6130-6144 Nucleic Acids Research, 2019, Vol. 47, No. 12
doi: 10.1093/nar/gkz312

Published online 30 April 2019

Zfp217 mediates m®A mRNA methylation to
orchestrate transcriptional and post-transcriptional
regulation to promote adipogenic differentiation

Tongxing Song'?7, Yang Yang' %', Hongkui Wei'-2, Xiaowei Xie'-2, Jinxin Lu':2,
Qianhui Zeng?3, Jie Peng'-2, Yuanfei Zhou'-2, Siwen Jiang?3" and Jian Peng'?"

'Department of Animal Nutrition and Feed Science, College of Animal Science and Technology, Huazhong
Agricultural University, Wuhan 430070, China, 2The Cooperative Innovation Center for Sustainable Pig Production,
Wuhan 430070, China and 3Key Laboratory of Animal Genetics, Breeding and Reproduction Ministry of Education,
College of Animal Science and Technology, Huazhong Agricultural University, Wuhan 430070, China

Received September 28, 2018; Revised April 14, 2019; Editorial Decision April 16, 2019; Accepted April 28, 2019

ABSTRACT

A complex and highly orchestrated gene expres-
sion program chiefly establishes the properties
that define the adipocyte phenotype, in which the
vast majority of factors are involved in transcrip-
tional regulation. However, the mechanisms by post-
transcriptional modulation are poorly understood.
Here, we showed that zinc finger protein (Zfp217)
couples gene transcription to mA mRNA modifi-
cation to facilitate adipogenesis. Zfp217 modulates
méA mRNA methylation by activating the transcrip-
tion of m®A demethylase FTO. Consistently, deple-
tion of Zfp217 compromises adipogenic differentia-
tion of 3T3L1 cells and results in a global increase
of m®A modification. Moreover, the interaction of
Zfp217 with YTHDF2 is critical for allowing FTO to
maintain its interaction with m°A sites on various
mRNAs, as loss of Zfp217 leads to FTO decrease and
augmented m®A levels. These findings highlight a
role for Zfp217-dependent m®A modification to coor-
dinate transcriptional and post-transcriptional regu-
lation and thus promote adipogenic differentiation.

INTRODUCTION

The global incidence of obesity and Type 2 diabetes has
increased over the last three decades. It is well confirmed
that adipose tissue greatly contributes to obesity-associated
diseases. Thus, the manipulation of adipocyte differentia-
tion and maturation could be a promising strategy for the
treatment of obesity-related diseases (1). Considerable ef-
forts have been made to elucidate the role of transcriptional

and epigenetic regulation in adipogenesis and identify a vast
majorly of key regulators and pathways (1,2). However, the
function of post-transcriptional regulation in adipogenesis
is not well understood.

NC-methyladenosine (m°A) has been identified as the
most abundant modification present on eukaryotic messen-
ger RNA (mRNA) (3-5), and plays a role in regulating cell
fate and lineage transition in embryonic stem cells (5-8).
The ‘writer’complex, which catalyzes m®A mRNA methy-
lation consists of methyltransferase-like 3 (METTL3),
methyltransferase-like 14 (METTL14) and Wilms tumor 1-
associated protein (WTAP), was recently shown to regu-
late mitotic clonal expansion in adipogenesis (9,10). No-
tably, the first ‘eraser’ protein mediating the reversal of m°A
methylation, fat mass and obesity-associated protein (FTO)
has been identified in Genome-Wide Association Studies as
a candidate in obesity (11,12) and also plays a critical role
in maintaining adipogenesis through RNA splicing in an
mCA-dependent way (13—15). Recently, it was reported that
the m®A-binding protein YTH domain-containing family 2
(YTHDF2), in addition to acting as a reader of m°A mod-
ifications, can also prevent FTO from demethylating heat
shock stress-induced transcripts (3-5,16). However, the reg-
ulation of m®A modification by proteins in adipogenesis is
poorly understood.

Zinc finger protein 217 (Zfp217, human homolog
ZNF217) is a well-known oncogenic protein upregulated
in a variety of human tumors (17-19), and is also critical
for embryonic stem cell differentiation (8,20,21). Notice-
ably, Zfp217 tightly couples gene transcription with méA
modification on the nascent RNA, suggesting a key role for
Zfp217 in coordinating epigenetic and epitranscriptomic
networks (8,22). While we previously identified a novel role
for Zfp217 in adipogenesis, a detailed Zfp217-dependent
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mechanism has not been well characterized (23,24). How-
ever, these studies raise the possibility that Zfp217 may
modulate the m®A modification to accelerate adipogenesis.

In this study, we find that Zfp217 deficiency impairs adi-
pogenesis in 3T3L1 cells and leads to a global increase
in m°A mRNA methylation. Furthermore, Zfp217 tran-
scriptionally activates FTO gene expression and orches-
trates m*A mRNA modification in an m°A-YTHDF2-
dependent manner. Taken together, these findings illustrate
that Zfp217 is an essential and multi-faceted regulator that
promotes adipogenesis at both the transcriptional and post-
transcriptional level.

MATERIALS AND METHODS
Cell culture and differentiation

3T3L1 and HEK293T cells were cultured in Dulbecco’s
modified Eagle’s medium (Gibco, San Diego, CA, USA)
with 10% fetal bovine serum (FBS, Gibco) and 1%
penicillin/streptomycin. MEFs were prepared from 13.5-
d embryos from Zfp217*/~ x Zfp217*/~ mice as reported
elsewhere (25). For adipogenic differentiation, cells were
treated with 1 wuM DEX, 0.5 mM isobutyl-methylxanthine,
10 wg/ml insulin and 100 pmol/l Indomethacin. After
2 days, the cells were transferred to 10% FBS medium
containing only 10 wg/ml insulin and maintained in this
medium for 2 days; subsequently, cells were maintained in
10% FBS for another 2 days.

