










KKSQ sequence element previously demonstrated to possess
nuclear localization activity (56) (see also Fig. 2B). To test if the
NLS might contribute to the nuclear entry of 817–1314,
epitope-tagged �-catenin constructs were transiently
expressed in various cell types, and this was followed by con-
focal immunofluorescence visualization. As shown in Fig. 4A
using 293T cells, full-length �-catenin appeared concen-

trated near cell-cell borders, with residual staining in the
cytoplasm. Lacking the ability to bind cadherin, 1–816 was
instead more diffusely localized in the cytosol. Likewise, in
contrast to full-length �-catenin, but also differing from
1–816, prominent localization to nuclei was observed for
817–1314, with additional cytosolic presence. Results from
MDA-MB-435 melanoma cells (Fig. 4B), MDA-MB-231

FIGURE 4. The NLS within Armadillo repeat 6 enhances 817–1314 localization to nuclei. A, confocal immunofluorescence localizations of various
�-catenin constructs. Full-length �-catenin predominantly localizes to cell-cell borders and the cytoplasm in 293T cells, visualized via HA epitope
staining. 1– 816 is largely distributed within the cell cytosol, with lesser intensity at cell-cell borders. 817–1314, in contrast, displays a significant nuclear
staining (marked with arrows), with additional cytosolic localization. Deletion of the NLS in 817–1314 reduced the presence of 817–1314 in the nucleus
of 293T cells. B, subcellular localizations of �-catenin constructs in MDA-MB-435 melanoma cells. C, cytosolic-nuclear fractionation of 293T cells followed
by immunoblotting (IB) indicates that �-catenin and 1– 816 largely distribute to the cytosolic fraction, whereas 817–1314 exhibits a larger nuclear
presence. Deletion of the NLS from 817–1314 efficiently redistributed the resulting construct to the cytosol. D, 293T cells transfected with the Met434

�-catenin construct were treated with puromycin (0.5 ng/�l). Whole-cell extracts (obtained 4 h after treatment) were separated by cytosolic-nuclear
fractionation and subject to Myc immunoblotting. Given that the Myc epitope was present at the �-catenin carboxyl terminus, the nuclear enrichment
of 817–1314 was confirmed relative to Met434 (bottom).

Caspase Links �-Catenin to ZIFCAT

JULY 1, 2011 • VOLUME 286 • NUMBER 26 JOURNAL OF BIOLOGICAL CHEMISTRY 23183

 at H
A

M
-T

M
C

 Library, on January 31, 2013
w

w
w

.jbc.org
D

ow
nloaded from

 



breast cancer cells (results not shown), and Neuro-2a neu-
roblastoma cells (results not shown) were consistent with
observations from 293T cells. To test if the nuclear localiza-
tion of 817–1314 required the NLS, we removed an amino-
terminal region of 28 amino acid residues that included the
WGKKKKKKKSQ element. When compared with 817–
1314, removal of the NLS placed a much greater proportion
of the resulting construct in the cytoplasm (Fig. 4, A and B).
Next, we employed biochemical fractionation to better
quantify the constructs’ intracellular distribution. As shown
in Fig. 4C, a prominent portion of 817–1314 localized to the
nuclear fraction (57% of 100%), as distinguished from full-
length �-catenin (18%), 1–816 (15%), or 817–1314�NLS
(11%). Similar results were obtained for 817–1314 in 293T
cells subject to puromycin-induced cell death (Fig. 4D).
Thus, our resolved caspase-3 cleavage of �-catenin generates
a fragment (817–1314) that becomes enriched in the
nucleus, leaving open the possibility that 817–1314 has
nuclear roles.
ZIFCAT Is a Novel KRAB Zinc Finger Protein Associating

with �-Catenin and ARVCF—The localization of 817–1314
encouraged us to test for potential functions of �-catenin in the
nucleus. Using Xenopus �-catenin as bait, we performed a sec-
ond yeast two-hybrid screen, this time employing an adult
mouse brain cDNA library (Hybrigenics, Inc.). Because full-
length �-catenin exhibited autoactivation, we chose a �-catenin
construct deleted of its amino terminus (intact Armadillo and
carboxyl-terminal domains). A total of 159 clones were
obtained, representing 27 distinct potential interactions,
including known associations with cadherins and Erbin (inter-
nal positive controls). Our screen was not saturating given that
additional known interactions were not resolved. Intriguingly,
the best rated interaction (Hybrigenics, Inc.) included 11 inde-
pendent clones encoding a novel KRAB (Krüppel-associated
box) zinc finger protein (2610008E11Rik) (Fig. 5A). KRAB zinc
finger proteins feature a carboxyl-terminal zinc finger region
that binds DNA and an amino-terminal KRAB motif associat-
ingwith transcriptional cofactors (57).We termed this resolved
novel protein ZIFCAT (zinc finger protein associating with
catenins) (supplemental Fig. 2). As deduced from the 11 yeast
two-hybrid ZIFCAT clones obtained, the minimal interacting
sequence with �-catenin included zinc finger repeats 6–8.
Intriguingly, ZIFCATwas once again resolved in a parallel yeast
two-hybrid screen aimed at identifying novel ARVCF-catenin
interactions (results not shown) (Hybrigenics, Inc.). Based sim-
ply on the yeast two-hybrid clones resolved, the minimal
ZIFCAT-interacting sequence associating with ARVCF like-
wise appears to include a similar (perhaps larger) zinc finger
region. Thus, ZIFCAT was suggested to employ its zinc finger
domain to bind �- and ARVCF-catenin, the same region that
might be anticipated to bind DNA.
To test the resolved yeast two-hybrid interactions, we per-

