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ABSTRACT

Genomic imprinting is an epigenetic regulation that
leads to gene expression in a parent-of-origin spe-
cific manner. AFF3, the central component of the
Super Elongation Complex-like 3 (SEC-L3), is en-
riched at both the intergenic-differentially methy-
lated region (IG-DMR) and the Meg3 enhancer within
the imprinted DI/k1-Dio3 locus to regulate the allele-
specific gene expression in this locus. The localiza-
tion of AFF3 to IG-DMR requires ZFP57. However,
how AFF3 functions at the Meg3 enhancer in main-
taining allele-specific gene expression remains un-
clear. Here, we demonstrate that AFF3 is associated
with the Kriippel-like zinc finger protein ZFP281 in
mouse embryonic stem (ES) cells. ZFP281 recruits
AFF3 to the Meg3enhancer within the imprinted DIk 1-
Dio3locus, thus regulating the allele-specific expres-
sion of the Meg3 polycistron. Our genome-wide anal-
yses further identify ZFP281 as a critical factor gen-
erally associating with AFF3 at enhancers and func-
tioning together with AFF3 in regulating the expres-
sion of a subset of genes. Our study suggests that
different zinc finger proteins can recruit AFF3 to dif-
ferent regulatory elements and differentially regulate
the function of AFF3 in a context-dependent manner.

INTRODUCTION

Genomic imprinting refers to an epigenetic regulation
of gene expression in a parent-of-origin specific manner.
Genes within one given imprinted locus are coordinately
regulated by cis-regulatory elements, including imprinting
control regions (ICRs) and enhancers, epigenetic machiner-

ies and transcriptional factors to tightly control the allele-
specific expression pattern (1,2). Dysregulation of their in-
teraction within the imprinted loci can lead to imprinted
gene expression defects and numerous human congenital
diseases, such as Angelman, Prader-Willi and Beckwith—
Wiedemann Syndromes; and a number of cancers as well
3).

The differential methylation status of an ICR is a ma-
jor factor to dictate the imprinted gene expression pat-
tern. Within the imprinted loci, ICRs can be methylated
by de novo DNA methyltransferases during gametogene-
sis to establish differentially methylated regions (DMRs)
(4). The parent-of-origin allele specific DNA methylation
acquired at ICRs is maintained after fertilization by the
Kriippel-associated box (KRAB) domain-containing Cys2-
His2 (C2H2) zinc finger transcription factor ZFP57, which
recruits TRIM2S8, the H3K9 methyltransferase SETDBI1
and DNA methyltransferases (DNMTs) (5,6). The removal
of either H3K9 methylation or DNA methylation at ICR
leads to loss of imprinting (7,8). While TRIM28 is essen-
tial for the maintenance of DNA methylation at ICRs dur-
ing genome wide demethylation at early embryonic devel-
opmental stage, a recent study shows that loss of TRIM28
at later development stage after genome wide demethylation
has no effect in DNA methylation at ICR (9).

Previously, we have identified the P-TEFb-containing
super elongation complex (SEC) and super elongation
complex-like (SEC-L2 and SEC-L3), and demonstrated
their functional specificities in development and diseases
(10-12). SEC plays critical roles in rapid transcriptional
induction of HSP70, certain developmentally regulated
genes and HIV proviral gene (10,13-15). AFF3, the scaf-
fold protein of SEC-L3, occupies both the methylated
ICRs and the enhancer regions in mouse embryonic stem
(ES) cells (16). ZFP57 and/or the heterochromatin, main-
tained by ZFP57 recruited epigenetic regulators such as
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TRIM2S8, SETDB1 and DNMTs, are required for recruit-
ing AFF3 at the methylated ICRs, including the intergenic-
differentially methylated region (IG-DMR) within the im-
printed DlkI-Dio3 locus. The depletion of DNA methyla-
tion or H3K9me3 at IG-DMR after ZFP57 removal leads
to the relocation of AFF3 to the nearby Meg3 enhancer re-
gion to activate the Meg3 polycistron expression (16). How-
ever, how AFF3 functions at the enhancer region remains
unknown.

