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Abstract
The Xin repeat-containing proteins, Xinα (Xirp1) and Xinβ (Xirp2), localize to the intercalated
discs (ICDs) of mammalian hearts. Mouse Xinα (mXinα) directly interacts with β-catenin and
actin filaments, potentially coupling the N-cadherin/β-catenin complexes to the underlying actin
cytoskeleton and modulating ICD integrity and function. Supporting this possibility, mXinα-null
hearts develop ICD structural defects and cardiomyopathy with conduction defects. However, the
underlying mechanisms leading to these defects remain unclear. Here, we showed that mXinα also
interacted with p120-catenin and cortactin. Different from the β-catenin binding domain, there
existed multiple p120-catenin binding sites on mXinα, while only the extreme N-terminus of
mXinα containing a SH3-binding motif could interact with cortactin. In mouse heart, a significant
fraction of cortactin was co-localized with N-cadherin to ICDs, whereas in mXinα-null heart, this
fraction of cortactin was drastically reduced. Therefore, mXinα may modulate ICD integrity and
function through its interactions with catenins and cortactin. Analyses of the in vivo consequence
of p120-catenin and mXinα interaction revealed that force-expressed mXinα or its fragments
significantly suppressed the p120-catenin-induced branching phenotypes. It is known that p120-
catenin directly regulates Rho GTPases, leading to the branching phenotype. Thus, mXinα may
sequester the p120-catenin from inhibiting RhoA activity and/or from activating Rac1 activity.

Introduction
A vast majority of Xin repeat-containing proteins co-localize with N-cadherin and β-catenin
to the intercalated discs (ICDs) of the heart, where they may perform important roles in
maintaining the ICD structural integrity (Gustafson-Wagner et al., 2007) and initiating the
ICD maturation (Wang et al., 2012a; Wang et al., 2010; Wang et al., 2012b). A pair of
paralogous Xin repeat-containing genes, mXinα and mXinβ, exists in the mouse heart.
Earlier statistical analyses of differential gene expression and co-expression data have
identified that the human homologs of mXinα and mXinβ, called cardiomyopathy-
associated 1 (CMYA1) and 3 (CMYA3), respectively, are significantly co-expressed with 13
other known cardiomyopathy-associated genes (Walker, 2001). Later, it was shown that
these two gene products contain multiple Xin-repeating units, which are responsible for
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actin binding (Choi et al., 2007; Grosskurth et al., 2008; Lin et al., 2005; Pacholsky et al.,
2004; Wang et al., 1999; Wang et al., 2010; Wang et al., 2012b). Therefore, their human
orthologs are also called Xin actin-binding repeat-containing 1 and 2 (XIRP1 and XIRP2).
Adult mXinα-deficient hearts exhibit ICD structural defects and develop progressive
cardiomyopathy with conduction defects (Chan et al., 2011; Gustafson-Wagner et al., 2007;
Lai et al., 2008; Otten et al., 2010). The mXinβ-null hearts fail to form ICDs at the cell
termini, which results in severe growth retardation, diastolic dysfunction and early postnatal
lethality (Wang et al., 2012a; Wang et al., 2010). The molecular mechanisms of how the loss
of Xin proteins leads to these cardiac defects remain to be determined.

Studies on mXinα and XIRP1 proteins have revealed that (1) a minimum of 3 Xin repeating
units is required for actin binding (Cherepanova et al., 2006; Pacholsky et al., 2004), (2)
mXinα not only binds but also bundles actin filaments (Choi et al., 2007), (3) mXinα
directly interacts with β-catenin (Choi et al., 2007), (4) the β-catenin-binding domain on
mXinα is in the region (aa# 535-636) overlapping with the Xin repeat region (Choi et al.,
2007; Grosskurth et al., 2008), (5) the N- and C-terminal regions of XIRP1 contain Mena/
VASP- and filamin c-binding domains, respectively (van der Ven et al., 2006). In addition,
screenings of heart cDNA library by yeast two hybrid assays have further identified several
actin binding proteins as mXinα-interacting proteins, such as filamin b, tropomyosin, and
gelsolin (Choi et al., 2007), suggesting that one of mXinα’s functions may be involved in
tightly regulating the dynamics of the actin cytoskeleton underneath the ICD. Through its β-
catenin-binding ability, mXinα may be able to further link the N-cadherin/β-catenin
complex to the underlying actin cytoskeleton. This linkage may allow mXinα to perform its
regulatory role of influencing the cell adhesiveness and signaling at the ICD. Although the
molecular details of such linkage and regulation at the ICD are not completely understood,
mXinα might function at least in analogy to the recently identified EPLIN, an actin binding
protein in epithelial cells, which is capable of stabilizing apical actin bundles to form
cadherin-catenin-EPLIN complexes (Abe and Takeichi, 2008). Using yeast two hybrid and
co-immunoprecipitation assays, we previously found that mXinα was also associated with
p120-catenin (Choi et al., 2007). This association may likely be a direct interaction, and if
this should be the case, mXinα would have a great impact on the ICD structure and
function. Previous studies in epithelial cells have shown that through their bindings to the
cytoplasmic domains of cadherin molecules, p120-catenin and β-catenin are able to regulate
cadherin stability and turnover, thereby controlling cellular adhesiveness (Gates and Peifer,
2005; Hong et al., 2010; Nelson, 2008; Provost and Rimm, 1999; Thoreson et al., 2000;
Xiao et al., 2007). In addition, p120-catenin has been shown in many non-muscle cells to be
able to modulate Rho GTPases activities. Through these mechanisms, p120-catenin can
influence many biological processes such as cell-cell junction formation, cell shape change,
and cell motility (Anastasiadis et al., 2000; Anastasiadis and Reynolds, 2001; Grosheva et
al., 2001; Noren et al., 2000; Noren et al., 2001; Xiao et al., 2007). Whether these
mechanisms can also operate within ICD formation and stability remains to be determined.
Supporting this possibility, we have previously shown that mXinα-null hearts with ICD
defects have decreased p120-catenin expression (Gustafson-Wagner et al., 2007), whereas
mXinβ-null hearts which fail to form ICDs had a significant reduction in Rac1 activity
(Wang et al., 2010). Toward understanding how mXinα could regulate the ICD adhesion
and integrity, here we first characterized the nature of the interaction between mXinα and
p120-catenin, and then examined the effects of mXinα expression on the p120-catenin-
induced shape change in the context of non-muscle cells. In addition, we showed that
mXinα interacted with the ICD-localized cortactin, which was drastically reduced in
mXinα-null cardiomyocytes.
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Materials and Methods
Animals

All animal procedures were approved and performed in accordance with institution
guidelines. The mXinα-null mouse line was generated as described previously (Gustafson-
Wagner et al., 2007) and has been backcrossed to and maintained in C57BL/6J strain. Age-
matched wild-type and mutant mice were used in all experiments for comparisons.

