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The Asx-like (ASXL) family proteins are chromatin factors that play dual roles in transcriptional activation
and repression. ASXL2 is highly expressed in the heart and is required for proper heart development and
function. Here, we identify a novel ASXL2-binding partner, the LIM domain-containing protein WTIP.
Genetic and biochemical assays show a direct interaction between ASXL2 and WTIP. In HeLa cells, ASXL2
enhances retinoic acid-dependent luciferase activity, while WTIP represses it. Furthermore, WTIP blocks
ASXL2’s stimulatory effect on transcription. In addition, we found that ASXL2 and WTIP are expressed in
mouse embryonic epicardial cells, a tissue that is regulated by retinoic acid signaling. Together, these
results implicate ASXL2 and WTIP in regulation of retinoic acid signaling during heart development.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction Trimethylated H3K27 (H3K27me3) is a well-known mark of gene
The Drosophila Asx protein is a chromatin factor that plays dual
roles in transcriptional activation and repression [1]. Asx has three
mammalian homologs, Asx-like 1, 2 and 3 (ASXL1, ASXL2, and
ASXL3). Mutations in ASXL family proteins have been implicated
in a wide range of myeloid malignancies [2–4] and in Bohring–
Opitz syndrome [5,6]. Using a mutant mouse model, we have pre-
viously shown that ASXL2 is highly expressed in the heart [7] and
is involved in maintaining proper cardiac function [8]. More
recently, we demonstrated a requirement for both ASXL1 and
ASXL2 during normal heart development [9].

A number of studies have shown that Asx and ASXL proteins
regulate chromatin configuration through functional interactions
with two histone-modifying complexes, Polycomb repressive
deubiquitinase (PR-DUB) [10] and Polycomb repressive complex
2 (PRC2) [11,12]. PR-DUB removes ubiquitin from mono-ubiquiti-
nated histone H2A lysine 119 (uH2A). The deubiquitinase activity
of PR-DUB was shown to be required for proper Hox gene repres-
sion in Drosophila [10]. PRC2 contains histone methyl-transferase
activity and methylates lysine 27 of histone H3 (H3K27) [13].
silencing.
The full-length ASXL2 protein contains several conserved

domains separated by sequence-divergent regions. These include
the HARE helix-turn-helix (HARE-HTH) predicted DNA-binding
domain (aa10-88), the Asx-homology (ASXH) domain (aa215-
344), a nuclear receptor (NR) binding motif (aa896-901), and the
plant homeodomain (PHD) (aa1335-1366) [14–16]. In Drosophila
Asx and mouse ASXL1, an N-terminal fragment containing HARE-
HTH and ASXH was shown to mediate interaction with the histone
deubiquitinase Calypso/BAP1 [10]. Consistent with this finding, our
lab has shown that ASXL2 and BAP1 interact in vivo to regulate
deubiquitination of uH2A [11]. We and others have also shown
that ASXL1/2 interact with PRC2 and regulate PRC2 recruitment
to target loci [11,12]. However, it is unclear which region of ASXL
mediates this interaction.

There is also evidence that ASXL proteins interact with nuclear
receptors. For example, ASXL1 has been shown to interact with the
retinoic acid receptor RARa via an NR binding box and act as either
co-activator or co-repressor of RA signaling in a cell type-depen-
dent manner [16,17]. RA signaling plays important roles during
heart development by regulating chamber formation and cardio-
myocyte proliferation and maturation [18–20]. Since our lab has
previously shown that ASXL2 is predominantly expressed in the
heart [7] and required for heart morphogenesis [9], we hypothesize
that ASXL2 may regulate RA signaling.

Here we present a study aimed at a better understanding of the
functional mechanism of ASXL2. First, we screened for proteins that
interact with ASXL2 outside the N-terminal region. We discovered
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genetic and biochemical evidence for a direct interaction between
ASXL2 and Wilms Tumor 1-Interacting Protein (WTIP), a member
of the ZYXIN family of LIM domain-containing proteins [21]. Sec-
ondly, we investigated the effect of ASXL2, with or without WTIP,
on RA signaling.
2. Materials and methods

2.1. Plasmids

For yeast two-hybrid experiments, the following ASXL2 cDNAs
were cloned in frame into pGBKT7 vector (Clontech), and
expressed as GAL4-DBD fusion proteins: full-length ASXL2,
N-terminal region (ASXL21–599), C-terminal region (ASXL2600–1370),
C-terminal region missing the PHD domain (ASXL2600–1295), and
PHD region alone (ASXL21313–1370). The prey plasmid isolated from
the initial screen, pACT2-hWTIP245–430, was used in all confirma-
tion matings.