The Kriippel-like zinc finger transcription factor ZFP281
has previously been identified as a major regulator of stem
cell pluripotency (17,18). In this paper, through a de novo
motif search, we identified a consensus sequence of the
Kriippel-like zinc finger transcription factor ZFP281 at
the AFF3-occupied enhancer regions in mouse ES cells.
ZFP281 functionally interacts with AFF3 at the Meg3 en-
hancer, but not IG-DMR, to ensure proper expression of
the Meg3 polycistron at the transcriptional elongation level.
Our results indicate that AFF3 could coordinate with dif-
ferent zinc finger proteins, e.g. ZFP57 and ZFP281, at dif-
ferent genomic loci to maintain allele-specific expression of
imprinted genes.

MATERIALS AND METHODS
ES cell culture

Mouse embryonic stem cells (V6.5 mouse ES cell, ZFP57
wild-type mouse ES cell and ZFP57 knockout mouse ES
cell) were cultured on irradiated mouse embryonic fibrob-
last (iIMEF) feeder layers in 0.1% gelatin-coated tissue cul-
ture flask. Cells were grown in Dulbecco’s modified Ea-
gle’s medium (DMEM) (D6546, Sigma) supplemented with
15% ES-certified fetal bovine serum (Hyclone), 2 mM L-
glutamine, 0.1 mM nonessential amino acids, 0.1 mM (-
mercaptoethanol and recombinant LIF (Millipore). For
ChIP and RNA analyses, cells were grown for one passage
off feeders on tissue culture plates for 30 min.

Lentivirus mediated RNAi

Mouse ZFP281 shRNA constructs were cloned into the
pLKO.1 vector (Addgene #10878). The Non-targeting
shRNA construct (SHC002) was purchased from Sigma.
Lentiviral particle preparation and infection were per-
formed as previously described (19). Briefly, around 70%
confluent 293T cells in 150 mm tissue culture plate were
co-transfected with 8 g of the sShRNA construct or Non-
targeting control shRNA, 6 pg of psPAX2 packaging plas-
mids and 2 pg of pMD2.G envelope plasmids using X-
tremeGENE 9 (Roche). The media were replaced with fresh
DMEM supplemented with 10% fetal bovine serum after 16
h of transfection. The lentiviral supernatants were collected
48 and 72 h after the transfection, filtered through 0.45
pm filters and concentrated at 18K rpm for 2 h. The V6.5
ES cells were infected with concentrated lentiviral particles
with polybrene (Sigma) at the concentration of 8 wg/ml.
Twenty-four hours after infection, the ES cells were sub-
jected to selection with 2 ug/ml of puromycin for an ad-
ditional 48 h.

Antibodies

Antibody for RNA Pol II was purchased from Santa Cruz
(N-20). Antibody for AFF3 was described previously (16).
A fragment of human ZFP281 (aa 413-573) was expressed
as a His-tag fusion protein in pET-16b, purified on NTA-
agarose according to Qiagen’s protocol and sent to Pocono
Rabbit Farm and Labs for immunization into rabbits.

Immunofluorescence staining

293T cells were rinsed with phosphate buffered saline (PBS)
and fixed with 4% of paraformaldehyde for 15 min at room
temperature, followed by 3 times of PBS washes. Cells were
then permeabilized with 0.2% Triton X-100 for 10 min,
washed with PBS, blocked with 5% bovine serum albumin in
PBS with Tween 20 (PBST) for 1 h and stained with primary
antibodies (anti-ZFP281, 1:1600) at 4°C overnight. After
3 times of 5-min washes with PBST, cells were then incu-
bated with secondary antibody (anti-rabbit IgG Alexa fluor
488, 1:5000) for 1 h, followed by 3 times of 5-min washes
with PBST. The cells were mounted in Vectashield mount-
ing medium and then imaged.