CRISPR/Cas9 knockout of Zfp217

The Zfp217 gene sequence was entered into the Zhang
Lab’s online generator (http://crispr.mit.edu/), and the three
CRISPR guide sequences that bind upstream and down-
stream with close proximity to target (TAG = 0) were cho-
sen. Guide RNA (sgRNA) sequences were listed in Supple-
mentary Table S1. These sequences were cloned into the
pSpCas9(BB)-2A-GFP (PX458) plasmid (Addgene Plas-
mid # 48138). The activity of these sgRNAs was analyzed
by T7E1 assay and those with the highest activity were cho-
sen for further use. To establish Zfp217 knockout 3T3L1
cell line, PX458-sgZfp217 was transfected into 3T3L1 cells
using Lipofectamine 2000. Two days after transfection, sin-
gle cell-derived clone was sorted with fluorescence-activated
of eGFP™" using a BD FACSAria II sorter- 488 nm (100
mw) (BD Biosciences, San Jose, CA, USA). After 7-10 days
for expansion, clones were screened for CRISPR-mediated
deletion with sanger sequencing. Zfp217 knockout mice
got from Cyagen Biosciences Inc. (China) and animal pro-
cedures were performed under the ethical guidelines of
the Institutional Animal Care and Use Committees at the
Huazhong Agricultural University.

Plasmids and transfection

Zfp217, YTHDF2 and FTO cDNA was obtained from a
mouse cDNA library and cloned into a pCMV-N-FLAG
vector (Clontech, Pato Alto, CA, USA) at the BamH1 sites.
About 2000 bp of FTO promoter fragments were cloned
into a pGL3-basic vector (Promega, Madison, USA) at the
Kpnl and Xholsites. Deletion fragments of Zfp217-binding
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site (ATTCTG) were generated using this plasmid DNA as a
template. The primers used for PCR amplification are listed
in Supplementary Table S2. For transfection, cells were seed
into a 12-well plate and transfected with plasmids using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), fol-
lowing the manufacturer’s instructions.

Oil red O (ORO) staining

The cells were washed twice with phosphate-buffered saline
(PBS) and fixed in 4% paraformaldehyde for 30 min at room
temperature. Cells were then washed again with PBS and
stained with freshly diluted Oil red O (Sigma-Aldrich, St.
Louis, MO, USA) for 15 min. After staining, the cells were
washed with PBS and photographed using a microscope
(Nikon, Japan).

RNA isolation, real-time quantitative PCR (QPCR) and
mSA dot blot

Total RNA was extracted using the Trizol reagent (Invitro-
gen, USA) and transcribed into cDNA using a first-strand
cDNA synthesis kit (TOYOBO, Japan). Quantitation of the
mRNA level by QPCR was performed on a real-time PCR
system using iTaq Universal SYBR Green Supermix (Bio-
Rad, Richmond, CA, USA). The cycle thresholds (Ct) of
the target gene was normalized to the Ct of the internal
reference B-actin gene using the formula 2~22€ which
yielded relative gene expression level values. The primers
used are listed in Supplementary Table S3. For m®A dot
blots, RNA samples were denatured at 65°C for 5 min. An
equal volume of chilled 20x SSC buffer (Sigma-Aldrich)
was then added before samples were spotted on the Amer-
sham Hybond-N* membrane (GE Healthcare). After UV
crosslinking, the membrane was washed with PBST buffer,
blocked with 5% non-fat milk and incubated with anti-m°A
antibody (Abcam, USA, #151230) overnight at 4°C. Then,
the secondary antibody was incubated at room tempera-
ture for 1 h. The membrane was exposed by using Western-
Bright™ Peroxide (Advansta, California, USA) in the imag-
ing system (Carestream, New York, USA).

Western blot and immunoprecipitation (IP)

The cells were extracted with protein lysis buffer (Bey-
otime, China) supplemented with protease inhibitor cock-
tail. Protein concentration was determined using the BCA
Kit (Beyotime, China). Proteins (25-35 wg) were separated
on a 10% polyacrylamide precast SDS gel (Bio-Rad) fol-
lowed by blotting on PVDF membranes (Millipore Biller-
ica, MA, USA). The membranes were probed with the fol-
lowing antibodies against: Zfp217 (Abcam, USA, #48133),
METTL3 (Abcam, #195352), ALKBHS (Abcam, #69325),
PPAR« (Cell Signaling Technology, USA, #C26H12), aP2
(Cell Signaling Technology, #D25B3), FTO (Santa cruz,
USA, #sc-271713), YTHDEF?2 (Proteintech, China, #24744-
1-AP), B-actin (Abclonal, China, #AC026), LMNBI (Ab-
clonal, #A1910) and Tublin (Abclonal, #AC021). Sec-
ondary antibodies and detection were according to descrip-
tion previously. For IP experiments, cells were lysed in IP
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buffer (Beyotime, China) and incubated with antibodies fol-
lowed by the pull-down with protein A/G beads for subse-
quent western blot analysis.

Cell cycle and apoptosis analysis

For cell cycle analysis, cells were trypsinized and fixed with
70% ethanol. and then incubated with 50 pg/ml propid-
ium iodide (PI). DNA content of single cell was quanti-
fied by flow cytometry analysis. For cell apoptosis analysis,
cells were trypsinized and incubated with Annexin V-PE/7-
AAD. Dead cells were quantified by flow cytometry analy-
Sis.

Luciferase reporter assays

Luciferase reporter assays were performed as described
in a previous study (26). The FTO-promoter (or Zfp217
binding site-deleted fragments) luciferase vector and renilla
luciferase-expressing plasmid (pTK) were co-transfected
with pCMV-N-Flag-Zfp217 or empty vector. After 24 h
transfection, cells were lysed using Dual-Glo luciferase
reagent (Promega, Madison, USA). The luciferase activity
was determined using a dual-luciferase reporter assay sys-
tem and luminometer (Dynex Technologies, UK). The lu-
ciferase values were normalized to the renilla values.