For co-immunoprecipitations (co-IPs) and luciferase assays,
FLAG-ASXL2720–1370 was inserted into pcDNA3 vector (Invitrogen).
Myc-WTIP, Myc-NDWTIP, and Myc-NDZYXIN [22] were generous
gifts from Dr. John R. Sedor (Case Western Reserve University).
The WTIPDLD2,3-HA construct [23] was a gift from Dr. Sigmar
Stricker (Berlin, Germany). The LD2,3-HA construct was generated
by inserting WTIP cDNA into pCS2 destination vector (gift from Dr.
Hua Jin, University of Illinois at Chicago). The following reporter
constructs were used in luciferase assays: RARE-tk-luciferase (gift
from Dr. Rene Bernards, Netherlands Cancer Institute) and pSV-
b-gal (Promega).

For GST-pulldown assays, GST-NDWTIP [22] was a gift from
Dr. Sedor (Case Western Reserve University). GST-PHD was con-
structed by inserting the PHD region of ASXL2 (aa1332-1370) into
pGEX-6P-1 vector (GE Healthcare). For radiolabeling, ASXL2600–1370,
ASXL2600–1295, and pcDNA3-WTIP [23] (gift from Dr. Stricker,
Berlin, Germany) were used.
2.2. Yeast two-hybrid assays

The initial yeast two-hybrid screen was conducted using the
Matchmaker System (Clontech). Bait plasmid pGBKT7-
ASXL2600–1370 was used to screen a pretransformed human heart
cDNA library in pACT2 vector (Clontech). Mating and colony selec-
tion was performed according to the user’s manual (Clontech). For
mapping of interacting domains, bait and prey constructs were
individually transformed into AH109 and Y187 yeast strains,
respectively, and mated.
2.3. Co-immunoprecipitation

For co-IP experiments, mammalian HEK293 cells cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) supple-
mented with 10% fetal bovine serum (FBS) (HyClone) were tran-
siently transfected with equal amounts of DNA using branched
polyethylenimine (Sigma–Aldrich). Cells were harvested 48 h later
and lysed in lysis buffer (50 mM Tris–HCl, pH 7.4; 150 mM NaCl;
3% Triton-X 100) supplemented with protease inhibitor cocktail
(Calbiochem). After centrifugation, the supernatants were used as
input for IP and incubated with anti-FLAG M2 magnetic beads
(Sigma) or anti-Myc agarose beads (Clontech). Immunoprecipitates
were washed extensively in wash buffer (50 mM Tris–HCl, pH 7.4;
150 mM NaCl) and bound proteins were eluted. Whole cell lysate,
input, and IP fractions were used for SDS–PAGE followed by
Western blot analysis.
2.4. GST-pulldown assay

GST and GST-fusion proteins were expressed in Escherichia coli.
Radiolabeled proteins were obtained in vitro using the TNT Cou-
pled Reticulocyte Lysate System (Promega) in the presence of
[35S]-methionine (Perkin–Elmer). [35S]-labeled proteins were incu-
bated with GST or GST-fusion proteins immobilized on glutathi-
one-Sepharose 4 Fast Flow beads (GE Healthcare) supplemented
with protease inhibitor cocktail (Calbiochem) and 100 lM ZnCl
(Sigma). After incubation, the beads were washed extensively
and bound proteins were separated via SDS–PAGE and visualized
by autoradiography.

2.5. Luciferase reporter assays

HeLa cells were seeded in 24-well plates and transfected with
RARE-tk-luc, pSV-b-gal, and constructs for ASXL2, WTIP or both
using branched polyethylenimine (Sigma–Aldrich). Total amount
of DNA was kept constant using pcDNA3 empty vector. After
48 h, cells were fed with DMEM containing 5% charcoal-stripped
FBS (Life Technologies) and incubated overnight with or without
0.2 lM ATRA (Sigma). Cells were lysed using 1� passive lysis buf-
fer (Promega) and luciferase activity was measured according to
the Luciferase Reporter Assay (Promega). b-Galactosidase activity
was assayed to normalize for transfection efficiency.

2.6. Immunostaining

Primary embryonic epicardial cells were isolated from E11.5
mouse hearts and cultured in DMEM supplemented with 10% FBS
and primocin as described previously [24]. After 48 h, cells were
fixed in methanol and stained with anti-WTIP polyclonal antibody
(sc-241738; Santa Cruz Biotechnology) and visualized with Texas-
Red-conjugated secondary antibody. Cells were double stained
with Hoescht 33342 nuclear stain (Life Technologies).

