inhibitory effect of ZNF521 ectopic expression on adipocyte P>
differentiation in hADSCs. (A) hADSCs were cultivated in complete
proliferation medium 14 days (Non Induced, NI) or induced to
differentiate and stained with Oil Red O on day 7 and 14 and visualized
by phase contrast microscopy. The amount of lipid droplet formation was
markedly less in ZNF521 transduced cells compared to control FUIGW
cells. Intracellular lipid droplets were not detectable in control cells
cultured in complete proliferation medium for 14 days (experimental
replicate n=3). Representative images are shown magnification 20%.
(B) Q-RT-PCR analysis of gene expression normalized for the
housekeeping genes GAPDH or UBC. ZNF521 mRNA was modestly
down regulated during differentiation by 7 and 14 days. ZNF521 over
expression results in the reduced and delayed expression of adipocyte
specific transcription factors ZNF423, PPARy, C/EBP«x and markers
FABP4 and LPL. Data are represented as means + SD from a
representative experiment performed in duplicate (* p <0.05). (C)
Representative brightfield and immunofluorescence images showing
adipocyte differentiation at day 10 where cells were stained with C/
EBP{ antibody (red) and nuclei blue DAPI, magnification 20x
(experimental replicate n = 2).

expression, although reduced, was still evident, and resulted in
a significant repression of the expression of PPARy, C/EBPx
and ZNF423 as well as FABP4 and LPL (Fig. 3A). Oil Red O
staining was performed on transfected cells after 7 days of
induction. The results showed that ZNF521 is able to prevent
adipocyte differentiation/maturation: cytoplasmic lipid
droplets accumulation was almost completely blocked in
hADSCs overexpressing ZNF521 compared to control cells
(Fig. 3B).

Thus, as shown in Figs. 2 and 3, both transient or stable
enforced expression of ZNF521 resulted in a considerable
attenuation of hADSCs differentiation toward adipocytes
both at the morphological and at the molecular level. This
is confirmed by the results shown in Additional files 1A
and 1B, that summarize a complete set of 6 experiments
with distinct individual lots of hADSCs. In all these exper-
iments, despite the expectable individual variability in the
kinetics and rate of differentiation, ZNF521 overexpres-
sion was invariably associated to a significant inhibition
of hADSC adipogenesis.

ZNF521 Silencing Facilitates Differentiation in hADSCs

In a complementary approach, we sought to establish
whether the knock-down of ZNF521 in hADSCs would
induce an opposite effect from its overexpression. To this
end, ZNF521 silencing was performed using lentiviral
vectors carrying two distinct ZNF521-specific sShRNAs,
previously shown to effectively reduce the protein expres-
sion [15, 16, 24, 35]. The high efficiency of the lentiviral
transduction in hADSCs was evident by FACS analyses
of eGFP (Fig. 4A) and then the silencing was verified by
Western Blotting, using an antibody against endogenous
ZNF521. As shown in Fig. 4B, transduction with lentivi-
ruses carrying both ZNF521 shRNAs (shRNA-1 and
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Fig. 3 Effects of transient ZNF521 overexpression. (A) hADSCs were
transfected by nucleofection and cultured in the adipogenic medium for
5 days. mRNA transcript levels of specific adipocyte-related genes were
analysed by Q-RT-PCR and their expression levels are reduced compared
to control cells (replicate n=3). Student’s t-test was used for statistical

shRNA-2) abrogated almost completely endogenous
ZNF521 protein expression compared to the shRNA con-
trol vector. In addition, Q-RT-PCR showed that the level
of ZNF521 mRNA was significantly reduced in
shZNF521-transduced cells compared to the negative
control (Fig. 4C).

ZNF521-silenced hADSCs were treated with adipocyte in-
ducers for 14 days and stained with Oil Red O, at 7 and
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analysis (* p<0.05). (B) hADSCs transfected with ZNF521 were
analysed by Oil Red O staining to evaluate cellular morphological
modifications and intracellular lipid accumulation by 7 days after the
induction of adipocyte differentiation. This experiment was performed
twice.