Immunoprecipitations and Western blot

Mouse ES cells V6.5 were washed with cold PBS once and
lysed in a high-salt lysis buffer (20 mM HEPES [pH 7.4],
10% glycerol, 350 mM NaCl, 1 mM MgCl2, 0.5% Triton X-
100, 1 mM DTT) containing proteinase inhibitors (Sigma)
for 30 min at 4°C. After centrifugation at 13 400 x g for
40 min, the balance buffer (20 mM HEPES [pH 7.4], | mM
MgClI2, 10 mM KCl) was added to the supernatant to make
the final NaCl concentration 300 mM. The lysate was then
incubated with antibodies and protein A beads (GE Health-
care) for 4 h at 4°C with gentle rotation. The beads were
spun down and washed three times with wash buffer (10
mM HEPES [pH 7.4], 1 mM MgCl2, 300 mM NacCl, 10 mM
KCl, 0.2% Triton X-100) before boiling in Sodium dodecyl
sulphate loading buffer. Proteins were resolved by sodium
dodecylsulphate-polyacrylamide gel electrophoresis gel and
developed with Luminata Forte Western horseradish perox-
idase (HRP) substrate. Primary antibodies used were AFF3
(1:2000) and ZFP281 (1:7000). HRP-conjugated secondary
antibodies from Sigma were used at a dilution of 1:5000.

Bisulfite sequencing analyses

Following ChIP using ZFP281 antibody, DNA methylation
of the Meg3 enhancer, was analyzed by bisulfite sequencing.
Whole cell extract was also analyzed as a control. Briefly,
the DNA samples were subjected to bisulfite treatment and
purification using the EpiTect bisulfite kit (Qiagen). The pu-
rified DNA samples were then amplified using the primers
corresponding to the Meg3 enhancer (16). The PCR prod-
ucts were cloned into the pPGEM-T easy vector (Promega).
The clones were subjected to Sanger sequencing.

Quantitative RT-PCR and total RNA-seq library preparation

Mouse ES cells V6.5 were infected with lentivirus carry-
ing either Non-targeting shRNA or ZFP281 shRNA in



the presence of 8 ug/ml of polybrene (Sigma). Twenty-
four hours later, ES cells were selected with 2 ug/ml of
puromycin for additional 48 h and then were grown one
passage off feeders for 30 min before harvest. Total RNA
was isolated with the RNeasy (Qiagen) kit, treated with
DNase I (NEB) and re-purified with RNeasy. cDNAs were
synthesized with High Capacity RNA-to-cDNA Kit from
Applied Biosystems. The expression levels were measured
with Fast SYBR Green Master mix from Thermo Fisher
on StepOnePlus (Applied Biosystems). Relative expression
to housekeeping genes was calculated. For RNA-seq, total
RNA was depleted of rRNA using Ribozero (Illumina) be-
fore library preparation using Tru-seq (Illumina).

ChIP and ChIP-seq library preparation

A total of 5 x 107 cells were used per ChIP assay accord-
ing to the previously described protocol. Briefly, cells were
cross-linked with 1% paraformaldehyde for 10 min at room
temperature; cross-linking was quenched by glycine. Fixed
chromatin was sonicated and immunoprecipitated with spe-
cific antibody. Libraries were prepared with NEBNext sam-
ple prep kit for the further next generation sequencing.

RNA-seq analyses

Total RNA-seq reads were aligned to the mouse genome
(UCSC mm9) using the Tophat aligner version 2.0.10 (20)
with gene annotations from Ensembl 67, allowing only
uniquely mapping reads. For track files, coverage was cal-
culated across the genome and normalized to total reads
per million (r.p.m). Cuffdiff (2.2.1) (21) were used to quan-
tify expression and detect differential expressed genes with
gene annotation GTF file downloaded from Ensembl (ver-
sion GRCm38.79). Genes with fold change at least 1.5-fold
and g-value < 0.05 were selected as significantly differential
expressed genes.

ChIP-seq analysis

ChIP-seq reads were aligned to the mouse genome (UCSC
mm9) using Bowtie version 1.0.0 (22). Only uniquely map-
ping reads with up to two mismatches within the entire
length of the read were considered for further analysis.
Reads were extended to 150 bases toward the interior of the
sequenced fragment and normalized to total reads aligned
(reads per million; RPM). External sequencing data were
acquired from GEO as raw reads and aligned in the same
way as internally sequenced samples. Peak detection was
done using MACS v2.1.1 (23) using default parameters.
The motif analysis was performed by script ‘findMotif-
sGenome.pl’ from Homer (v4.8) with parameters ‘mm9 -
size 200 -len 8 -S 10°.