Constructs of cDNA expression plasmids
As previously described (Choi et al., 2007; Sinn et al., 2002), expression plasmid pGEX-
mXinα was used to produce recombinant proteins GST-mXinα (full-length aa#1-1,129) in
E. coli BL21(DE3)pLysS cells. The GST fusion proteins were affinity-purified by
glutathione sepharose column (GE Healthcare, Pistcataway, NJ) according to the
manufacturer’s protocols. The previously reported bait construct, pGBKT7-mXinα, for
yeast two hybrid assays (Choi et al., 2007) was used to further generate various mXinα
cDNA fragments (diagram shown in Fig. 1) by PCR-amplification with specific pairs of
primers carrying EcoRI adapter sites. The sequences of these primer pairs are listed in Table
1. The EcoRI-digested, PCR-amplified fragments were individually subcloned into the
EcoRI site of the pGEX4T-1 vector (GE Healthcare) and the pGBKT7 vector (Clontech).
The resulting pGEX plasmids were transformed to BL21 (DE3)pLysS cells to generate GST
tagged mXinα fragments, including GST-mXinαNTR (aa#1–71, containing Mena/VASP
binding domain (Mena/VSAP-BD)), GST-mXinα1R (aa# 68-371, containing the first half
of the Xin repeats), GST-mXinα2R (aa# 364-748, containing the second half of the Xin
repeats and overlapped β-catenin binding domain (β-catenin-BD)), GST-mXinα1R2Rp (aa#
68-535, containing the first two third of Xin repeats and lacking of β-catenin-BD), and GST-
mXinαCTR (containing aa# 741-1,129). Similarly, the resulting pGBKT7 plasmids together
with pGBKT7-mXinα plasmids were further used to release SfiI/SalI-digested inserts and to
subclone into the same sites of eukaryotic expression pCMV-Myc vector to generate
plasmids for transient transfection experiments. Other control eukaryotic expression
plasmids used in co-transfection experiments included pGFPTC22 (Lin et al., 2002) and
pcDNA-vinculin-GFP (a generous gift from Dr. Wolfgang Goldmann, University of
Erlangen, Germany) encoding GFP-tropomyosin and viculin-GFP, respectively, driven by
similar CMV promoter.

Full length p120-catenin cDNA was released from pRc/RSV-p120-catenin 1A plasmid (a
generous gift from Dr. Albert Reynolds, Vanderbilt University, Nashville, TN) by digestions
with EcoRI (fill-in)/KpnI. The released fragment was subcloned into the BglII (fill-in)/KpnI
sites of pCMV-HA vector (Clontech Lab, Inc., Mountain View, CA) to generate eukaryotic
expression plasmid, pCMV-HA-p120-catenin. To construct pCMV-HA-β-catenin, full-
length β-catenin cDNA from pGEX-KG-β-catenin (a generous gift from Dr. Janne Balsamo,
University of Iowa) was first subcloned into BamHI/SalI sites of pBluscript SK vector. The
released β-catenin cDNA by BamHI (fill-in)/XhoI digestion was then subcloned in frame
into SalI (fill-in)/XhoI sites of pCMV-HA vector.

To construct a bacterial expression plasmid for His-p120-catenin recombinant protein, PCR-
amplified full length p120-catenin cDNA fragment from pCMV-HA-p120-catenin was
directionally cloned into pET160/GW/D-TOPO vector (Invitrogen). The primer pairs used
in PCR amplification were 5′caccATGGACGACTCAGAGG 3′ &
5′GGGAACTACGTCTTCTAAATCTTC 3′ for p120-catenin. The resulting plasmids,
pET160-p120-catenin were transformed into TOP10 competent cells for DNA propagation
and into BL21Star(DE3) competent cells for recombinant protein induction (Invitrogen).
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His-tagged recombinant protein produced in E. coli was purified by Ni-NTA resin column
according to the manufacturer’s protocol (Invitrogen).

All expression clones were sequenced at the Roy J. Carver Center for Comparative
Genomics, Department of Biology, University of Iowa, to ensure their fidelity before use.
Their expressed products were further confirmed by SDS polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blots.

Cell culture, DNA transfection and immunofluorescence microscopy
Chinese hamster ovary (CHO) cells were maintained in Dulbecco’ modified Eagle’s
medium plus 10% fetal bovine serum in a humidified incubator at 37°C with 5% CO2. Cells
grown on glass coverslips in culture dish were transiently transfected with various
combinations of expression plasmids using Lipofectamine 2000 reagent (Invitrogen, Life
Technologies, Grand Island, NY) as described previously (Li et al., 2004). 24 hours after
transfection, cells were harvested for immunofluorescence staining and microscopy as
described previously (Warren and Lin, 1993). The primary antibodies included mouse
monoclonal (mAb) 15D2 anti-p120-catenin (Invitrogen) and rabbit polyclonal (pAb) anti-
Myc (Abcam, Cambridge, MA). The secondary antibodies used were fluorescein
isothiocyanate (FITC)-labeled goat anti-mouse IgG and trimethylrhodamine isothiocyanate
(TMRITC)-labeled goat anti-rabbit IgG.

The expression plasmids used in transient transfection included pCMV-HA, pCMV-HA-
p120-catenin, pCMV-Myc, pCMV-Myc-mXinα, pCMV-Myc-mXinα5′, pCMV-Myc-
mXinα1R, pCMV-Myc-mXinα2R, pCMV-Myc-mXinα1R2Rp, pCMV-Myc-mXinαCTR,
pEGFP-C2, pEGFPTC22 (encoding GFP fused to one of tropomyosin isoform, TC22) (Lin
et al., 2002) and pcDNA-vinculin-GFP (a generous gift from Dr. Wolfgang H. Goldmann,
University of Erlangen, Germany). To minimize a possible competition between two
plasmids for co-expression, each transfection experiment was carried out with equal molar
amount of DNAs equivalent to a combination of 1.5 μg pCMV-HA and 1.5 μg pCMV-Myc.