14 days. Morphological examination showed that the number
of LDs and their intensity of staining was enhanced in
ZNF521-silenced cells compared to shRNA no-target control
(Fig. 5A). Concomitantly the expression of the transcription
factors PPARy, C/EBPo and ZNF423 as well as the adipocyte
specific FABP4 and LPL genes during differentiation was
markedly enhanced in the ZNF521-silenced hADSC cells
compared to control cells at all stages of analysis (Fig. 5B
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Fig. 4 Analysis of ZNF521 silencing. (A) ZNF521 was silenced using a
lentiviral shRNA strategy and the efficiency of eGPF trans gene
transduction was evaluated by flow cytometry. (B) Silencing was

and Additional files 2A-2B). Immunofluorescence staining
for C/EBPf3 protein in hADSCs differentiated cells showed
greater positivity in the sub-nuclear region of ZNF521-
silenced cells (Fig. 5C). This was the case for all the six
hADSC samples studied (Additional files 2A-2B) where a
highly efficientadipocyte differentiation accompanied by an
increased expression of adipocyte marker genes being con-
sistently associated with ZNF521 silencing. Thus, silencing
of ZNF521 results in an opposite effect on adipocytic differ-
entiation of hADSCs compared to ZNF521 overexpression,
and consistently accelerates this process in response to ap-
propriate stimuli.

Quantification of Oil Red O Staining Using an Image)
Based Method

In order to gain additional quantitative information on the
effect of ZNF521 on adipogenic differentiation an Imagel
based method was applied. The results were summarized in
the additional file 3. The data presented on the bar graphs
confirmed that ZNF521 was able to modulate adipocyte dif-
ferentiation; in the cells overexpressing ZNF521 the mean of
the Oil red O stained area, calculated as a percentage of each
field and the mean of the red intensity (pixels), after 7 and
14 days, was significantly decreased compared to control
cells. It could be calculated that in the final phase of differen-
tiation, ZNF521 overexpression reduced the area covered by

confirmed by western blot analysis of ZNF521 protein. (C) Q-RT-PCR
analyses shown that mRNA levels of ZNF521 were reduced by at
least >50%.

the stain and the red intensity by approximately five times
(Additional file 3A).

Consistantly, in cultures of ZNF521 silenced cells the
difference in stained covered area and red intensity was
increased in a progressive manner in both ZNF521
shRNA transduced cells compared to controls. On the
14th day, it was observed that the area covered by the stain
and the red intensity of the staining was approximately
6.5 times higher compared to those of control cells
(Additional file 3B).

ZNF521 Acts by Inhibiting EBF-1

ZNF521 is known to act as a potent inhibitor of early B cell
factor 1 (EBF-1), considered a master factor of B cell differ-
entiation [15] and a prominant inducer of adipocyte differen-
tiation [31, 36, 37]. ZNF521 binds to EBF-1 through its C-
terminal domain and counteracts the transactivation of several
EBF-1 target genes involved in B-lymphopoiesis and as well
as in adipogenesis. EBF-1 is known to be a potent activator of
PPARYy [38]. The activity of PPARYy can be assayed by mea-
suring the transcriptional activation of a reporter plasmid in
which the expression of the luciferase gene is under the tran-
scriptional control of PPARy (PPRE-luciferase reporter,
Cignal Qiagen reporter, which contains repeated elements of
the PPARYy binding consensus from the ACOX1 gene) [39].
We tested if overexpression of EBF-1, zfp521 or both in the