RESULTS AND DISCUSSION

Widespread presence of ZFP281 binding motif at AFF3-
bound enhancers

The AFF protein family members (AFF1-4) are scaffolds
for the SEC family complexes (SEC, SEC-L2 and SEC-L3),
each of which controls the expression of a specific group
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of genes (10-12). SEC, containing AFF4, plays important
roles in the rapid transcriptional induction of genes in re-
sponse to external stimuli (13). AFF3 occupies both 1G-
DMR and the Meg3 enhancer within the imprinted D/kI-
Dio3 locus to ensure the proper expression status of Meg3
in mouse embryonic stem cells (16).

To identify factors required for the association of AFF3
with distinct chromatin regions, here we analyzed the AFF3
ChIP-seq data in mouse ES cells (16). On a genome-wide
scale, 104 of AFF3 peaks, including the known ICRs, are
also bound by TRIM28 but exhibit relatively low level
of the transcriptional coactivator p300 (Figure 1A). We
have previously showed that the KRAB domain containing
ZFP57 is responsible for the recruitment of AFF3 to ICRs
(16). Consistently, we found here by de novo motif search
(24) that a specific DNA sequence recognized by ZFP57,
5- TGCCGCAA-3, is highly enriched in the AFF3 and
TRIM28 co-bound regions (Figure 1B).

Besides the presence of AFF3 in the Meg3 enhancer, we
also noticed that a large portion of AFF3 peaks are not
overlapping with TRIM28-occupied regions, but with high
occupancy of p300 (Figure 1C). To gain insight into AFF3
function at the AFF3 and TRIM28 non-overlapping re-
gions, including enhancers, and define how AFF3 might
be recruited to these sites, a de novo motif search under
these sites was performed (24). We identified the ZFP281
recognition sequence 5-GGGGGAGG-3' (25) as a highly
overrepresented motif at the AFF3 and TRIM28 non-
overlapping regions (Figure 1D and Supplementary Figure
S1). To confirm the co-occupancy of AFF3 and ZFP281 on
chromatin, we generated specific antibody against ZFP281
(Supplementary Figure S2) and interrogated AFF3 bound
regions for their association with ZFP281 by performing
ZFP281 ChIP assay. We detected significant occupancy of
ZFP281 at the Meg3 enhancer and several other randomly
selected AFF3 bound sites bearing the ZFP281 recognition
sequence in ES cells (Figure 1E).

Z¥P281 is required for AFF3’s enhancer function within the
DIkI-Dio3 locus

It has been demonstrated previously that AFF3 is a ma-
jor regulator through its enhancer function in controlling
the maternal expression of the Meg3 polycistron within the
imprinted DIlkI-Dio3 locus, where the two AFF3-binding
sites, located upstream the transcription start site of the
Meg3 polycistron, are present. The distal IG-DMR AFF3
peak is co-bound by ZFP57 and its cofactor TRIM28 on
the paternal allele (Figure 2A, blue box). AFF3 also binds
an enhancer sequence located between the IG-DMR and
the Meg3 promoter (Figure 2A, red box) (16). To visualize
the occupancy of ZFP281 within the DIlkI-Dio3 locus, we
performed ChIP-seq studies using the ZFP281 specific an-
tibody in mouse ES cells. Only the Meg3 enhancer AFF3
peak, but not the IG-DMR peak, is co-bound by ZFP281
within this locus (Figure 2A). It has been previously demon-
strated that AFF3 was exclusively recruited to the Meg3 en-
hancer at the unmethylated maternal allele (16). Here, we
also observed the maternal allelic binding of ZFP281 to the
Meg3 enhancer in wild type mouse ES cells (Supplementary
Figure S3).
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Figure 1. ZFP281 binding motif is highly enriched at AFF3 occupied enhancer regions in mouse ES cells. (A) AFF3 and TRIM28 co-occupy 104 genomic
loci, including the imprinting control regions (ICRs) of known imprinted loci. The enrichment of the enhancer mark p300 is relatively low at the 104
loci. An average occupancy plot for AFF3, TRIM28 and p300 is shown. (B) ZFP57 DNA-binding motif is the most significantly overrepresented motif
among AFF3 and TRIM28 co-bound sites. Statistical significance (P-value) of the over-representation of the ZFP57 binding motif is shown. (C) p300 is
relatively high-enriched at the rest of AFF3 binding sites, where the level of TRIM28 is low. An average occupancy plot for AFF3, TRIM28 and p300
is shown. (D) ZFP281 DNA-binding motif is the most significantly overrepresented motif among AFF3 and TRIM28 non-overlapped sites. Statistical
significance (P-value) of the over-representation of the ZFP281 binding motif is shown. (E) ZFP281 is enriched at AFF3 bound regions. ChIP of ZFP281
at five randomly selected AFF3 bound regions. The Hba2 gene serves as a negative control for ChIP-qPCR. Error bars represent the standard deviation

of two independent measurements.