For scoring the branching activity induced by HA-p120-catenin overexpression in
combination with the expression of Myc-tag, Myc-mXinα and its fragments, vinculin-GFP,
or GFP-TC22, each double transfection experiments were performed three times, and
transfected cells expressed both tagged proteins were randomly identified, imaged and
scored. Transfected cells with branching phenotype was morphologically defined by the
presence of 3 or more dendrite-like cell extensions characterized by long (>10 μm)
extensions usually having secondary and/or tertiary branches. The percentage of transfected
cells with branching phenotypes was calculated from total cell number counted, and the
mean±SD was used for statistical comparison. Under this assay condition, only 2.9±0.8% of
CHO cells expressing neither HA-p120-catenin nor Myc-mXinα exhibited branching
phenotype.

Co-immunoprecipitation (co-IP) and Western blot
The co-transfection and co-IP experiments were performed to examine the interaction
between mXinα and p120-catenin. At 24 hours after co-transfection as described above,
cells were harvested and total cell lysates were prepared. Subsequent pre-cleaning and
immunoprecipitation with mAb anti-Myc antibody (Developmental Studies Hybridoma
Bank, University of Iowa, Iowa City, IA) were performed as described previously (Choi et
al., 2007). The resulting immunoprecipitates were separated by SDS-PAGE, transferred to
nitrocellulose membrane and immunoblotted with rabbit pAb anti-HA (BD Biosciences
Clontech, Palo Alto, CA) or mouse mAb anti-p120-catenin for Western blot analysis as
described (Choi et al., 2007), except that IRDye 800 conjugated secondary antibodies
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(Rockland, Gilbertsville, PA) and an Odyssey Imager (Li-Cor Biosciences, Lincoln, NE)
were used for the detection of bound primary antibody.

Preparation of epitope-tagged recombinant proteins and pull-down assay
For the pull-down assay from adult mouse heart lysate, the GST-mXinα, GST-mXinαNTR,
GST-mXinα1R, GST-mXinα2R and GST-mXinαCTR (Fig. 1) were individually expressed
in BL21(DE3)pLysS bacterial cells and bound to glutathione-Sepharose beads (GE
Healthcare). After washing with phosphate buffered saline (PBS), GST fusion protein-bound
beads were used to pull-down the potential interacting proteins from total heart lysate. The
final pull-down materials were solubilized in SDS gel sample buffer and analyzed by
Western blot analysis with mouse mAb anti-p120-catenin (Invitrogen) or rabbit mAb anti-
cortactin (Cell Signaling Technology, Danvers, MA).

To examine whether mXinα could directly interact with p120-catenin, the pull-down assay
was performed using purified recombinant proteins. Purified GST-mXinα (320 nM) and
GST (320nM and 0 nM) as negative controls were mixed with 90 nM His-p120-catenin each
in binding buffer containing 20 mM HEPES pH7.5, 100mM KCl, 1 mM dithiothreitol, 0.1%
Triton X-100, and 2.5 mM phenylmethanesulfonyl fluoride for 2 hours at 4 °C. The
glutathione Sepharose beads were then added to each reaction mixture to pull-down GST-
tagged fusion protein together with its interacting partners. The bound proteins were further
analyzed by Western blot analysis with mouse mAb anti-p120-catenin antibody or mouse
mAb anti-His (27E8) antibody (Cell Signaling Technology).

Results
mXinα directly interacts with p120-catenin

Previously, we showed by yeast two hybrid assay that p120-catenin was one of mXinα-
interacting proteins (Choi et al., 2007). Co-transfection, co-IP, and pull-down assays were
used in this study to demonstrate that the nature of this interaction was a direct one. As
shown in Fig. 2, force-expressed Myc-tagged mXinα and HA-tagged p120-catenin (isoform
1A) had similar sizes as endogenous mXinα and p120-catenin, respectively, from mouse
heart. Both force-expressed proteins were readily recognized not only by their respective
anti-tag antibodies (Fig. 2B and D) but also by their specific antibodies (Fig. 2A and C). In
addition to force-expressed HA-p120-catenin 1A, anti-p120-catenin antibody also
recognized CHO endogenous p120-catenin isoform 1 and 3 (lane 2 in Fig. 2C). Similar two
isoforms of p120-catenin were detected by this antibody in the total heart lysate (lane 1 in
Fig. 2C). These results suggest that the constructed plasmids are capable of encoding
epitope-tagged authentic proteins in CHO cells. Transient co-transfections of pCMV-Myc-
mXinα with pCMV-HA-p120-catenin or pCMV-HA-β-catenin led to express respective
tagged proteins in their cell lysates (Fig. 3A), and subsequent co-IPs from these lysates with
mouse mAb anti-Myc revealed that similar to HA-β-catenin (lane 4), HA-p120-catenin was
present in the immunoprecipitate for the co-expressed Myc-mXinα (lane 2), but not in the
immunoprecipitate for the co-expressed Myc (lane 3 in Fig. 3B). In addition, normal mouse
serum could not immunoprecipitate HA-p120-catenin from the co-transfected lysates
(control IP, lane 1 in Fig. 3B). Consistent with our previous findings (Choi et al., 2007),
these results supported that mXinα interacted with p120-catenin. To show the direct
interaction between mXinα and p120-catenin, pull-down assays were carried out with
purified recombinant GST-mXinα or GST mixed with purified His-p120-catenin (Fig. 4).
Glutathione beads pre-bound with GST-mXinα (lane 1) but not with GST (lane 2 in Fig.
4A) readily pulled down the His-p120-catenin protein, whereas the beads only could not
pellet any significant amount of His-p120-catenin as detected by Western blots with both
anti-p120-catenin antibody and anti-His antibody (Fig. 4A). The intact GST-mXinα protein

Wang et al. Page 5

Arch Biochem Biophys. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



was readily detected in the reaction mixture with anti-mXin antibody (lane 1 in Fig. 4B),
whereas some of its degraded fragments remained to contain GST-tag, which was detected
by anti-GST antibody (Fig. 4C).