Chromatin immunoprecipitation (ChIP) assay

ChIP was performed using the ChIP Assay Kit according to
the manufacturer’s instructions (Beyotime, China). Briefly,
after crosslinking (1% formaldehyde), cells were quenched
by addition of 0.125 M glycine and harvested in SDS ly-
sis buffer for sonication digestion, the DNA—protein com-
plexes were immunoprecipitated with ChIP grade antibod-
ies against Zfp217 or IgG. DNA obtained from the im-
munoprecipitation were analyzed by quantitative PCR and
normalized to inputs. The primers used are listed in Supple-
mentary Table S4.

Cytoplasmic and nuclear extracts extraction

Cytoplasmic and nuclear extracts were prepared using nu-
clear and cytoplasmic extraction kit (BestBio, China) ac-
cording to the manufacturer’s instructions. The protein ex-
pression level of Zfp217 and YTHDEF?2 in nucleus or cyto-
plasm were detected by western blot. Lamin B1 was used as
a nuclear envelope marker. Tubulin was used as a cytoplas-
mic protein marker.

Immunofluorescence and confocal imaging

Cells were washed twice with PBS and fixed in 4%
paraformaldehyde for 30 min at room temperature. After
blocked with 1% BSA for 1 h. Cells were stained with in-
dicated primary antibody Zfp217 (Thermo fisher, #MAS-
27088) and YTHDEF2 (Proteintech, #24744-1-AP) 2 h,
followed by incubation with Alexa Fluor 555 goat anti-
mouse secondary antibody or Alexa Fluor 488 goat anti-
rabbit secondary antibody for 1 h. DAPI (4,6-diamidino-2-
phenylindole; Molecular Probes) was used to label DNA.

Confocal imaging performed using a confocal laser scan-
ning microscope (Carl Zeiss, Germany) equipped with an
incubation chamber and a motorized table.

RNA interference

Synthetic siRNA oligonucleotides specific for regions in
the mouse Zfp217 and YTHDF2 mRNA were designed
and synthesized by GenePharma (Shanghai, China). The
sequences that gave successful knockdown were Zfp217-
1, 5-CACACTTCCACGGAATCATAC-3'; Zfp217-2, 5-
TCACATCAGCACCTATCTAAC-3" (8); METTL3, 5-
CGTCAGTATCTTGGGCAAATT-3 (8) YTHDF2, 5-
GCTCCAGGCATG AATACTATA -3/(16); Ccdcl4l, 5-
GCGCAUCACUUUCA GACAATT-3; Hspala-1, 5-
GCGACCUGAACAAGAGCAUTT -3; Hspala-2, 5-
GACUUCUA CACAUCCAUCATT -3'; Efcabll, 5'- CC-
CAACACUUCUGGUGU UUTT -3'. Negative control
(NC) siRNA was 5-TTCTCCGAACGTGTCACGT-3'.
Cells were transfected at 50-70% confluence with siRNA
duplexes using Lipofectamine RNAIMAX (Invitrogen) in
accordance with the manufacturer’s instructions.

Quantitative analysis of m®A level using LC-MS/MS

Quantification of the m®A and cap m®Am in polyadeny-
lated RNA using LC-MS/MS as described previously (27—
29). Polyadenylated RNA was purified from total RNA
using Dynabeads® mRNA DIRECT kit (Thermofisher,
#61000) according to the manufacturer’s instructions, and
further treated with RppH (NEB, M0356S) to remove the
cap. About 200 ng polyadenylated RNA was digested with
2U nuclease P1 (Sigma-Aldrich, St. Louis, MO, USA) at
37°C for 2 hin 25 pl of buffer containing 25 mM NaCl and
2.5 mM of ZnCl,, followed by the addition of NH;HCO;(1
M, 3 pl) and alkaline phosphatase (0.5 U) for 2 h at 37°C.
The digestion mixture was diluted to 1 ml using deionized
water and centrifuged at 10 000 rpm for 5 min to remove
any solid material. The digestion mixture was then filtered
with 0.22 wM Millipore membrane and 5 wl of this solu-
tion was injected into the LC-MS/MS system. A, m®A and
m®Am were later separated by UPLC-ESI-QQQ on a C18
column (Rapid Resolution HT, 50 mm x 2.1 mm 1.D, 1.8
pm, Agilent, Santa Clara, California, USA). Formic acid
in water (0.1%, v/v, solvent A) and formic acid in methanol
(0.1%, v/v, solvent B) were employed as the mobile phase.
The mass spectrometry detection was performed under pos-
itive electrospray ionization mode, by which the product ion
scans of the protonated A at m/z (268 — 136), m°A at m/z
(282 — 150) and m®Am m/z (296 — 150) were acquired.
The quantification was carried out using a standard curve
generated from A, m°A and m®Am standards (0.1-10 nM
for m°A and m®Am, 50-2000 nM for A) ran during the
same batch of the samples. The m®A and m®Am levels were
calculated as the ratio of m°A and m®Am to A.

MeRIP QPCR of target genes

m®A immunoprecipitation (MeRIP) was performed as de-
scribed previously (27,30,31). A 1 wg aliquot of m®A an-
tibody (Abcam, #ab151230) and Normal rabbit IgG (AB-



clonal, #AC005) were respectively conjugated to 20 wl Sure-
Beads protein A/G mixed magnetic beads (Bio-rad, #161-
4013; #161-4023) overnight at 4°C. A 100 ng aliquot of
fragmented total RNA was incubated with the antibody
in immunoprecipitation buffer (50 mM Tris-HCI, 750 mM
NaCl and 0.5% NP40) supplemented with 40U RNase in-
hibitor overnight at 4°C. RNA was eluted from the beads
by incubation in 300 wl of elution buffer (5 mM Tris-HCI, 1
mM EDTA and 0.05% SDS) with 8.4 g of proteinase K for
1.5 h at 50°C. Following phenol extraction and ethanol pre-
cipitation, the input and m°A-enriched RNA were reversely
transcribed with random hexamers, and the enrichment was
determined by QPCR. The primers used for detection for
mCA-enriched gene mRNA were shown in Supplementary
Table S5.