The Meg3 enhancer occupied by ZFP281 contains the
ZFP281 recognition sequence (Figure 2A and Supplemen-
tary Figure S2D). As ZFP281 is able to bind DNA di-
rectly, we suspect that ZFP281 might function as a recruiter
for AFF3's localization at chromatin. To further examine
whether ZFP281 is required for the localization of AFF3
to the Meg3 enhancer, we depleted ZFP281 by lentivirus-
mediated shRNA in mouse ES cells and performed AFF3
ChIP-seq analyses. The results indicated that the occupancy
of AFF3 at the Meg3 upstream enhancer was abolished,
while AFF3’s binding at IG-DMR remained unchanged af-
ter ZFP281 knockdown (Figure 2B), which indicate that
ZFP281 is specifically required for the recruitment of AFF3
to the Meg3 upstream enhancer where ZFP281 and AFF3
are co-localized.

The removal of heterochromatic environment from the
methylated IG-DMR by depleting ZFP57 leads to an al-
most 2-fold increased binding of AFF3 at the Meg3 up-

stream enhancer and bi-allelic expression of the Meg3 poly-
cistron (16). Consistently, without ZFP57, the occupancy of
ZFP28]1 at this region also nearly doubles (Figure 2C), fur-
ther substantiating that ZFP281 is a prerequisite for AFF3's
binding to the Meg3 upstream enhancer.

ZFP281 regulates Meg3 expression at the transcriptional
level

To further investigate whether ZFP281 is required for the
proper expression of the Meg3 polycistron, we performed
total RNA-sequencing analysis in ZFP281-depleted mouse
ES cells. Similar to the effects of the AFF3 knockdown
(16), Meg3 expression was also down-regulated in ZFP281-
depleted cells (Figure 2D). In addition, we also observed a
significant reduction of the elongating Pol II at the Meg3
polycistron after the depletion of ZFP281 (Figure 2E).
AFF3, the central factor of the elongation complex SEC-
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Figure 2. ZFP281 is required for the localization of AFF3 to the Meg3 upstream enhancer within the imprinted DlkI-Dio3 locus and the transcriptional
elongation of the maternally expressed Meg3 polycistron. (A) AFF3 and ZFP281 are co-localized at the Meg3 upstream enhancer within the D/k-Dio3
locus. Shown are ChIP-seq binding profiles of AFF3, ZFP281, enhancer mark p300 and ICR marks TRIM28 and ZFP57 at the genomic region upstream
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highlighted with a pink bar. (B) ZFP281 is required for the recruitment of AFF3 to the Meg3 upstream enhancer. Shown is ChIP-seq binding profile of
AFF3 at the genomic region upstream of the Meg3 promoter in both control and ZFP281 knockdown mouse ES cells. (C) The occupancy of ZFP281
at the Meg3 upstream enhancer is increased about 2-fold in ZFP57-null cells, where the loss of heterochromatin occurs at the nearby IG-DMR. Shown
is ChIP-seq binding profile of ZFP281 at the genomic region upstream of the Meg3 promoter in both ZFP57 wild-type and knockout ES cells. (D) The
expression of the maternally expressed Meg3 polycistron is regulated by ZFP281. Shown are RNA-seq track files of the Meg3 polycistron in mouse ES
cells bearing control or either of the two independent ZFP281 shRNAs. (E) The Meg3 polycistron is regulated by ZFP281 at the transcriptional elongation
stage. ZFP281 knockdown results in reduced occupancy of Pol 11 in the gene body of the Meg3 polycistron in mouse ES cells. Shown are Pol I ChIP-seq
track files at the Meg3 polycistron region in mouse ES cells bearing either control or ZFP281 shRNA.