@ Springer
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«Fig. 5 Silencing of ZNF521 promotes human adipocyte differentiation.
(A) ZNF521 silencing significantly enhanced the number of lipid
accumulation in hADSCs which were stained with Oil Red O on 7d
and 14d. All assays were performed at least in duplicate. (B) Q-RT-
PCR analyses shows that ZNF521 silencing enhances the induction of
the expression of the main characteristic adipogenic transcription factors
and marker genes. Values are from duplicate. (C) Immunofluorescence
staining shows differentiated hADSCs on day 10. The appearance on
differentiation of C/EBPf3 protein was more evident in the cells
transduced with shRNAs compared to shRNA control vector (CTL).
Each staining was made in duplicate. Representative images are shown
with subnuclear localization of C/EBPf (red) and DAPI (blue),
(magnification 20x).

preadipocyte mouse cell line, NIH3T3-L1, would affect the
expression of this PPARYy reporter construct. To this end,
NIH3T3-L1 cells were transfected with the PPRE-luciferase
reporter together with control vector, zfp521, EBF-1 or both.
As shown in Fig. 6 overexpression of zfp521 significantly
decreased the luciferase expression driven by the PPRE ele-
ment both in basal conditions and in the presence of EBF-1
suggesting that its inhibitory effect on hADSCs is, at least in
part, due to interference with the EBF-1 induced activation of
PPARYy driven transcription [38].

Discussion

Human adipose-derived stem cells represent a readily avail-
able supply of mesenchymal stem cells with the ability to
undergo osteogenesis or chondrogenesis and are susceptible
to generate lipid laden adipocytes. Adipocyte differentiation
can be achieved with dexamethasone (DEX), insulin,
isobutyl-methylxanthine (IBMX) and indomethacin with in
some protocols the addition of PPARYy agonists (such as
rosiglitazone) [1]. In the present paper a commercial

2,5
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PPRE - Luc /Ren

M wm

CTL Zfp521 Zfp521 + EBF-1

Fig. 6 Differential activation of PPRE responsive element by z{p521,
EBF-1 or by both together. NIH3T3-L1 cells were transiently
transfected with the PPRE responsive element construct, in presence of
plasmids for zfp521 or EBF-1 or with both; as a control the void vector
FUIGW was also transfected. After 48 h the luciferase activities were
measured by using the Dual-Glo Luciferase Reporter Assay Kit
(Promega). This experiment was repeated three times with similar results.

EBF-1

standardized adipocyte medium (STEM PRO® adipogenesis
differentiation medium from Life Technologies) proved to re-
sult in efficient adipogenic differentiation in 7 days
approssimately.

The transition from a fibroblast-like phenotype to pre-
adipocytes and eventually to mature adipocytes is controlled
by a series of epigenetic events and key transcription factors,
in turn regulated positively or negatively by a series of addi-
tional “molecular rheostats [1] that composing a fine-tuned
molecular network, to achieve the appropriate molecular
events required to attain the final differentiation. This has
implication both in development and also in the homeostasis
of'adipose tissue in normal conditions or diseases, for exam-
ple obesity. Therefore a better understanding the mecha-
nisms that control adipogenesis may shed relevant insight
for this process and also help identify potentially useful ther-
apeutic targets for metabolic disorders. Several lines of evi-
dence suggestthat Zfp521 acts as arepressor of adipogenesis
in vitro and in vivo [31]. Overexpression of Z{p521 in mouse
pre-adipocytes has been postulated to inhibit their
adipogenic potential, whereas its knock-down enhances dif-
ferentiation. Zfp521 has been reported to exert this role by
interacting with Ebfl and inhibiting its transcriptional activ-
ity of the pre-adipogenic transcription co-factor Zfp423,
while directly repressing the promoter of this gene [28].