Multiple p120-catenin-binding sites exist in mXinα
To map the p120-catenin-binding sites on mXinα, we first generated both eukaryotic and
prokaryotic expressing plasmids encoding mXinα and its various fragments (Fig. 1) fused to
Myc or GST tag. We then performed (i) co-IP from co-transfected CHO cells to detect the
association of co-expressed HA-p120-catenin (Fig. 5) and (ii) pull-down experiments to
detect proteins from total heart lysates that bind to GST fusion protein-containing beads
(Fig. 6). Force-expressed Myc-mXinα and its various fragments in CHO cells all migrated
to their respective sizes as detected by anti-Myc Western blot (lanes 3~9 in Fig. 5A). CHO
cells co-transfected with empty vectors expressed two endogenous p120-catenin isoforms,
one of which co-migrated with the force-expressed HA-p120-catenin (lane 2 and 4~9 in Fig.
5B). The immunoprecipitates with anti-Myc antibody co-pelleted down HA-p120-catenin
band from co-transfected cell lysates with full-length mXinα (lane4) and all of its fragments
(lanes 5~9 in Fig. 5C), but not significantly from co-transfected cell lysates with both empty
vectors (lane 1) or with either one of empty vectors (lanes 2~3 in Fig. 5C). These results
suggest that mXinα may have multiple binding sites for p120-catenin. This multiple binding
site possibility was further supported by the pull down assays with glutathione beads pre-
bound with various GST-mXinα fragments (Fig. 6A). Beads containing all mXinα
fragments, including mXinαNTR, mXinα1R, mXinα2R and mXinαCTR were capable of
pulling down the p120-catenin from total mouse heart lysates (lanes 1~4), whereas beads
only did not pull down p120-catenin (lane 5 in Fig. 6A). Although this pull-down
experiment was not carried out by equal molar amounts of mXinα fragment pre-bound
beads, the results were consistent with the presence of multiple p120-catenin-binding sites
on mXinα. Additionally, mXinα fragments seemed to preferentially associate with p120-
catenin isoform 1, as evident from differences in the relative ratio of isoform 1 and 3
detected in the pull-down lanes (lanes 1~4) versus endogenous heart lysate lane (lane 6 in
Fig. 6A). Therefore, multiple p120-catenin-binding sites exist in different regions of mXinα.

The N-terminal region of mXinα interacts with cortactin
The Xin repeat-containing proteins were initially recognized as proline-rich proteins, which
contained consensus Src homology 3 (SH3)-binding motifs (Wang et al., 1999). Scansite
(http://scansite3.mit.edu/#home) motif serach have predicted many SH3-binding motifs on
mXinα, which would potentially interact with SH3 domains on various adaptor/scaffold
proteins, including cortactin. We have then subcloned some of these SH3 domains in
bacterial expression vector to produce His-tagged fusion proteins. Initial pull down screen
confirmed that beads coated with His-cortactin SH3 was able to pull-down GST-mXinα
(data not shown). Furthermore, it is recently reported that cortactin associates with Kv1.5
channel and is required for N-cadherin-mediated enhancement of Kv1.5 channel activity in
cardiomyocytes (Cheng et al., 2011). Therefore, the same pulled-down materials described
above (Fig. 6A) were further used in Western blot with anti-cortactin antibody to test the
interaction between mXinα and cortactin. The results shown in Fig. 6B confirmed that only
GST-mXinαNTR containing a predicted SH3-binding motif (aa#30-44) could pull down
cortactin from the heart lysates.

A population of cortactin colocalizes with N-cadherin to ICDs of the heart and this ICD-
localized coratctin was greatly reduced in mXinα-null cardiomyocytes

To investigate whether cortactin was pulled down by GST-mXinαNTR from
cardiomyocytes or from non-muscle cells such as cardiac fibroblasts, smooth muscle cells or
endothelial cells, double-label immunofluorescence microscopy with anti-cortactin and anti-
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N-cadherin was performed on heart frozen sections prepared from wild-type and mXinα-
null littermates. As shown in Fig. 7A–C and C′, a significant amount of cortactin (indicated
by arrows in Fig. 7C′) was localized with N-cadherin to the ICDs of wild-type
cardiomyocytes, consistent with the previous report that in isolated cardiomyocytes,
cortactin has been localized to the ICD and the cortex near the cell surface (Cheng et al.,
2011). Studies in cardiac-specific N-cadherin conditional knockout mice further revealed
that cortactin is required for N-cadherin regulation of Kv1.5 channel function (Cheng et al.,
2011), although the molecular mechanism for this requirement remained unclear. In mXinα-
null cardiomyocytes, the ICD-localized fraction of cortactin was largely diminished,
whereas the diffused and cortical-puncta staining of cortactin remained unchanged (Fig.
7D~F and F′). Together, our results suggest that mXinα interacting with the ICD-localized
cortactin may provide an account for the requirement of cortactin in N-cadherin-mediated
Kv1.5 channel function.

mXinα suppresses the p120-catenin-induced branching phenotype in CHO cells
It has been shown that overexpression of p120-catenin in many cell lines induces a striking
dendrite-like or branching phenotype (Anastasiadis et al., 2000; Grosheva et al., 2001;
Noren et al., 2000; Reynolds et al., 1996). We used this branching phenotype as an assay to
further study the in vivo consequence of the direct interaction between mXinα and p120-
catenin. We found that co-expressed mXinα could significantly suppress the p120-catenin-
induced branching phenotype in CHO cells (Fig. 8 and 9). Similar to previous reports and
review in (Anastasiadis and Reynolds, 2001), p120-catenin overexpression in CHO cells
caused an extensive branching phenotype characterized by extreme arborization of cellular
processes (Fig. 8A and B). This branching phenotype was not significantly observed in the
transfected cells overexpressing only mXinα (Fig. 8C and D). In contrast, co-expression of
mXinα and p120-catenin in CHO cells appeared to suppress the p120-catenin-induced
arborizing processes (Fig. 8E and F).