L3, regulates the expression of the Meg3 polycistron at the
transcriptional elongation level (16). Thus, it is very likely
that ZFP281 regulates the expression of Meg3 partially
through AFF3.

ZFP281 is generally required for the association of AFF3
with many enhancers

To explore whether ZFP281 is generally associated with
AFF3 on chromatin, we analyzed the genome-wide occu-
pancies of AFF3 and ZFP281 in mouse ES cells. In line with
the motif analysis, a small subset of AFF3 bound sites are
also bound by ZFP57, while the most majority of the AFF3
sites tend to be associated with ZFP281 and p300 (Figure
3A). We also examined the potential interaction of ZFP281

with AFF3 in mouse ES cells. Endogenous immunoprecip-
itation experiments did show an interaction between these
two proteins (Figure 3B). The co-localization of AFF3 and
ZFP281 is not limited to the imprinted regions, such as the
Meg3 and Cdknlc enhancers (Figure 3C and D). AFF3 and
ZFP281 also co-bind the non-imprinted regions, including
the Lin28a enhancer (Figure 3E).

We then examined whether the presence of ZFP281 is
generally required for the association of AFF3 with chro-
matin. The global occupancy of AFF3 was mapped in con-
trol and ZFP281-depleted ES cells, respectively. Upon de-
pletion of ZFP281, AFF3 occupancy was reduced at a sub-
set of ZFP281 and AFF3 co-occupied regions (Figure 4A).
Since ZFP281 is largely dispensable for the self-renewal of
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amplified regions in Figure 1E.

ES cells (26), the reduction in AFF3 binding is not due to a
change in cell type.

To further investigate the functional link between
ZFP281 and AFF3, we analyzed differential gene expres-
sion using RNA-seq data after ZFP281 and AFF3 knock-
down. The correlation in gene expression change between
the ZFP281 knockdown and the AFF3 knockdown is about
0.6 (Figure 4B), suggesting that these two factors regulate
similar transcription program in mouse ES cells. The func-
tional gene ontology term analysis indicated that molecular
pathways including positive regulation of mesenchymal cell
proliferation, cell adhesion, angiogenesis, cartilage develop-
ment, lens development in camera-type eye are significantly
enriched at those down-regulated genes after the depletion
of AFF3 and ZFP281 (Supplementary Table S1). Many
of these down-regulated genes are co-occupied by AFF3
and ZFP281 (Supplementary Table S2). For examples, both
AFF3 and ZFP281 co-occupy the upstream intergenic re-
gions of the Vrin, Lin28a and Cdknlc genes (Figures 3D, E
and 4C). The recruitment of AFF3 to these regions is de-
pendent on ZFP281 (Figure 4C and Supplementary Figure
S4A, S4B and S4C). Depletion of either AFF3 or ZFP281
leads to their down-regulation, as reflected by both Pol II
occupancy and RNA levels are reduced after ZFP281 and

AFF3 knockdown (Figure 4D and E and Supplementary
Figures S4A, S4B and S4D). Thus, these data reveal that a
large part of gene expression regulation attributed to AFF3
in ES cells is dependent on ZFP281.