In vitro RNA pull-down and competition assay

Synthesized mRNA with a single m®A at A103 was label
by biotin (Takara, Japan). Binding of the labeled RNA to
streptavidin magnetic beads was performed in RNA cap-
ture buffer (20 mM Tris, pH 7.5, 1 M NaCl, | mM EDTA)
for 30 min at room temperature with rotation. The RNA-
protein binding reaction was conducted in protein-RNA
binding buffer (20 mM Tris (pH 7.5), 50 M NaCl, 2 mM
MgCl,, 0.1% Tween-20 Detergent) at 4°C for 60 min with
rotation. After washing three times with the wash buffer (20
mM Tris (pH 7.5), 10 mM NacCl, 0.1% Tween-20 Deter-
gent), protein was eluted by Biotin Elution Buffer (Pierce)
and detected by western blot (16,32). In vitro competition
assay was performed as previous report (29). Briefly, 1 g
polyadenylated RNA purified from 3T3L1 cells was incu-
bated with 2 pg FTO, Zfp217 and YTHDF2 in 100 pl of
reaction buffer containing KCI (100 mM), MgCl, (2 mM),
SUPERNase In (0.2 U/ml), L-ascorbic acid (2 mM), a-
ketoglutarate (300 mM), (NH4),Fe(SOy4),-6H,0 (150 mM)
and 50 mM of HEPES buffer (pH 6.5). The reaction buffer
was incubated for 3 h at room temperature, and quenched
by adding 5 mM EDTA. RNA was isolated by TRIzol and
followed by dot blot.

Localized surface plasmon resonance (LSPR)

The protein—protein and protein—-RNA interactions were
measured using an OpenSPR localized surface plasmon
resonance (LSPR) biosensor (Nicoya Life Science, Inc.,
Kitchener, Canada), as described previously (33,34). In
brief, 100 wl (1 pg/pl) of Flag-YTHDF2 was immobi-
lized on a COOH sensor chip (Nicoya # SEN-AU-100-
12-COOH) at a flow rate of 20 wl/min in 1x PBS buffer
(pH = 7.4, RNase-free) and 0.1% v/v Tween 20. Free ac-
tivated carboxyl groups were deactivated with the addition
of 100 pl blocking buffer (Nicoya). The immobilized pro-
tein was washed with running buffer (1x PBS, pH 7.4;0.1%
v/v Tween 20; 0.1% w/v BSA, RNase-free) until a stable
baseline was achieved. Buffer-matched recombinant Flag-
Zfp217 (20 wl; 325-650 nM) or m®A-modificated mRNA
were injected into the flow cell at a rate of 20 pl/min.
Following a 5-min interaction time, the dissociation was
recorded for an additional 7 min. Kinetic binding analy-
sis was performed with the TraceDrawer software package
(Ridgeview Instruments, Uppsala, Sweden).
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RNA-seq and relative data analysis

RNA-Seq was performed at Novogene Bioinformatics In-
stitute (China). In brief, RNA samples from WT and
Zfp217 knockout with MDI inducing 0 and 2 d were ex-
tracted using the Trizol reagent (Invitrogen). RNA pu-
rity was checked using the NanoPhotometer(®) spectropho-
tometer (IMPLEN, CA, USA). Sequencing libraries were
generated using NEBNext®) Ultra™ RNA Library Prep
Kit for Illumina®) (NEB, USA). Sequencing was then per-
formed on an Illumina Hiseq platform and 150 bp paired-
end reads were generated. Reads of each sample were
aligned to the mouse genome (NCBI build 38/mm10) us-
ing Bowtie v2.2.3. HTSeq v0.6.1 was used to count the reads
numbers mapped to each gene and then FPKM of each gene
was calculated. Differential expression genes was identified
by the DESeq R package (1.18.0) using a false discovery rate
(FDR) < 0.05 and fold-change >1.5 or < 0.7. Gene On-
tology (GO) enrichment analysis of differentially expressed
genes was implemented by the GOseq R package.

mSA-seq assays and data analysis

RNA samples were fragmented by RNA fragmentation
buffer (10 mM Tris-HCI (pH 7.0), 10 mM ZnCl,). Frag-
mented RNA was incubated for 2 h at 4°C with 0.5 mg/ml
anti-m°A antibody in IP buffer (150 mM NaCl, 0.1% Igepal
CA-630, 10 mM Tris-HCI (pH 7.4)) with RNasin (40 U /pl).
Library preparation and sequencing were performed at
Novogene Bioinformatics Institute (China) as previously
description. For data analysis, read sequences were filtered
by the FASTQC and then aligned to the mouse genome
(NCBI build 38/mm10) using BWA mem v 0.7.12. MACS
version 2.1.0 was used for peak detection. A g-value thresh-
old of enrichment of 0.05 was used for all data sets. MEME
and DREME were used to detect the sequence motif, af-
ter which, Tomtom software was performed to annotate the
motifs. Integrative Genomics Viewer (IGV) were used to vi-
sualize the distributions of the m°A peaks.

Statistical analysis

Data were analyzed using GLM procedures followed by
Tukey’s post-hoc tests using the SAS statistical package (v
8.2, SAS Inst., Inc., Cary, NC). All values are presented as
mean = standard deviation. P value <0.05 indicated signif-
icant difference.

RESULTS
Loss of Zfp217 retards adipose differentiation

To explore the role of Zfp217 in adipogenic differentia-
tion, we conducted loss-of-function assays by using siRNA
that exhibited significant reduction of Zfp217 mRNA and
protein (Figure 1A and Supplementary Figure S1). Zfp217
knockdown significantly blocked adipogenesis as indicated
by decreased level of Oil Red O staining as well as lower
expression of key adipogenic genes PPAR~y, aP2, LPL and
Adiponectin (Figure 1B-D). Furthermore, Zfp217 gene
was totally deleted using CRISPR/Cas9 system (Figure
1E), which abolished adipogenesis in 3T3L1 cells (Figure
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1F-H). We also examined the effects of Zfp217 decrease
on adipogenesis using the embryonic fibroblasts from mice
with haploinsufficiency of Zfp217 (MEF- Zfp217*/~, Fig-
ure 1I-L). Overall, our findings suggested that Zfp217 has
a profound impact on adipose differentiation.