Using extensive branching phenotype as criteria, we scored the percentage of transfected
cells with branching phenotype from each co-transfection of pCMV-HA-p120-catenin with
various plasmids encoding full-length Myc-mXinα or its fragments. The means ± SD of
three separate experiments for each co-transfection were shown in Fig. 9. Overexpression of
HA-p120-catenin with Myc control resulted in a large fraction (38.8±2.1%) of transfected
cells with extensive branching (column 1 in Fig. 9), whereas only 11.8±2.2% of the
transfected cells overexpressing Myc-mXinα and HA control had branching phenotypes
(column 2 in Fig. 9). Co-expression of Myc-mXinα with HA-p120-catenin significantly
reduced the fraction of transfected cells with branching phenotype to 19.6±4.2%
(comparison between columns 1 and 3, p=0.002, t test). However, this percentage although
reduced was still significantly higher than 11.8% mXinα control (comparison between
columns 2 and 3, p=0.042), suggesting that under the co-transfection condition used here,
full-length mXinα only partially suppressed the p120-catenin-induced branching phenotype.
Interestingly, the co-expression of all of different mXinα fragments resulted in significantly
suppressing the p120-catenin-induced branching phenotype (columns 4~8 in Fig. 9, p<0.05),
consistent with the idea that mXinα contained multiple p120-catenin-binding sites as
suggested from the above co-IP and pull-down results. In contrast, co-expression of
vinculin-GFP (a focal adhesion component) or GFP-TC22 (one of non-muscle tropomyosin
isoforms) in the co-transfected cells did not suppress the p120-catenin-induced branching
phenotype (35.8±3.6% or 36.9±0.4%, respectively). Although all fragments tested showed
suppression activity, only co-expression of mXinα5′ (aa#1-532) or mXinα1R (aa#68-371)
could fully suppress the p120-catenin-induced branching phenotype to the level (17.3±3.5%
or 14.5±1.6%, respectively) not significantly different from the mXinα alone control
(11.8±2.2%). It is worthwhile to note that the most effective regions on mXinα in
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suppressing the p120-catenin-induced branching phenotype located outside the previously
defined β-catenin binding domain (Choi et al., 2007). It is known that overexpression of
p120-catenin not only induces branching morphology but also disrupts stress fibers and
focal adhesions (Anastasiadis et al., 2000; Grosheva et al., 2001; Noren et al., 2000).
Whether mXinα or its fragments can also rescue the disrupted stress fibers and/or focal
adhesions remains to be determined.

Discussion
In this study, we have shown that mXinα directly interacts with p120-catenin. Results from
pull-down and co-transfection/co-IP with different mXinα fragments suggest multiple p120-
catenin binding sites on mXinα protein. This is further supported by the evidence that
different mXinα fragments are able to suppress the p120-catenin-induced branching
phenotype in co-transfected CHO cells. It is known that cells with arborized morphology
induced by p120-catenin overexpression are accompanied by a loss of actin stress fibers and
a reduction in the number and size of focal adhesions (Anastasiadis et al., 2000; Grosheva et
al., 2001; Noren et al., 2000). To test whether overexpression of either tropomyosin
(stabilizing stress fibers) or vinculin (enhancing focal adhesions) could have any effect on
the p120-catenin-induced branching, we performed co-transfection of pCMV-HA-p120-
catenin with either pEGFPTC22 or pcDNA-vinculin-GFP plasmid. The results revealed that
overexpression of neither protein could rescue the p120-catenin-induced branching
phenotype, suggesting that the p120-catenin overexpression acts upstream of stabilization of
stress fibers and focal adhesions. In contrast, force-expression of mXinα or its various
fragments all significantly suppressed the p120-catenin-induced branching phenotype. The
most effective fragments for this morphological rescue are mXinα5′ (aa#1-532) and
mXinα1R (aa# 68-371, the first half of the Xin repeats of mXinα, which do not contain the
previously identified β-catenin-BD (Choi et al., 2007). Interestingly, both mXinα2R and
mXinα1R2Rp fragments have similar effectiveness in suppressing the p120-catenin-induced
branching phenotype (Fig. 9) and pulling down p120-catenin in co-IP (Fig. 5), despite that
only mXinα2R contains β-catenin-BD. These results suggest that the binding of endogenous
β-catenin to force-expressed mXinα may have very little effect on the further interaction
between mXinα and p120-catenin. Coincidently, two most effective fragments in
suppressing the p120-catenin-induced branching phenotype (mXinα5′ and mXinα1R) also
have a strong ability to co-IP the force-expressed HA-p120catenin when co-expressed (lanes
5 & 6 in Fig. 5C). The observed suppression of the p120-catenin-induced branching
phenotype by mXinα or its various fragments is very similar to that by the co-expressed
cadherin with a functional p120-catenin binding domain (Grosheva et al., 2001; Noren et al.,
2000). The results from the present study have further suggested that the N-terminal SH3-
binding motif of mXinα is capable of interacting with ICD-localized cortactin. Loss of
mXinα in mXinα-null cardiomyocytes results in drastically reducing the ICD-localized
cortactin, which may in part account for the development of the ICD structural defects in
adult mXinα knockout heart. It is previously reported that p120-catenin in cooperation with
cortactin regulates lamellipodial dynamics and cell adhesion (Boguslavsky et al., 2007).
Based on these results and others (Boguslavsky et al., 2007; Choi et al., 2007; Pacholsky et
al., 2004; van der Ven et al., 2006), we propose a model (Fig. 10) that mXinα via direct
interactions with both β-catenin and p120-catenin links the N-cadherin/catenin complex to
the underlying actin cytoskeleton and via its complex with cortactin and p120-catenin
modulates the dynamics of cortical actin network. Thus, mXinα can play important roles in
maintaining the integrity and function of the adherens junctions at ICDs of the heart.

In the cardiac muscle, both long isoform 1 and short isoform 3 of p120-catenin have been
shown to be expressed and localized to the adherens junctions of the ICDs (Montonen et al.,
2001). Unlike β-catenin, the p120-catenin is relatively stable in the cytosol. However, in