A significant variance with these reports, Tseng et al.
[32] using human bone marrow derived mesenchymal stem
cells (bmMSCs) and C3H10T1/2 cells, reported that
ZNF521 expression enhances adipocyte and represses os-
teoblastic differentiation. The expression of mRNA for
ZNF521/zfp521 was found in hADSCs to be moderately
down regulated during differentiation, this trend is fully
consistent with that observed in C3H10T1/2 cells [31]
whereas a more definite down-regulation was seen in
W20-17 murine bone marrow stromal cells [28] and by
Western blotting in NIH3T3-L1 cells. The rate of decline
of ZNF521 in adipocytes will depend largely on the induc-
tion of Zfp423 will then act to repress the zfp521 promoter
[28] and also on post-transcriptional regulation on the
zfp521 protein itself. In contrast Tseng et al. [32] observed
a reduction in osteoblastic differentiation and an increase
during adipogenic differentiation in C3H10T1/2 cells with
Zfp521 overexpression. Whether this apparent discrepancy
is due to a different cellular and molecular context in which
the studies have been performed is not completely clear. To
determine the effect of ZNF521 in the early differentiation
we used hADSCs as the most physiologically relevant
model to study human adipogenesis. The experiments were
performed using a panel of distinct populations of hADSCs
in which the effects of up- or down-regulation of ZNF521
were analyzed using morphological and molecular param-
eters. The results of this study, illustrated in Figs. 1, 2, 3, 4
and 5 and in additional file 1A, clearly confirm that
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overexpression of ZNF521 consistently and significantly
reduced and delayed the differentiation of hADSCs to ad-
ipocytes. Conversely, its silencing resulted in enhanced
and accelerated differentiation.

Interestingly, there is a recent report using the rat model of
maternal food restriction (MFR) and analysis of bone marrow
mesenchymal cells from the offspring, where there was a
marked increase in obesity and an altered metabolic phenotype
compared to normally fed animals [40], indeed these MFR
bmMSCs coherently expressed reduced levels of the runx2
and zfp521 inhibitory transcription factors. This would be con-
sistent with the idea that these transcription factors are control-
ling early events in adipocyte progenitor pre-programming and
only once their expression decline the differentiation program
can proceed. These results also predict that there may be con-
siderable differences in the adipogenic ability of ADSCs from
different tissue sources and derived from varying previous or
actual metabolic regimes. Indeed we observe a considerable
variation in the rate of adipocyte generation with the different
ADSC donors; even so however, the influence of ZNF521
overexpression or silencing was always consistent with an in-
hibitory adipocyte transcriptional role.

It will be interesting in future studies to test whether the
biological effects of ZNF521 may differ in MSCs from other
origins. Given the complexity of the transcription networks
that have been proposed [5—9] to promote and regulate differ-
entiation, qualitative and/or quantitative variations in the com-
position of these networks in cells of diverse origin may sig-
nificantly alter their biological activities.

Indeed, ZNF521 has been shown to interact with several
other transcription factors and epigenetic modifiers in differ-
ent cellular contexts including EBF-1 in B cells [16] GATA1
in erythroid progenitors cells [41], Runx2 in osteoblasts [27],
p300 during neural differentiation of embryonic stem cells
[21] as well as Smad proteins in response to BMP4 signaling
[13]. In addition, a strong interaction of ZNF521 has been
observed with the NuRD complex [14, 41] as well as with
itself and Zp423 [42, 43].

An additional wealth of information confirms the involve-
ment of ZNF521 in MSC maturation and experiments where
the constitutive activation of PDGFRx V561D resulted in the
inhibition of embryonic white adipose tissue organogenesis
and was accompanied by a specific upregulation in zfp521
expression (not that of zfp423 or ebf1) which in turn transcrip-
tionally blocks adipogenesis [44]. In addition the translation
control of Zfp521 may also play an important role as shown
by the proteasomal degradation of zfp521 mediated by the
Siah2-ubiquitin ligase in response to BMP4 during adipogen-
esis [45]. The functional significance of these molecular inter-
actions and signaling processes operating to control the cell
fate decisions in MSCs point to a role for ZNF521/zfp521 as
an essential key upstream transcription factor for adipogene-
sis, whose regulation is under fine control.
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Methods
Cell Culture

STEM PRO® Human Adipose-Derived Stem Cells
(hADSCs) were purchased from Life Technologies (cat. no.
R7788-115). Each vial (1 x 10° cells) originated from a single
donor of human lipo-aspirate tissue. hADSCs (n=4) were
cultured in MesenPRO RS™ medium (cat. no. 12746-012
Life Technologies), containing 1X Glutamax (Life
Technologies). Human hematopoietic cell lines NB4, K562,
THP-1 were cultured in RPMI 1640 medium, and HEK 293 T
and NIH3T3-L1 cells were cultured in DMEM. Media were
supplemented with 10% fetal bovine serum. All cells were
cultivated in 50 U of penicillin and 50 pg of streptomycin/
ml at 37 °C in 5% CO,.