Zfp217 inhibition enhances m®A modification during adipo-
genesis

Previously, Zfp217 was reported to influence m®A modifi-
cation in embryo stem cells (ESCs) maintenance (8). Here,
to screen function of Zfp217 in 3T3L1 cells, we detected
mC®A modification in mRNAs by using dot blot and liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
quantification. It showed a global increase of m°A level in
Zfp217-depleted cells by using siRNA and CRISPR /Cas9
system, compared with the control group (Figure 2A, B, D
and E). m®A immunostaining method also revealed higher
mC®A modification in Zfp217 knockdown cells (Figure 2C).
Recently, some papers reported that FTO is a multifunc-
tional demethylase, not only for m°A, but also for m*Am
of mRNA (29). Performed by LC-MS/MS, we also found
that m®Am level increased significantly in Zfp217-deficient

cells (Supplementary Figure S2). It may be noted that the
total amount of m°A is around 10-fold higher than that of
m°Am in mRNA, which is consistent with the data men-
tioned in this paper. Therefore, m®A rather than m® Am may
be main point to focus on here. Moreover, to identify the
role of Zfp217 in regulating m°A modification during adi-
pogenesis, m°A levels were detected by dot blot after 2-day
MDI induction. It showed no difference between the con-
trol and Zfp217-depleted cells, which may imply the early
function of Zfp217-m°A way in adipogenesis (Figure 2F).
m®A modification was also dramatically increased in the
MEF-Zfp217*/- comparing with wild-type (Figure 2G and
H). Taken together, these results advised that Zfp217 is crit-
ical for cellular m®A RNA methylation.

Z£p217 directly activates the transcription of FTO

Although Zfp217 inactivation in cells influenced m®A mod-
ification, Zfp217 is not a methyltransferase or demethylase
per se. How does Zfp217 inhibit m°A mRNA methylation?
To clarify the role of Zfp217 in regulating m°A modifica-
tion, we detected the expression of key proteins involved
in m®A methylation. Interestingly, knockdown of Zfp217
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Figure 2. Zfp217 depletion increases m®A modification in 3T3L1 cells. (A) Dot blot was used to detect the m®A modification after knockdown of Zfp217.
Methylene blue staining was used as a loading control (n = 3). (B) m®A /A ratio in polyadenylated RNA was measured from control and Zfp217 knockdown
3T3LI cells using LC-MS/MS (n = 2). (C) m®A immunostaining of 3T3L1I cells transfected with siCtrl and siZfp217. Nucleus was stained with DAPI
(magnification: 200x). (D) Dot blot was used to detect the m®A modification after knockout of Zfp217 (n = 3). (E) m® A modification levels were measured
after knockout of Zfp217 using LC-MS/MS (n = 2). (F) m°A level during adipogenesis of 3T3L1 (n = 3). (G) Dot blot was used to detect the m°A
modification in MEF-Zfp217*/~ cells (n = 3). (H) m®A modification level was measured in MEF-Zfp217*/~ cells using LC-MS/MS (n = 2). Presented as

means + SD (**P < 0.01).

markedly increased the protein expression of METTL3 and
decreased the expression of FTO (Figure 3A). We also
found that knockdown of METTLS3 increased the pro-
tein expression of Zfp217, and METTL3 knockdown res-
cued the m® A modification level in Zfp217 knockdown cells
(Supplementary Figure S3A and B). These findings sug-
gested that both FTO and METTL3 may have functions
in Zfp217-related m®A modification. Subsequently, nRNA
level of FTO was coordinately regulated by Zfp217 overex-
pression or knockdown in 3T3L1 cells (Figure 3B), whereas
METTL3 level was not changed (Supplementary Figure
S3C and D). Henceforth, we refer to verify whether Zfp217
could regulate the expression of FTO as a transcriptional
factor.

We reasoned that FTO acts as a target gene of Zfp217
using bioinformatics method (Figure 3C). Next, dual lu-
ciferase reporter system was employed to validate that
Zfp217 enhanced the promoter activity of F7TO, while dele-
tion of the Zfp217 binding sequence in F7O promoter in-
hibited it (Figure 3C), suggesting a direct regulation of
Zfp217 on FTO. Accordingly, localization of Zfp217 at
the promoter region of FTO was also confirmed by ChIP-
QPCR assays using the Zfp217 specific antibody with or
without MDI treatment (Figure 3D). By gene sequence

analysis, the accurate binding DNA sequence is completely
consistent with genomic sequence of FTO (Figure 3E). In
agreement with these observation, we found that FTO res-
cues the inhibition of adipogenesis with the lack of Zfp217
and increases the gene expression of PPARy, aP2, LPL
and Adiponection consistently (Figure 3F and G). Given the
rescue of m®A modification level by FTO overexpression
(or knockdown) in Zfp217 knockdown (or overexpressed)
3T3L1 cells, m®A may be the main target of Zfp217-FTO-
dependent way to regulate adipogenesis (Figure 3H). Col-
lectively, our data demonstrated that Zfp217, act as a tran-
scriptional factor, binds to promoter of F7O gene to aug-
ment adipogenesis, which may be one way to modulate m°A
modification during adipogenesis.