Wang et al. Page 8

Arch Biochem Biophys. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



normal epithelial cells, the majority (>90%) of p120-catenin is found to be associated with
cadherins at the adherens junctions (Thoreson et al., 2000). Although the roles of p120-
catenin in cardiomyocytes remain largely unknown, several lines of evidence from studies in
other cell types and cancer cells indicate two major functions for p120-catenin. First,
depending on the cell context (e.g., normal cells, cancer cells, or cadherin-deficient cells),
the binding of p120-catenin to cadherin can exert a positive (Navarro et al., 1998; Thoreson
et al., 2000; Yap et al., 1998) or negative (Aono et al., 1999; Ohkubo and Ozawa, 1999;
Ozawa and Kemler, 1998) effect on the cadherin clustering and the strength of adhesion.
Furthermore, p120-catenin regulates cell surface cadherin levels by controlling their
turnover and trafficking (Davis et al., 2003; Ireton et al., 2002; Xiao et al., 2003; Xiao et al.,
2007). Second, p120-catenin directly interacts with RhoA leading to decrease in RhoA
activity and with RhoGEF effectors activating Rac1 and Cdc42 activities (Anastasiadis et
al., 2000; Anastasiadis and Reynolds, 2001; Grosheva et al., 2001; Noren et al., 2000).
These small GTPases can further modulate the dynamics of actin cytoskeleton, leading to
changes in cell shape (branching phenotype), motility and adhesion (Anastasiadis, 2007;
Anastasiadis and Reynolds, 2001). In this study, we show that cardiac muscle-restricted
mXinα protein is capable of binding to p120-catenin and rescuing the p120-catenin-induced
branching phenotype. The existence of common functions of p120-catenin in diverse cell
types as shown by these studies indicate that p120-catenin may play the same roles,
stabilizing N-cadherin and modulating Rho GTPases, in cardiomyocytes. Furthermore, our
results suggest that mXinα together with cortactin is able to modulate the p120-catenin
activity for shape change and adhesion at the ICDs. Supporting this possibility, mXinα-
deficient hearts express significantly decreased amounts of N-cadherin and p120-catenin,
resulting in weak adhesion and progressive ICD structural defects and cardiomyopathy
(Gustafson-Wagner et al., 2007). The most effective mXinα fragment (mXinα1R) in
rescuing the p120-catenin-induced branching phenotype contains the first half of the Xin
repeats, which is highly conserved among all Xin proteins including mXinβ (Grosskurth et
al., 2008). Therefore, mXinβ that has been shown to be essential for the initiation of ICD
formation (Wang et al., 2012a) is likely able to interact and modulate p120-caetinin activity
and Rho GTPases in the hearts. A significant decrease in the active Rac1 level has been
detected in the mXinβ-null hearts (Wang et al., 2010) further support this mXinβ’s role. The
most of p120-catenin interacting sites appear to be different from the previously defined and
highly conserved β-catenin binding domain (Choi et al., 2007). Potentially simultaneous
binding of mXinα and mXinβ to both β-catenin and p120-catenin may cooperatively
modulate the integrity and function of the ICD, although the underlying molecular
mechanisms are not completely understood. During postnatal development, plasma
membrane polarization in cardiomyocytes leads to the formation of the locally specialized
architecture of ICDs. mXinβ through its ability to modulate p120-catenin and Rho GTPase
activity as well as to potentially translate from ICD-localized messages (Wang et al., 2012b)
could play an initiating role in the polarization of N-cadherin, mXinα, and other known ICD
components to the cell termini (Wang et al., 2012a). How local domains in the plasma
membrane are formed and how they control local ICD architecture in conjunction with the
cytoskeleton remain a mystery.

In the present study, we have also identified a cortactin-binding site at the N-terminal
fragment of mXinα. Cortactin, a known actin-binding protein, is capable of interacting with
many other actin-associated proteins, such as Arp2/3 complex, caldesmon, and influencing
the organization of the cortical actin network. The ability of cortactin to alter the cortical
actin network renders this protein a critical modulator for many cellular processes such as
adhesion, migration, endocytosis and tumor invasion (Ammer and Weed, 2008).
Furthermore, it has been shown that the N-terminus of cortactin interacts and cooperates
with p120-catenin to regulate lamellipodial dynamics and cell adhesion (Boguslavsky et al.,
2007). The motifscan program predicts a direct interaction between mXinα and the SH3
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domain on the extreme C-terminus of cortactin. The cortactin-SH3-binding motif is
predicted to be located at the N-terminal aa#30-44 (PEGLPPPPPKETFSK) of mXinα. The
results from our pull-down assay (Fig. 6B), showing that cortactin binds only to GST-
mXinαNTR beads, confirmed this prediction. This interaction is further supported by the
localization of a population of cortactin with N-cadherin to the ICDs and by the reduction of
this population of cortactin in mXinα-null cardiomyocytes (Fig. 7). The cortactin-SH3-
binding motif sequence is homologous to that of human Xinα (hXinα or XIRP1), which is
partially overlapped with the previously defined Mena/VASP-binding domain (Mena/
VASP-BD) (aa #19–36, AEDLPLPPPPALEDLPLP) from hXinα/XIRP1 protein (van der
Ven et al., 2006). The Mena/VASP protein family at the lamellipodia and filopodia can
spatially regulate actin polymerization (Eigenthaler et al., 2003; Scott et al., 2006). While
the Mena/VASP-BD is only present in the placental mammal Xinα proteins, the sequences
#34–44 of the cortactin-SH3-binding motif are highly conserved among all vertebrate Xinα
proteins except lamprey Xin protein (Grosskurth et al., 2008). However, both Mena/VASP-
BD and cortactin-SH3-binding motif sequences are not found in Xinβ and may represent the
novel and likely derived functional roles of mammalian Xinα. This is consistent with the
notion that mXinβ function cannot fully compensate for the loss of mXinα in the adult
heart, because mXinα-deficient hearts even with the up-regulation of mXinβ develop ICD
structure defects and cardiomyopathy (Gustafson-Wagner et al., 2007). Another binding
region interacting with actin-crosslinking protein, filamin c (muscle-specific isoform), has
been previously reported on the large variant of hXinα/XIRP1 protein (van der Ven et al.,
2006). The conserved filamin c-binding region is also found in the C-terminus of mXinα-a
but not in mXinα or mXinβ (Grosskurth et al., 2008).

Using yeast two hybrid screening, we have previously found that mXinα can interact with
many other actin-binding proteins such as filamin b (crosslinking actin filaments),
tropomyosin (stabilizing actin filaments), gelsolin (severing actin filaments and binding to
plus end of filament fragments), and vinculin (anchoring actin filaments to the membrane at
cell-cell and cell matrix junctions) (Choi et al., 2007), although their binding regions are
awaiting to be mapped. Furthermore, both mXinα and mXinβ with their conserved Xin
repeats are able to bind and bundle actin filaments (Choi et al., 2007; Pacholsky et al.,
2004). Taken together, the ability of mXinα to interact with these actin regulatory proteins
at the cortical actin network near the membrane suggests an important role for mXinα in
modulating the strength and integrity of ICDs as well as in transmitting signals through the
N-cadherin/catenin complex. Supporting this role, it has been reported that conditional
deletion of non-muscle myosin IIB in the heart results in progressive hypertrophic
cardiomyopathy with disrupted ICDs (Ma and Adelstein, 2012; Ma et al., 2010), very much
similar to mXinα knockout mouse hearts (Gustafson-Wagner et al., 2007). Non-muscle
myosin II acts on bundled/organized actin filaments near the cortex, providing tension for
the ICD strength and signaling. Coincidently, loss of non-muscle myosin IIB in the heart
results in marked reduction of mXinα, suggesting that non-muscle myosin IIB in
cooperation with mXinα regulates the integrity and function of ICDs. Non-muscle myosin
IIC also localizes to the ICDs. Complete loss of non-muscle myosin IIC in the hearts of non-
muscle myosin IIB hypomorphic mice accelerates the development of cardiomyopathy and
impairs the localization of N-cadherin and β-catenin in the ICDs (Ma and Adelstein, 2012).
These results suggest that both non-muscle myosin IIB and IIC are required for maintaining
the ICD integrity. The molecular mechanisms for the cooperation between mXinα and non-
muscle II in regulating the cortical actin network near the ICDs remain to be determined.