Expression Vectors

The lentiviral vectors FUIGW-ZNF521, FG12-H11 (shRNA-
1) (GCUAAAGAUAGUAAUGCATT) and FG12-H12
(shRNA-2) (UGUGGAACAAAUGGAGCUUTT) have been
previously described [24, 46]. For silencing experiments, the
non-target Mission lentiviral vector (Sigma) was used as con-
trol vector.

Lentiviral Particles Production and Transduction

Lentiviral particles were obtained by transient transfection of
HEK293T cell line, used as a virus producing cell line. 10 pg
of transfer vector were co-transfected with 10 pg of pCMV
vector A8.9 and 2 pg of VSVG vector (Vesicular Stomatitis
Virus Glycoprotein), encoding for the envelope and the pack-
aging genes respectively, in 2 x 10" HEK293T cells using cal-
cium phosphate precipitation [47]. After 6 h incubation at
37 °C the medium was changed and DMEM 3% FBS was
added. Supernatant containing the viral particles was collected
24 and 48 h after transfection, filtered (0.45 um cellulose
acetate) and added to 2,5 x 10° hADSCs. The repetition of 2
consecutive cycles of spin inoculation (700 g at 32 °C for 40
mins), in the presence of 8 pg/ml of polybrene (Sigma), gave a
high efficiency of transduction.

Flow Cytometry

Transduction efficiency was assessed using flow cytometry.
Enhanced green fluorescent protein (eGFP) expression was
measured using BD FACScan™ System (Becton Dickinson)
and analyzed by FlowJo software. Untransduced hADSCs
were used as a negative control sample.
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Protein Extracts

Cytosolic and nuclear extracts were prepared essentially
as described by [48], from 3 x 10° cells after washing
twice with PBS. The cell pellets were resuspended in a
hypotonic lysis buffer containing 10 mM Hepes pH 7.9,
10 mM KCI, 0.1 mM EDTA pH 8.0, protease inhibitors
(P8849, Sigma) and phosphatase inhibitor cocktails 2 and
3 (P0044, P5726 Sigma) and incubated on ice for 20 min.
Igepal-630 (NP40) 0.25% was added to cell lysates and
samples were then centrifuged for 15 min at 14,000 g to
clear lysate cytosolic extract. The pelleted nuclei were
extracted in a hypertonic buffer containing 20 mM
Hepes pH 7.9, 0.4 M NaCl, 1 mM EDTA pH 8.0, protease
and phosphatase inhibitors. The lysates were subjected to
three rounds of alternating vortex mixing and ice-cooling,
and then were centrifuged at 15,000 g for 20 min and the
supernatants (nuclear extracts) were collected.

To obtain the total protein extracts, cells were resus-
pended in lysis buffer (250 mM Tris-HCl pH 7.5), and
then subjected to three cycles of freezing and thawing
(=70/+37 °C). The lysate was centrifuged at 15,000 g
for 20 min and the supernatants containing the whole-
cell extracts was recovered [35].

Protein concentrations were measured from the cell lysates
using the Bradford assay at 595 nm, with bovine serum albu-
min (BSA, Sigma) as a standard.