Z£p217 positively regulates the epitranscriptome involved in
adipogenesis

To gain an overview of the global role of Zfp217 in adipo-
genesis, we performed RNA sequencing (RNA-seq) in con-
trol and Zfp217 knockout 3T3L1 cells with MDI treatment
for 0 and 2 d and identified 12 188 and 11 566 different ex-
pressed genes (DEG) for 0 and 2d, respectively (Figure 4A;
Supplementary Figure S4A and Table S6). Compared with
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Figure 3. Activation of FTO transcription by Zfp217 for adipogenesis. (A) Protein expression levels of méA-related proteins during MDI treatment in
Zfp217 knockdown cells were detected by western blot (n = 3). B-Actin was used as a loading control. (B) mRNA levels of F70 in 3T3L1 cells with
overexpression and knockdown of Zfp217 were detected by QPCR (n = 3). (C) Left panel: schematic representation of transcription factor binding
promoter of FTO; right panel: dual-luciferase activity of normal and binding site-deleted F70 promoter by overexpressing Zfp217 in HEK293T cells
(n = 3). (D) ChIP-QPCR assay was used to measure the binding of Zfp217 on FTO promoter in 3T3L1 cells with or without treatment of MDI (n = 3).
Total chromatin was indicated as input and IgG was used as a negative control. (E) The position of the amplified regions of Zfp217 binding sequence in
FTO promoter was indicated. (F) The effect of Zfp217 knockdown or together with overexpression of FTO on adipogenesis of 3T3L1 cells (n = 3). (G)
mRNA expression levels of adipogenic genes were measured in 3T3L1 cells with Zfp217 knockdown or together with overexpression of F70 and treated
with M DI for 6 days (n = 3). (H) The effect of overexpression (or knockdown) of Zfp217 or together with depletion (or overexpression) of FTO in 3T3L1
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Figure 4. Zfp217 positively regulates the epitranscriptome of key genes involved in adipogenesis. (A) Overview of different expression genes (DEG) by
RNA-seq. (B) Overlapped transcripts of control and Zfp217 knockout in 3T3L1 cells at 0 or 2 d after MDI treatment by RNA-seq. (C) GO analysis of up-
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0 or 2 d after MDI treatment by MeRIP-seq. (G) Overlapped the DEG of RNA-seq with DMR from MDI 0 d of MeRIP -seq respectively to identify the

key target genes.

the wild-type, the vast majority (1431) of upregulated genes
in Zfp217 depleted cells with MDI treatment for 0 d notably
overlapped with that of the group with MDI for 2 d, while
941 downregulated genes were also identified here (Figure
4B and Supplementary Table S7). By Gene Ontology (GO)
analysis, the downregulated genes were found to be mostly
associated with cell cycle, RNA processing and lipid biosyn-
thetic progress (Figure 4C; Supplementary Figure S4B; Ta-
bles S8 and S9), suggesting that Zfp217 is involved in proper
regulation of RNA processing and lipid metabolism.

Next, to elucidate the mechanism by which Zfp217 reg-
ulates m°A modification, m°A methylated RNA immuno-
precipitation sequencing (MeRIP-seq) was employed to an-
alyze the m°A mRNA methylation in control and Zfp217
knockout 3T3L1 cells with MDI treatment for 0 and 2 d.
In agreement with previous reports in mammals, it was
found that GGACU is indeed highly enriched and consis-
tently represents as the best sequence motif (Figure 4D).

We next sought to investigate whether critical m°A sites
are affected by Zfp217 depletion. It revealed that the rel-
ative density of m°A sites in the SUTR and 3'UTR are
higher than other regions (Figure 4E and F; Supplemen-
tary Figure S5A; Table S10). In particularly, Zfp217 deple-
tion increased the m°A enrichment after MDI for 0 d, not
2 d, which means these transcripts are in Zfp217 knockout-
dependent manner (Figure 4G). Based on the above results,
we assumed that DEG from RNA-seq may be more likely
regulated when the m®A peaks are enriched in these corre-
sponding transcripts of DEG. Thus, we further overlapped
the DEG from UP and DOWN groups with 3332 differen-
tially methylated regions (DMRs) from MDI for 0 d group,
respectively, to identify the key target genes (Figure 4G;
Supplementary Tables S11-S13). Based on RNA-seq data,
it was found that cell cycle may be one of the important bio-
logical events in Zfp217 knockout cells. Results of cell cycle
and apoptosis, presented by flow cytometry analysis as well
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as mRNA expression of key genes, suggested that knockout
of Zfp217 may suppress proliferation and promote apopto-
sis of 3T3L1 cell with or without MDI treatment (Supple-
mentary Figure S6). However, cell cycle related key genes
cannot be found in MeRIP-seq data overlapped with RNA-
seq data, which might suggest that cell cycle is not the main
related biological event in Zfp217-m°®A mediated adipoge-
nesis.

Some of other key targets were selected for further ex-
periments, Ccdcl141 from UP group, Efcabl1 from DOWN
group, Hspala from references and observed significant
changes in RNA-seq data (Supplementary Figure S4C).
Next, to validate the results of RNA-seq and MeRIP-seq,
these genes were chosen for QPCR and MeRIP-QPCR
analysis. They showed similar gene expression profiles with
RNA-seq (Figure 5A and Supplementary Figure S4C), and
MeRIP-QPCR revealed an increase of m®A modification at
these transcripts after Zfp217 depletion (Figure 5B; Supple-
mentary Figure S5B and C). Moreover, to validate the roles
of these target genes, loss-of-function assays by siRNAs for
Ccedcl41, Hspala and Efcabll exhibited decreased levels of
adipogenesis (Figure SC-E). Taken together, our data re-
vealed the positive relationship between mRNA expression
and m°A mRNA methylation upon Zfp217 knockout dur-
ing adipogenesis.