E18.5 mouse heart frozen sections were fixed in methanol and
stained with anti-WTIP antibody as mentioned above.

2.7. Reverse transcription (RT)-PCR

Total RNA was extracted from immortalized mouse embryonic
epicardial cells [24] using TRIzol reagent (Invitrogen) according
to the manufacturer’s instructions. The cDNA was synthesized
and amplified from 200 ng of total RNA using OneStep RT-PCR
Kit (Qiagen) with primers specific to Asxl2: forward, 50-
CGAGCACTGATCAACAAGCAC-30, reverse, 50-TCTTGTCGAATTCT-
CACCTGC-30 or Actin control: forward, 50-TCACCCACACTGTGCC-
CATCT-30, reverse, 50-TGGTGAAGCTGTAGCCACGCT-30.
3. Results

3.1. Genetic interactions between WTIP and ASXL2 in yeast

To identify protein partners that interact with ASXL2 outside of
the N-terminus, a yeast two-hybrid screen was conducted using a
cDNA corresponding to the C-terminal region (ASXL2600–1370)
(Fig. 1A). One of the positive clones isolated encoded a fragment
of the human WTIP (Fig. 1B). WTIP contains an N-terminal pro-
line-rich region with putative SH3 binding sites and a C-terminal
region with three LIM domains [22]. The ASXL2600–1370-interacting
clone, hereafter referred to as hWTIP245–430, encoded partial LIM 1
but complete LIM 2 and 3 of WTIP.

Confirmation matings showed that hWTIP245–430 strongly inter-
acts with ASXL2600–1370, but not ASXL21–599 or full-length protein
(Fig. 1C and D). Furthermore, strong interaction was detected with



Fig. 1. ASXL2 interacts with WTIP in yeast. (A and B) Schematic representation of ASXL2 (A) and WTIP (B) proteins, showing their conserved domains. (C) Yeast two-hybrid
matings using truncations of ASXL2 fused to Gal4-DNA binding domain (DBD) as bait and the isolated WTIP clone fused to GAL4-activation domain (AD) as prey. (D) Serial
dilutions of the mating mixtures from (C) were plated on SD/-Ade/-His/-Leu/-Trp/X-a-Gal plates. The WTIP clone interacts with multiple parts on C-terminal ASXL2 but not N-
terminal or full-length ASXL2. HARE-HTH: HARE-helix-turn-helix domain; ASXH, Asx-homology domain; NR, nuclear receptor box; PHD, plant homeodomain; SH3-BD, SH3
binding domain.
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either the PHD finger alone (ASXL21313–1370), or a fragment missing
the PHD finger (ASXL2600–1295) (Fig. 1C and D), suggesting that the
WTIP–ASXL2 interaction is mediated by at least two regions of
ASXL2.
3.2. Biochemical characterization of ASXL2–WTIP interaction in
mammalian cells

To determine whether ASXL2 and WTIP physically interact in
mammalian cells, we performed reciprocal co-IP assays using
FLAG-tagged ASXL2 and Myc-tagged mouse WTIP. Myc-WTIP co-
IPed with FLAG-ASXL2720–1370 in double transfected cells but not
in single transfected control cells (Fig. 2A).

Next, we examined the specificity of the ASXL2–WTIP interac-
tion. Since WTIP belongs to the ZYXIN family of proteins, members
of which share high sequence similarity within the LIM regions
[22], we decided to check whether ASXL2 interacted with the
LIM domains of ZYXIN. While the LIM domains of WTIP (NDWTIP)
co-IPed with ASXL2720–1370 and vice versa (Fig. 2B), the LIM
domains of ZYXIN (NDZYXIN) did not (Fig. 2C). This suggests that
the ASXL2–WTIP interaction is specific to the LIM domains of
WTIP.

Since ASXL2 interacts with LIM 2 and 3 of WTIP in yeast two-
hybrid assays, we used co-IP assays to biochemically determine
the role of the two LIM domains in the interaction. A WTIP frag-
ment containing only LIM 2 and 3 (LD2,3-HA) co-IPed with
FLAG-ASXL2720–1370 (Fig. 2D), while a truncation missing LIM 2
and 3 (WTIPDLD2,3-HA) did not (Fig. 2E), confirming that these
domains are sufficient and necessary for interaction.
3.3. ASXL2 and WTIP interact directly in vitro