In summary, we have shown that AFF3 binds to both
silent and active chromatin regions within the imprinted
DIklI-Dio3 locus through associating with different zinc fin-
ger proteins to fine-tune the expression of imprinted genes.
Our work represents a significant advance in understand-
ing how AFF3 functions in regulating the dosage-critical,
allele-specific expression of imprinted genes. In the im-
printed allele, the KRAB domain containing zinc finger
protein ZFP57 and the heterochromatic environment that
ZFP57 entails mediate the recruitment of AFF3 to the
methylated ICR, at which the gene activating function of
AFF3 is restricted (Figure 5). The kinase module of SEC-
L3, CDKDO9, is not co-localized with AFF3 at the ZFP57-
bound methylated DMRs. It is possible that the formation
of SEC-L3 is inhibited by ZFP57 and its related heterochro-
matin environment. The exact function of AFF3 at methy-
lated DMRs needs to be further investigated. In the ac-
tive allele, while, AFF3 is recruited by ZFP281 to the ac-
tive Meg3 enhancer, promoting transcriptional elongation
of the downstream Meg3 polycistron (Figure 5).
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Figure 4. ZFP281 is a major cofactor of AFF3 in regulating gene expression in mouse ES cells. (A) Heat maps of binding profiles in mouse ES cell are
shown, within 5 kb of the center of AFF3 peaks, to compare the occupancy of AFF3 in control and ZFP281 knockdown ES cells. The binding profile
of ZFP281 is also shown. The loss of AFF3 occupancy occurs at the regions where ZFP281 and AFF3 are co-localized. (B) Scatter plot demonstrating
differentially expressed genes, assessed by RNA-seq, in ZFP281 knockdown versus AFF3 knockdown. Correlation coefficient is shown. (C) ZFP281 is
required for the recruitment of AFF3 to region upstream of the Vrzn gene. Shown is ChIP-seq binding profile of AFF3 at the Vrtn gene locus in both
control and ZFP281 knockdown mouse ES cells. (D) Pol II occupancies at the Vrtn gene locus is reduced after either ZFP281 or AFF3 depletion. Shown
are Pol II ChlIP-seq track files at the Vrtn gene locus in mouse ES cells bearing control, ZFP281 or AFF3 shRNA. (E) The expression of the Vrtn gene
is regulated by both ZFP281 and AFF3. Shown are RNA-seq track files of the Vrtn gene in mouse ES cells bearing control, ZFP281 or AFF3 shRNA.
RNA-seq and Pol II ChIP-seq after AFF3 knockdown were downloaded from Luo 2016.

The ZFP281-dependent AFF3 regulation is not lim-
ited to the imprinted loci. Many developmentally regu-
lated genes, including genes involved in mesoderm and ec-
toderm development (Supplementary Table S1), are also
co-regulated by ZFP281 and AFF3. These findings might
provide a possible explanation as to why the depletion of
ZFP281 or AFF3 has no obvious effect on the stem cell
self-renewal, but impairs their differentiation potentials. It
has been reported that ZFP281 can directly bind to the
GC-rich DNA sequences (27). ZFP281 can also associate
with ¢c-MYC, subunits of nucleosome remodeling and his-
tone deacetylation (NURD) complex, and also the DNA
demethylase TET1 in modulating local chromatin environ-
ment, thus regulating gene expression and involved in the
maintenance of ES cell pluripotency (25,28-29). Thus, it
is possible that ZFP281 could facilitate the recruitment of
AFF3 to enhancer regions through altering the accessibility
of the local chromatin.

The SEC family members play versatile roles in tran-
scription through regulating transcriptional elongation dur-
ing development and disease pathogenesis (12-13,30-31).
However, whether DNA-binding factors are required to set
a permissive binding state for SEC family members to active
gene expression is still undefined. Here, we report that dif-
ferent zinc finger proteins control AFF3’s association with
distinct chromatin states, thus maintaining proper gene ac-
tivities. The role of ZFP281 in recruiting AFF3 to its chro-
matin targets provides a novel mechanism for the regulation
of transcriptional elongation by DNA binding factor. In ad-
dition, we have previously reported the target gene speci-
ficity of SEC family members (11). It is likely that different
functions of SEC members could be mediated by their dif-
ferential recruitment to different genomic loci by different
transcription factors, which could also explain the linkage
between different SEC family members and different hu-
man diseases.
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Figure 5. Cartoon model illustrates the functional mode of ZFP281 and AFF3 in regulating imprinted gene expression. AFF3 is localized to the methylated
IG-DMR on paternal allele and the unmethylated Meg3 upstream enhancer on maternal allele, respectively. The recruitment of AFF3 to methylated I1G-
DMR at the paternal allele is mediated by ZFP57 and/or the heterochromatic environment that ZFPS57 maintains. ZFP281 is required for the loading of
AFF3 to the Meg3 upstream enhancer of the maternal allele. When ZFP281 is depleted by shRNA mediated RNAI, the recruitment of AFF3 to the Meg3
upstream enhancer is affected and the expression of the Meg3 polycistron is down-regulated. In the condition of ZFP57 knockout, where heterochromatin
is lost at the IG-DMR on the paternal allele, ZFP281 is able to bind to corresponding Meg3 enhancer on the paternal allele and recruit AFF3 to activate
the expression of the downstream Meg3 polycistron, leading the bi-allelic expression of the Meg3 polycistron.
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