Conclusions
mXinα directly interacts with p120-catenin and suppresses the p120-catenin-induced
branching phenotype, likely via the alterations in Rho GTPase activities. Multiple p120-
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catenin-binding sites distinctive from the previously identified β-catenin-binding domain
exist in mXinα. Furthermore, the N-terminal region of mXinα containing a consensus SH3-
binding motif can pull down cortactin from total heart lysates. A population of cortactin is
localized with N-cadherin to the ICDs of wild-type cardiomyocytes, and this fraction of
cortactin is drastically reduced in the ICDs of mXinα-null cardiomyocytes. The findings
from this and previous studies indicate that mXinα is able to link the adherens junction to
the underlying actin cytoskeleton and to modulate the cortical actin organization for
maintaining the integrity and function of the ICD in the heart.
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Highlights

• mXinα interacts with p120-catenin and suppresses p120-catenin-induced
branching.

• Multiple p120-catenin-binding sites present on mXinα.

• N-terminus of mXinα containing a consensus SH3-binding motif binds to
cortactin.

• mXinα links and modulates the adherens junctions to the underlying actin
network.
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Fig. 1.
Schematic representation of mXinα fragments illustrating the amino acid (aa) positions
relative to the full-length mXinα. In this study, both Myc and GST tags were fused in frame
to the N-termini of these fragments for their expression in CHO and E. coli cells,
respectively. The Xin repeat region (aa#89-742) contains 15 Xin repeating units responsible
for binding and bundling actin filaments (Wang et al., 2012b). Within the Xin repeat region,
a conserved β-catenin binding domain (β-catenin-BD) is located from aa#535 to aa#636
(Choi et al., 2007; Grosskurth et al., 2008). Both mXinαNTR and mXinα5′ fragments
contain a previously defined Mena/VASP-binding domain (Mena/VASP-BD) (van der Ven
et al., 2006), whereas only mXinα2R fragment possesses β-catenin-BD.
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Fig. 2.
Western blot analyses of force-expressed Myc-mXinα and HA-p120-catenin proteins in
CHO cells. Both force-expressed proteins as detected by anti-tag antibodies (B, D) were also
recognized by their own specific antibodies (A, C). In addition, they had their expected sizes
similar to that detected in the total heart extract (compare lane 1 with lane 4 in A and lane 1
with lane 3 in C).
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Fig. 3.
Association of Myc-mXinα and HA-p120-catenin. CHO cells were co-transfected with
plasmids encoding Myc-mXinα and HA-p120-catenin (lanes 1 & 2), with plasmids
encoding Myc tag and HA-p120-catenin as a negative control (lane 3), or with plasmids
encoding Myc-mXinα and HA-β-catenin as a positive control (lane 4). Equal molar amounts
of each plasmids and empty vectors were used in each co-transfection to minimize the
promoter competition between two different expressing plasmids. (A) Western blots of total
lysates prepared from various co-transfected CHO cells with anti-tag antibodies show the
input amounts of force-expressed proteins in each co-transfection. (B) Co-IP assay. Co-
transfected cell lysates were immunoprecipitated with control normal mouse serum (lane 1,
control IP) or with anti-Myc antibody (lanes 2~4, anti-Myc IP). The resulting
immunoprecipitates were immunoblotted with anti-HA antibody to detect the associated
proteins. Both HA-p120-catenin (lane 2) and HA-β-catenin (lane 4) were readily found to be
associated with Myc-mXinα. Neither the control IP (lane 1) nor anti-Myc IP from lysates of
cells co-transfected with pCMV-HA-p120-catenin and pCMV-Myc empty vector (lane 3)
detected HA-p120-catenin.
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Fig. 4.
Recombinant GST-mXinα directly binds to His-p120-catenin. The pull-down assay was
performed with glutathione-Sepharose beads to pull down GST-containing proteins and its
interacting proteins from a mixture of purified His-p120-catenin (90 nM) and purified GST-
mXinα (320 nM) (lane 1). Purified GST (320 nM) was used as a negative control (lane 2),
whereas the other negative control contains no GST protein (lane 3). The pulling-down
proteins were eluted from beads and analyzed by Western blot with mouse mAb anti-p120-
catenin and anti-His (A), with rabbit polyclonal U1013 anti-mXinα (B) and with mouse
mAb anti-GST (C).
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Fig. 5.
Force-expressed mXinα and its various fragments are able to immunoprecipitate HA-p120-
catenin from co-transfected cell lysates. (A, B) Western blots of cell lysates with anti-Myc
(A) and anti-p120-catenin (B) to show the input amounts of force-expressed fusion proteins.
CHO cells did not express mXinα (lanes 1–2 of A), but expressed both p120-catenin
isoform 1 and 3 (lane 1 of B). Force-expressed HA-p120-catenin migrated to the similar
position as that of endogenous p120-catenin isoform 1 (indicated by arrow in lanes 2 of B).
(C) Western blot of the anti-Myc immunoprecipitates. The anti-Myc immunoprecipitates
from lysates of cells transfected with a mixture of empty vectors (lane 1) or with mixtures of
one of plasmids and one of empty vectors (lanes 2 and 3) did not contain HA-p120-catenin.
On the other hand, all of the immunoprecipitates from co-transfection of HA-p120-catenin
with Myc-tagged full-length mXinα (lane 4) and its various fragments (lanes 5~9) co-
pelleted a significant amount of HA-p120-catenin, suggesting the presence of multiple p120-
catenin interacting sites on mXinα.
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Fig. 6.
Pull-down assays from heart lysates. Glutathione Sepharose beads pre-bound with various
GST-mXinα fragments were used to pull down associated proteins from total heart lysates.
After washing the beads, the bound proteins were eluted from beads by gel sample buffer