Z4p217 interacts with YTHDF2 to maintain m®A demethy-
lation activity of FTO

Previous study reported Zfp217 exerts its function through
interacting with other proteins in embryonic development
and human tumors (22). To further explore the global
molecular mechanism by which Zfp217 promotes adipoge-
nesis, we performed immunoprecipitation experiments with
overexpression of Flag-N-Zfp217 in HEK293T cells fol-
lowed by immunoblotting proteins related to m°A mRNA
modification (Supplementary Figure S7A). Unexpectedly,
FTO, ALKBHS5 or METTL3/14 were not detected by
Co-IP with Flag antibody (Supplementary Figure S7A).
Using antibodies against METTL3 and Zfp217, endoge-
nous METTL3 and Zfp217 interaction may be found in
HEK?293T cells (Supplementary Figure S7B), which is simi-
lar to the results in ESCs (8). Strikingly, we verified a specific
interaction between Zfp217 and YTHDF2 by Co-IP and
reverse Co-IP experiments of the endogenous proteins as
well as Flag-tagged proteins both in 3T3L1 (with or without
MDI treatment) and HEK293T cells (Figure 6A and Sup-
plementary Figure S7C). Notably, Zfp217-YTHDF2 inter-
action was RNA-independent (Supplementary Figure S7D)
as treating the cellular extracts with RNase A does not af-
fect the precipitation of YTHDF2. To further confirm the
subcellular interaction, fractions isolated from nucleus and
cytoplasm were used to measure the expression of Zfp217
and YTHDF2. Consequently, both of these two proteins
were whole cell distributed both in 3T3L1 and HEK293T.
Intriguingly, Zfp217 has more expression in cytoplasm than
nucleus (Figure 6B and Supplementary Figure S7TE). More-
over, we also performed confocal microscopy for mon-
itoring the cellular location of endogenous Zfp217 and
YTHDEF2. Interestingly, co-localization of YTHDF2 and
Zfp217 was observed in nucleus and cytoplasm using con-

focal Z-analysis, which may indicate the specific function
of YTHDF?2 in Zfp217-dependent adipogenesis (Figure 6C
and D; Supplementary Figure S7F).

As reported that YTHDF2 could maintain m°A level
by inhibiting FTO activity under heat stress (16), we fur-
ther comprehensively analyzed biological function of in-
teraction between YTHDF2 and Zfp217 to FTO. As ex-
pected, overexpression of FTO and Zfp217 showed lower
m°A level and YTHDF2 blocked the demethylase activ-
ity of FTO to increase m°A levels, whereas Zfp217 func-
tioned as a regulator to tilt the equilibrium toward demethy-
lation (Figure 7A and Supplementary Figure S8A). Fur-
thermore, we confirmed direct competition between FTO
and YTHDF2 to target m®A ssRNA from Hspala (16) by
in vitro m®A RNA pull-down assay (Figure 7B and D). Ob-
viously, Zfp217, not binding to RNA, interfered with lo-
cation of YTHDF?2 (Figure 7C) and rescued FTO to bind
RNA (Figure 7D). Combining in vitro RNA pull-down
and dot blot assay to assess the m®A demethylation activ-
ity of FTO, it was also confirmed that Zfp217 sequestered
YTHDF?2 to maintain m®A demethylation activity of FTO
(Figure 7E). To determine whether Zfp217 directly interacts
with YTHDEF?2 in vitro, we performed LSPR. The results
clearly showed that Zfp217 directly interacts with YTHDF2
in a dose-dependent manner (Figure 7C). After combin-
ing YTHDF2, Zfp217 prohibited m°®A-containing ssRNA
from binding with YTHDF2 (Figure 7D). Overall, our find-
ings indicated that Zfp217 interacts with YTHDF?2 to keep
the accessibility of FTO to m°A sites.

Knockdown of YTHDF?2 rescues inhibition of Zfp217
depletion-mediated adipogenesis

To further investigate the underlying molecular mecha-
nism how Zfp217 regulates the target genes by m®A mod-
ification, we focused on YTHDF2 and verified its role
in Zfp217-mediated adipogenesis. Intriguingly, knockdown
of YTHDEF?2 drastically rescued adipogenesis in Zfp217-
deficient cells (Figure 8A and B), while the m®A modifica-
tion of genes was lower after YTHDF2 knockdown (Fig-
ure 8C), suggesting the critical role of YTHDF2 in Zfp217-
mediated adipogenesis.

Collectively, these results identified that Zfp217 balances
the expression of key genes in a YTHDF2-dependent way,
ultimately leading to the promotion of adipogenesis. We
proposed a model in which Zfp217 regulates adipogenesis
in Figure 9.

DISCUSSION

Adipogenesis involves different levels of regulatory mech-
anism, with the majority of known control factors are in-
volved in transcriptional regulation (35). In the present
study, we delineated a role for multifunctional factor Zfp217
in adipocyte differentiation. Complementary in vitro and
ex vivo analyses demonstrated that depletion of Zfp217 in-
hibits adipogenic protein PPAR+y and other key adipogenic-
related protein expression and in turn adipogenesis (Fig-
ure 1). Interestingly, deletion of Zfp217 increases global
m°A RNA modification, which indicates the role of Zfp217
at post-transcriptional level (Figures 2 and 4). Mechanis-
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Figure 5. Effect of Zfp217 deletion on the expression of target genes. (A) Validation of Cedcl41, Hspala and Efcabl] mRNA levels from RNA-seq data by
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tically, we showed that Zfp217 binds directly to the pro-
moter of m®A demethylase FTO (Figure 3C-E), and in-
teracts with m®A reader YTHDF2 (Figure 6), thereby en-
hances the location and demethylase activity of FTO to
mCA target RNAs (Figure 7). Ultimately, Zfp217 promotes
adipogenesis in an m®*A-Y THDF2-dependent manner (Fig-
ure 8). These findings for the first time demonstrated the

multifaceted and complex function of Zfp217 in adipogen-
esis.

Z£p217 acts as a classical transcription factor to promote ex-
pression of FTO

Zfp217 is a classical transcriptional factor from zinc finger
protein family, with eight conserved C,H; zinc finger mo-
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tifs and a proline-rich transactivation domain (18). Con-
ceptually, after binding to a specific DNA sequence of tar-
get gene, Zfp217 exerts activation of spemﬁc gene expres-
sion programs, and also cooperates in trdnscrlptlonal si-
lencing programs by recruiting chromatin modifiers in em-
bryonic development and human tumors (17,21,22). Thus,
depletion of Zfp217 may directly affect the expression of
downstream target genes. As reported by our group previ-
ously, expression of Zfp217 was found to be significantly up-
regulated during adipogenesis (24). Accordingly, in current
study, we showed that deletion of Zfp217 in 3T3L1 cells sig-
nificantly blocks the expression of PPARy, aP2 and other
adipogenic genes by performing RNA-seq together with the
adipogenic phenotype (Figures 1 and 4A—C), which indi-
cates that Zfp217 might take part in transcriptional cascade
regulation of key genes in adipogenesis.