To determine whether ASXL2 and WTIP interact directly, GST-
pulldown assays were performed. GST-NDWTIP immobilized on
glutathione-Sepharose beads retained in vitro-translated
ASXL2600–1370 and ASXL2600–1295 (Fig. 2F). Furthermore, GST-PHD
retained in vitro-translated WTIP (Fig. 2G). These results are consis-
tent with results of the yeast two-hybrid assays (Fig. 1C and D).
Together, they indicate that the PHD domain of ASXL2 and at least
one other region outside the PHD domain directly interact with the
LIM region of WTIP.
3.4. C-terminal ASXL2 enhances ligand-dependent retinoic acid
signaling

The effect of ASXL2 on RA signaling was examined using a ret-
inoic acid-response element (RARE)-driven luciferase reporter.
ASXL2720–1370 enhanced all-trans retinoic acid (ATRA)-induced
luciferase activity in HeLa cells in a dose-dependent manner
(Fig. 3A). Interestingly, full-length ASXL2 had no effect on RA sig-
naling (Fig. 3B).
3.5. LIM domains 2 and 3 of WTIP block ASXL2’s effect on retinoic acid
signaling

WTIP has been shown to interact with RARa in HEK293 cells
and repress RARE-dependent luciferase activity in P19 cells [25].
This prompted us to test the effect of WTIP on the increased RA sig-
naling activity observed with ASXL2720–1370 (Fig. 3C). HeLa cells
were transfected with constructs for ASXL2, WTIP, or both. Similar
to previous results, ASXL2720–1370 alone enhanced ligand-depen-
dent transcriptional activity. Conversely, WTIP alone repressed
ATRA-induced transcription. When both ASXL2 and WTIP are pres-
ent, WTIP blocks ASXL2’s effect on luciferase transcription, sug-
gesting that WTIP acts downstream of ASXL2 in the regulation of
RA signaling.

We next tested which part of WTIP is important for repression
of RA signaling. As shown in Fig. 3D and E, LD2,3-HA repressed
ATRA-induced transcription while WTIPDLD2,3-HA did not. These
results suggest that LIM 2 and 3 of WTIP are sufficient and neces-
sary for repressing RA signaling activity.



Fig. 2. Biochemical characterization of ASXL2 and WTIP interaction. (A–C) Reciprocal co-IP assays. Cells were transiently transfected with FLAG-tagged ASXL2720–1370 and
Myc-WTIP (A), Myc-NDWTIP (B) or Myc-NDZYXIN (C) constructs. Proteins were IPed using anti-FLAG or anti-Myc beads, as indicated. Whole lysate (wl), input (inp) and IP
fractions were used for SDS–PAGE followed by Western blot (WB) analysis. (D and E) Co-IPs were conducted using FLAG-tagged ASXL2720–1370 and LD2,3-HA (D) or
WTIPDLD2,3-HA (E). Proteins were IPed using anti-FLAG beads and analyzed by WB analysis. (F and G) GST-pulldown assays to examine direct interaction between GST-
NDWTIP and [S35]-labeled ASXL2 constructs (F) and GST-PHD and [S35]-labeled WTIP (G) (* Non-specific bands).

Fig. 3. ASXL2 and WTIP regulate RA-dependent luciferase activity. (A and B) HeLa cells were transfected with RARE-tk-luciferase and pSV-b-gal reporter constructs and
ASXL2720–1370 (A) or ASXL2-FL (B) with or without 0.2 lM ATRA. (C–E) HeLa cells were transfected with reporters, ASXL2720–1370 and/or WTIP (C), LD2,3-HA (D) or
WTIPDLD2,3-HA (E) constructs with or without 0.2 lM ATRA. Luciferase activity was measured and normalized to b-gal activity. Error bars represent standard deviations
from at least 3 independent experiments. (⁄p < 0.05).
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Fig. 4. WTIP and ASXL2 are expressed in embryonic epicardial cells. Primary epicardial cells cultured from E11.5 mouse hearts (A–D) and E18.5 mouse heart sections (E–G)
were stained with WTIP antibody. Shown are DIC (A), DAPI (B and E), WTIP (C and F), and merged (D and G) images. (H) RT-PCR analysis of Asxl2 and Actin control in mouse
embryonic epicardial cell line. epi, epicardium; myo, myocardium.
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3.6. Mouse embryonic epicardial cells express ASXL2 and WTIP

WTIP is known to interact with WT1, an important transcription
factor that regulates epithelial-to-mesenchymal transition (EMT)
in multiple tissues [26]. In the developing heart, WT1 is expressed
specifically in the epicardium and regulates multiple signaling
pathways, including RA signaling [27,28]. We asked whether WTIP
is also expressed in the epicardium by immunostaining primary
epicardial cells isolated from E11.5 mouse embryos. We detected
robust WTIP expression in these cells (Fig. 4A–D). Interestingly,
WTIP localizes to the cytoplasm and peri-nuclear regions but not
in the nuclei.