and analyzed on Western blot with anti-p120-catenin (A) and with anti-cortactin (B). The
heart lysates contained p120-catenin isoform 1 and 3 (lane 6 in A), which were clearly
associated with the N-terminal region of mXinα (GST-mXinαNTR, lane 1). The p120-
catenin isoform 1 could be pulled down by mXinα fragments, including the first half of Xin
repeats (mXinα1R), the second half of Xin repeats (mXinα2R) and the C-terminal region of
mXinα (mXinαCTR) (lanes 2, 3 and 4, respectively). These results also suggest multiple
p120-catenin-interacting sites on mXinα. This nature appears to be specific to p120-catenin,
because only beads pre-bound with GST-mXinαNTR could pull down cortactin, another
mXinα-interacting protein, from total heart lysates (lane 1 in B). For a negative control,
glutathione Sepharose beads only pulled down neither p120-catenin nor cortactin (beads
only, lane 5 in A and B).
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Fig. 7.
A population of cortactin is localized near N-cadherin at the ICDs of wild-type
cardiomyocytes, and this ICD-localized cortacin is drastically reduced in mXinα-null
cardiomyocytes. Double-label immunofluorescence with mouse mAb anti-N-cadherin (in
red) and rabbit mAb anti-cortactin (in green) was performed on 4-μm frozen sections of
hearts from postnatal day 19.5 wild-type (A–C) and mXinα-null (D–F) mice. (C) and (F)
show the merged images of (A, B) and (D, E), respectively. The boxes regions in (C) and (F)
were 5 times enlarged by Adobe Photoshop and shown in (C′) and (F′), respectively. In
both wild-type and mXina-null cardiomyocytes, most of cortactin were found in diffuse
localization and in puncta near the cortex (indicated by arrowheads in C′ and F′). In
contrast, ICD-localized cortactin (indicated by arrows in C′) was only detected in the wild-
type cardiomyocytes. Bar in (E) equals to 10 μm for A~F images.
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Fig. 8.
Force-expressed Myc-mXinα suppresses the p120-catenin-induced branching phenotype.
CHO cells were co-transfected with a mixture of pCMV-HA-p120-catenin and pCMV-Myc
vector (A, B), a mixture of pCMV-HA vector and pCMV-Myc-mXinα (C, D), or a mixture
of pCMV-HA-p120-catenin and pCMV-Myc-mXinα (E, F). 24 hours after transfection, the
cells were indirectly labeled with anti-p120-catenin (in green) (A, B), or anti-Myc (in red)
(C, D), or both antibodies (E, F). Phase-contrast micrographs were shown in A, C and E, and
their corresponding immunofluorescent micrographs were shown in B, D and F. Bar = 10
μm. Transient expression of HA-p120-catenin in CHO cells resulted in extensive branching
in a large population of transfected cells (B). This branching phenotype was not frequently
observed in the transfected cells with Myc-mXinα overexpression (D). Furthermore, the co-
transfection with both plasmids encoding HA-p120-catenin and Myc-mXinα resulted in
significantly suppressing the p120-catenin-induced branching phenotype (F).
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Fig. 9.
The p120-catenin-induced branching phenotype can be suppressed by co-expressed Myc-
full-length mXinα and its various fragments. Transfected cells from each co-transfection
were scored for their ability to generate extensive branching phenotype, using criteria as
described under Materials and Methods. Data were plotted as % of transfected cells with
branching phenotype and the means±SD of three separate experiments performed in each
co-transfection case were compared using t test. When compared to HA-p120-catenin
expression control (co-transfection #1), the expression of mXinα and all of its fragments
significantly suppressed the p120-induced branching phenotype (*, p<0.05 and %, p<0.05).
When compared to Myc-mXinα expression control (co-transfection #2), the expression of
only mXinα5′ (co-transfection #4) and mXinα1R (co-transfection #5) could reduce the
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p120-induced branching phenotype to the same level of mXinα control (&, p>0.05, NS, not
significant), suggesting a full rescue. On the other hand, the co-expression of full-length
mXinα, mXinα1R2Rp, mXinα2R or mXinaCTR only partially suppressed the branching
phenotype, because the percentages of cells with branching phenotypes in these co-
transfections remained significantly higher than the control co-transfection #2 (#, p<0.05).
Co-expression of GFP-TC22 (a non-muscle tropomyosin) (co-transfection #9) or vinculin-
GFP (a focal adhesion component) (co-transfection #10) in the co-transfected cells did not
suppress the p120-catenin induced braching phenotype (^, p>0.05, NS).
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Fig. 10.
A schematic model suggesting that mXinα plays important roles in maintaining the integrity
and function of the adherens junctions at ICD of the heart. mXinα via its directly
interactions with β-catenin, p120-catenin and actin filaments can link the N-cadherin/catenin
complex to actin cytoskeleton, and regulate the stability and function of the ICD of the heart.
To carry out these roles, mXinα control the dynamics of cortical actin cytoskeleton
underneath the ICD membrane through its ability to interact with cortactin and p120-catenin.
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Table 1

List of primer pair sequences used in PCR to generate various mXinα cDNA fragments.

Fragment Name Forward Primer Reverse Primer DNA Template

mXinαNTR (aa#1-71) 5′gccgaattcTGCAGTCGACGAAGGATGG 3′ 5′cccgaattcCTCCTCGAGGTTCTTCCGAA 3′ pGBKT7-mXinα

mXinα1R (aa#68-371) 5′cccgaattcAACCTCGAGGAGGCTGTGGCT 3′ 5′cccgaattcTCCTTGGGTGGCACCTCTGC 3′ pGBKT7-mXinα

mXinα2R (aa#364-748) 5′cccgaattcGAGGCAGAGGTGCCACCCAAG 3′ 5′cccgaattcGCTCTCAGCTGCCAGGGAGCC 3′ pGBKT7-mXinα

mXinα1R2Rp (aa#68-535) 5′cccgaattcAACCTCGAGGAGGCTGTGGCT 3′ 5′cccgaattcGATGGTACTGGGGCTTCTACC 3′ pGBKT7-mXinα

mXinαCTR (aa#741-1,129) 5′cccgaattcATGGGCTCCCTGGCAGCTGAG 3′ 5′cccgaattcTTGGGTGGTCAGGATCTTCTG 3′ pGBKT7-mXinα
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