Western Blotting Analysis

Protein extracts (30 png) were re suspended in 1x NuPAGE
sample buffer, denatured at 95 °C for five minutes and sepa-
rated by electrophoresis on 4-12% NuPAGE Novex bis-Tris
gradient polyacrylamide gels (Life Technologies). Proteins
were transferred to nitrocellulose membranes (0.45 pum) for
2 hat 50 Vin 25 mM Tris, 192 mM glycine. Electrophoresis
and blotting quality were checked by staining the membrane
with 0,1% Ponceau S in 5% acetic acid and were blocked
using 5% milk powder in PBS-0.05% Tween20 before incu-
bating with antibodies. The HRP-conjugated anti-FLAG
monoclonal antibody (M2 A8592, Sigma-Aldrich) was used
ata 1:10,000 dilution for the detection of FLAG epitope-
tagged proteins. Anti-HDAC-1 (H3284 - Sigma) and Anti-
H1.2 (ab4086 - Abcam) were used at 1 : 12,000 and
1:10,000 respectively and were detected with anti-rabbit sec-
ondary HRP-conjugated antibody (Santa Cruz,
Biotechnology). A rabbit antibody against ZNF521 (S-15
EHZF antibody - Santa Cruz Biotechnology) was used
1:1000 dilution, in non-reducing conditions, to detect the en-
dogenous expression of ZNF521. HRP was revealed using the
ImmunoCruz Western blotting luminal reagent (Santa Cruz,
Biotechnology) by autoradiography.

Adipocyte Differentiation

hADSCs were confirmed positive for CD73, CD90, CD105
and negative for CD14 and CD45 by FACS and at the third
passage were seeded in 12 well plates at the density of 1 x 10*
cells/cm?. To induce differentiation, confluent cells were in-
cubated for 14 days with STEM PRO® adipogenesis differ-
entiation medium (cat. no. A1007001 Life Technologies).
Control cells were cultured in MesenPro RS™ medium
(Life Technologies). The protocol was applied to hADSCs
from 4 different lots. Cells were maintained at 37 °C in a
5% CO, incubator and the medium was changed every 3 days.
Following a 2 week period of stimulation, the cells were
stained with Oil Red O.

Oil Red O Staining

Cells were washed twice with PBS, fixed with 10% formal-
dehyde for 15 min at —20° C and washed twice with PBS and
then stained for 30 min at room temperature in freshly diluted
Oil Red O Solution (O1391- Sigma; 0.5% in isopropanol di-
luted with double distilled water and filtered using 3 mm
Whatman paper) and then washed twice with distilled water.
Images were acquired using an inverted microscope Evos
(Life Technologies).

For quantification the images were processed using the
software ImageJ (NIH Image Bethesda, MD). The calculation
of'the area was accomplished by selecting the pixels which the
red component on a 24-bit RGB representation is higher than
the other color components (blue and green). In this way, the
percentage of the area covered by the Oil Red O stain is the
number of pixels selected divided by the total pixels of the
entire image (experimental replicate n = 3).

RNA Isolation

RNA extraction from hADSCs was performed according to
the instructions of the TRIzol reagent (Life Technologies).
RNA was resuspended in 20 pl nuclease-free water. The
concentration and purity of the RNA was determined using
the NanoDrop 2000/2000c Spectrophotometer (Thermo
Fisher Scientific). The RNA quality was monitored using
1.5% agarose gel run in 0.4 M MOPS pH 7.1 (MOPS:
3-(N morpholino)propanesulfonic acid), 0.1 M NaAc,
20 mM EDTA).

Q-RT-PCR Analysis

cDNA was synthesized from 1 pg RNA using SuperScript 111
reverse transcriptase at 42 °C and 2.5 uM random hexamers
(Life Technologies). Q-RT-PCR reactions were carried out with
the iQ™ SYBR® green super mix (Bio-Rad) in duplicate ac-
cording to the manufacturer’s instructions and analyzed using
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1Q5 multicolor detection system (Bio-Rad). One cycle of 3 min
at 95 °C was followed by 45 cycles of 10 s at 95 °C, 10 s at
60 °C and 20 s at 72 °C and then a melting curve. Relative gene
expression was determined using the comparative threshold
cycles Ct method, normalizing for endogenous GAPDH or
ubiquitin C (UBC) and expression ratio was calculated as
2744C essentially as described in [16] (experimental replicate
n =2). Primers used for Q-RT-PCR are listed in Table 1, oligo-
nucleotide primers were designed to detect the adipocyte-
specific marker PPARYy?2.