Next we examined WTIP expression on frozen E18.5 heart sec-
tions (Fig. 4E–G). WTIP is expressed in both epicardium and myo-
cardium. Cells in the myocardium exhibit strong nuclear
localization of WTIP. In contrast, in the epicardium, WTIP is distrib-
uted in a diffused pattern without apparent nuclear localization.

We have previously shown that Asxl2 is broadly expressed
throughout the developing heart [7,9], however we have not spe-
cifically examined whether it is expressed in the epicardium. No
existing ASXL2 antibodies detect endogenous levels of ASXL2 pro-
tein in immunostainings, therefore, we used RT-PCR to examine
Asxl2 expression in an immortalized epicardial cell line [24].
Robust Asxl2 transcription was detected in these cells (Fig. 4H).
Together, these results show that Asxl2 and WTIP are both
expressed in mouse embryonic epicardial cells, suggesting func-
tional roles for these proteins in the epicardium.
4. Discussion

Mammalian ASXLs are large proteins ranging from 1370 to 2259
amino acids. Sequence analyses have identified several short con-
served regions interspersed with long stretches of divergent
sequences [14,29–31]. ASXL proteins do not have enzyme domains
or sequence-specific DNA binding domains, suggesting that they
likely function as co-factors for other proteins or as molecular scaf-
folds for multi-protein assemblies. Indeed, recent studies have
identified several protein partners for ASXL family members,
including the histone deubiquitinase BAP1 [10], the histone meth-
yltransferase complex PRC2 [11], and the nuclear receptors RARa
[16], PPARc [32], and LXRa [33]. Here, we report the identification
of another ASXL protein partner, WTIP. Using luciferase assays, we
show that ASXL2 enhances, while WTIP inhibits, RA-induced tran-
scription in HeLa cells. Furthermore, WTIP is able to block the stim-
ulating effect of ASXL2 on RA signaling.

The ability of ASXL2 to enhance RA signaling in HeLa cells is
consistent with previous reports that ASXL2 facilitates nuclear
receptor-mediated signaling, namely PPARc regulation in adipo-
cytes [32] and LXRa regulation in hepatocytes [33]. In 3T3-L1 cells,
ASXL2 has been shown to positively regulate signaling during adi-
pogenesis by recruiting H3K9ac and H3K4me3, which are activat-
ing histone modifications, and the H3K4 methyltransferase MLL1
[32]. In HeLa cells, ASXL2 may be utilizing a similar mechanism
to enhance RA signaling by recruiting activating histone marks to
target gene promoters. Whether this is indeed the mechanism
awaits future study.

Interestingly, while the C-terminus of ASXL2 is able to both
interact with WTIP and activate RA signaling, the full-length ASXL2
does neither (Figs. 1D and 3B). One possibility is that the N-termi-
nus of ASXL2 has an auto-inhibitory effect that interferes with the
functions of the C-terminal region. This type of auto-regulatory
mechanism has been well-characterized in several transcription
factors and signaling proteins [34]. The inhibition may be relieved
in the presence of a protein binding partner that induces confor-
mational changes. Alternatively, full-length ASXL2 may require
specific partners to fold properly and such partners may be lacking
in yeast and HeLa cells. Consistent with this scenario, analysis of
ASXL2 sequence using PONDR-FIT [35], a program that predicts
intrinsically disordered proteins (IDPs), identified long stretches
of disordered regions (data not shown). An important feature of
IDPs is that the whole or part of the protein transitions to a more
ordered structure upon binding the right partner [36].

The co-expression of ASXL2, WTIP, and WT1 in embryonic epi-
cardial cells raises the possibility that functional interactions
between these proteins may be part of the mechanism regulating
RA signaling during heart development. Consistent with their roles
in transcriptional regulation, both ASXL2 and WT1 are nuclear pro-
teins [8,37]. On the other hand, WTIP has been shown to shuttle
between the nuclei and cytoplasm [22,38]. Curiously, WTIP local-
izes to nuclei in the myocardium, but not in the epicardium or in
primary epicardial cells (Fig. 4A–G). This difference in localization
suggests a mechanism for differential regulation of RA signaling
within the heart. We expect ASXL2 to enhance RA signaling in
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the epicardium, where WTIP is cytoplasmic. On the other hand, the
activating effect of ASXL2 would be blocked by nuclear WTIP in the
myocardium. Finally, it is conceivable that the spatial pattern of
WTIP localization is regulated by developmental signals, providing
further means to dynamically regulate RA signaling in the heart.
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