Using bioinformatics of promoter binding analysis, we
predicted that F70O is the potential target gene of Zfp217
(Figure 3C-E). Interestingly, FTO is well known for its role
in associated with obesity and related diseases (11,36). The
numbers of studies have been reported the positive func-
tion of FTO in adipogenesis (9,15). Here, the multiple meth-
ods for transcriptional regulation validated that Zfp217 di-
rectly binds to the promoter of FTO, and overexpression

of FTO reversed inhibition of adipogenesis with Zfp217
knockdown (Figure 3F and G), thereby providing a reliable
cue for clarifying the facilitative role of Zfp217 in adipoge-
nesis.

Zfp217 mediates m® A mRNA methylation through FTO and
YTHDF2

Previous studies showed that Zfp217 sustains undifferen-
tiated state of ESCs and supports its pluripotent state
by epigenetically regulating m°®A methylation (8). In this
study, we found that Zfp217 depletion significantly in-
creases the m®A modification level in 3T3L1 cells and MEF-
Zfp217*/~(Figure 2), but it needs to be unraveled how could
a transcription factor regulate m®A modification.

FTO was reported as the first m®A demethylase of
mRNA, and the function of FTO in adipogenesis has been
linked to its m®A demethylase activity (13,36). Here, we
showed knockdown of FTO retrieved m®A modification
level in Zfp217 overexpressed cells (Figure 3H). The finding
indicated that Zfp217 reduces m°A modification through
increasing the expression of F7TO in a transcriptional reg-
ulatory way. Consistently, other studies have also reported
that with the treatment of R-2HG, CEBP« suppresses the
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expression of FTO by directly binding to its promoter, re-
sulting to the high m®A modification (32). Interestingly, it
was observed high m°®A modification of FTO mRNA itself
after Zfp217 knockout through MeRIP-seq as well, imply-
ing a feedback mechanism of which high m®A modification
of FTO mRNA inhibits FTO expression itself (32). We also
found a higher m®A modification in FTO mRNA in Zfp217
deficiency cells (Supplementary Figure S5C). And, strik-
ingly, we have previously reported that higher m®A modi-
fication in FTO mRNA leads to its low protein expression
in placenta (27). Together, it may be certain to infer that the
transcriptional activation of FTO by Zfp217 in m®A modi-
fication acts as an inherent property of this transcriptional
factor.

Notably, Zfp217 is also known as a core component
of protein complexes with histone deacetylase (HDAC),
CoREST and CTBPs (37-39), which suggests its multi-
functional roles in biology events. Therefore, clarifying the
interacted proteins of Zfp217 could gain insight into the
molecular mechanism of Zfp217-dependent adipogenesis.
Here, we focused on the m®A-related proteins that may
be interacted with Zfp217. Applied Co-IP with antibodies
against endogenous proteins, we found the interaction be-
tween METTL3 and Zfp217 (Supplementary Figure S7B),
which corroborated the previous study in HEK293T cells
(8). Interestingly, there may be mutual inhibition between
METTL3 and Zfp217 and METTL3 knockdown rescued
the m® A modification level in Zfp217 knockdown cells (Fig-
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Figure 8. Knockdown of YTHDF?2 rescues inhibition of Zfp217 depletion-mediated adipogenesis. (A) Knockdown of YTHDF?2 rescues adipogenesis in
Zfp217-deficient 3T3L1 cells. The adipogenic phenotypes were assessed by ORO staining; magnification: 200x . (B) mRNA levels of adipogenic key genes
were detected by QPCR (1 = 3). (C) MeRIP-QPCR was performed to detect the m®A abundance of target genes in YTHDF2 knockdown cells (n = 3).
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Figure 9. A diagram demonstrates the role of Zfp217-dependent m°A
modification in adipogenesis. In our model, Zfp217 orchestrates FTO ex-
pression at transcriptional level and interaction with YTHDF2 to regu-
late m®A mRNA methylation and facilitates adipogenic differentiation in
a YTHDF2-dependent manner.

ure 3A; Supplementary Figure S3A and B), suggesting it
may be one of the well-known ways to regulate m°A mod-
ification (8). We also validated the actual interaction be-
tween Zfp217 and m®A ‘reader’ protein YTHDF2 (Fig-
ure 6). Monitored by confocal microscope, the interaction

between Zfp217 and YTHDF2 occurred almost in whole
cell and mainly in cytoplasm after MDI for 2 days. As
in earlier study, it has elucidated that YTHDF?2 preserves
mCA methylation by limiting FTO from demethylation un-
der heat shock stress (16). Here, we found that Zfp217
may act as a regulator for YTHDF2-FTO competition,
which sequesters YTHDF2 from limiting the accessibility
of FTO to m°A sites (Figure 7). Overall, besides transcrip-
tional activation of FTO, it seems that Zfp217 could sus-
tain the demethylase activity of FTO by interaction with
mCA ‘reader’ YTHDF2. Of particular note, a recent semi-
nal study revealed a crosstalk between histone modification
and RNA methylation and uncovered another layer of gene
expression regulation (40). Here, Zfp217 may also function
across transcriptional and post-transcriptional level, which
sheds new light on the role of this transcription factor in
adipogenesis (22).

In summary, we illustrated that Zfp217 is essential for
adipogenesis by connecting gene transcription with m°A
mRNA modification. The regulatory role of Zfp217 that
keeps low m®A modification of the target mRNAs provides
fundamental insight into the post-transcriptional gene reg-
ulation network in adipocyte differentiation, revealing po-
tential novel ways to regulate adipogenesis and other vi-
tal events at this new frontier of transcriptional factors.
These findings offer a new approach to dissect the molecu-
lar mechanism of adipogenesis, and, ultimately, counteract
obesity and its associated risks of metabolic syndromes.
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