Immunofluorescence

Immunofluorescence was performed essentially as described
in [24]. hADSCs were washed three times with PBS and fixed
with 4% paraformaldehyde for 20 min at 4 °C. The cells were
permeabilized with 0.3% Triton X-100 for 5 min and then were
rinsed 3 times with cold PBS before incubating with blocking
buffer (PBS, 10% BSA (Albumin Fraction V A1391 —
Applichem), 0,2% Tween-20) for 40 min at room temperature.
Rabbit anti-ZNF521 (HPA023056 - Sigma), mouse anti-actin
(A4700 Sigma) and rabbit anti-CEBP {3 (C-19: sc-150 Santa
Cruz Biotechnology) primary antibodies were diluted 1:500 in
blocking buffer and cells were incubated with the antibody
overnight at 4 °C. The cells were then washed with cold PBS
three times, and incubated with Alexa fluor 488-labeled anti-
mouse or Alexa fluor 594-labeled anti-rabbit secondary anti-
bodies (Life Technologies) diluted 1:800 in blocking buffer
(PBS, 2% BSA, 0,2% Tween-20) at room temperature for
1 h. Nuclei were stained with 10 ng/ml DAPI in PBS for
5 min. Cells were visualized and images were captured with

Table 1  Oligonucleotide primers used in this study

Human genes

ZNF521 FWD TGGGATATTCAGGTTCATGTTG
REV ACTGGAGTTTGGCAGGAGAG

ZNF423 FWD GGAAAGGCACCCAGACATCG
REV CGGGGAGTCGAACATCTGGT

FABP4 FWD TGGGCCAGGAATTTGACGAA

REV GACGCATTCCACCACCAGTT
LPL FWD GTCCGTGGCTACCTGTCATT
REV TGTCCCACCAGTTTGGTGTA

C/EBPx FWD AAACAACGCAACGTGGAGA
REV GCGGTCATTGTCACTGGTC
PPARY2 FWD CCTATTGACCCAGAAAGCGATT
REV CATTACGGAGAGATCCACGGA
GAPDH FWD CACCATCTTCCAGGAGCGAG
REV TCACGCCACAGTTTCCCGGA
UBC FWD ATTTGGGTCGCGGTTCTTG

REV TGCCTTGACATTCTCGATGGT
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a DFC 3000 G camera mounted on a Leica Microscope (DM
IL LED) at a 20x magnification.

Transfection

Cells (8 x 10°) were transfected by Amaxa Nucleofector
(Lonza) according to the instructions of the provider. Cells were
nucleofected using the appropriate solution/program: NIH3T3-
L1, V/C-023; hADSC, Human MSC Nucleofector Solution/U-
23. Adherent cells were seeded for 24—48 h prior to induction
of adipocyte differentiation or transactivation luciferase assays.

Luciferase Reporter Assay

NIH3T3-L1 cells were transiently co-transfected using
Nucleofector technology with the PPRE-responsive luciferase
construct (Qiagen CCS-3026 L) and the empty FUIGW plas-
mid or the plasmids FUIGW-Z{p521 and EBF-1 alone or in
combination. After 48 h, luciferase activity in total cell lysates
was measured using the Dual-Glo luciferase assay system
(E2920 Promega) according to manufacturer instructions.
Luminescence was measured using GloMax-96 Microplate
Luminometer (Promega).

Statistical Analysis

The experimental data are reported as means =+ standard deviation
(SD). In all Q-RT-PCR figures, bar graphs represent means and
error bars represent SD. Student’s #test was used for statistical
analyses (* p <0.05 were considered statistically significant).
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