formed in vitro binding assays as described earlier. Full-length
�-catenin bound to ZIFCAT in vitro. 817–1314, which is gen-
erated by caspase-3 cleavage and displays nuclear localization,
also bound ZIFCAT (Fig. 5B). We failed, in contrast, to observe
a positive association of ZIFCAT either with 1–816, with the
isolated Armadillo domain of �-catenin, or with the �-catenin

amino-terminal domain (results not shown). We then con-
firmed the in vitro interaction between ARVCF and ZIFCAT
following a similar strategy but using ARVCF fused to maltose-
binding protein and purified from E. coli (results not shown).
Lacking antibodies against endogenous ZIFCAT, we next
sought to resolve an interaction in vivo with full-length
�-catenin. This proved challenging because although ZIFCAT
is predominantly nuclear (see also Fig. 6A), the majority of full-
length �-catenin or ARVCF remains at cell-cell contacts in
complex with cadherins or cadherin-free within the cytoplasm,
where it acts upon small GTPases. Given that our evidence
pointed to a potential nuclear role of 817–1314, we co-trans-
fected 817–1314 with ZIFCAT. As anticipated, co-immuno-
precipitation from293Tnuclear fractions clearly confirmed the
association of 817–1314 with ZIFCAT (Fig. 5C). We further
wished to test for an in vivo association of ARVCF-catenin with
ZIFCAT. Not knowing the precise caspase-3 cleavage site(s)
withinARVCFor its validated endogenousNLS, we employed a
different strategy, fusing an amino-terminal ectopic NLS to
full-length ARVCF. This notably increased the presence of
ARVCF in the nucleus (results not shown) and allowed us to
resolve an association with ZIFCAT (Fig. 5D). Our results
together indicate that two distinct p120-catenin subfamily
members, �- andARVCF-catenin, each associatewithZIFCAT.
Under physiologic circumstances involving caspase-3, we con-
jecture that a resulting fragment (such as 817–1314) is more
likely to enter the nucleus and associate with ZIFCAT than the
corresponding full-length catenin.
ZIFCAT Associates with Chromosomal DNA andMay Act as

a Transcriptional Repressor—To gain further insight into
ZIFCAT, we examined its sub-cellular localization. As
expected, HA-tagged ZIFCAT localized strongly to the nuclei
of HeLa or 293T cells (Fig. 6A) (results not shown). We next
tested if ZIFCAT associates with genomic DNA in vitro, using
an established assay (48). Here, full-length ZIFCAT or a ZIF-
CAT construct lacking the amino-terminal 169 residues,
including the KRAB domain (ZIFCAT-ZF), was co-incu-
bated with cellulose-conjugated genomic DNA purified
from calf thymus. Both constructs associated with the
genomic DNA, whereas in contrast, this association was
largely lost when the carboxyl-terminal 497 residues, includ-
ing the zinc finger region of ZIFCAT, were removed
(ZIFCAT�ZF, Fig. 6B). Our data are thus consistent with the
possibility that ZIFCAT associates directly or indirectly with
DNA through its zinc finger repeats and, speculatively,
exerts gene regulatory functions via KRAB domain co-fac-
tors, such as KAP1 (KRAB-associated protein 1) (58).
As an initial test of whether ZIFCAT might modulate gene

transcription, we utilized the Gal4-UAS-luciferase system,
wherein constructs of ZIFCAT were fused to the DNA binding
domain (DBD) of Gal4, and their activity was tested by co-
transfection in HeLa or 293T cells, followed by a luciferase
assay. In this artificial setting, Gal4DBD mediates an interac-
tion with the UAS sequence element present on the reporter
construct, thereby bringing ZIFCAT into close proximity with
the promoter governing luciferase activity. Repression was
reproducibly observed with Gal4DBD-ZIFCAT or the
Gal4DBD-ZIFCAT�ZF mutant lacking the carboxyl-termi-
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nal 497 residues, including the zinc finger region. Such
effects were not observed for Gal4DBD alone or for HA-
tagged ZIFCAT (negative controls) (Fig. 6C). Our results
suggest a model where ZIFCAT gene activity may depend
upon the zinc finger region for DNA association (see also Fig.
5A) and the amino-terminal region (probably the KRAB
domain) for recruitment of transcriptional co-factors/co-re-
pressors (57).
Finally, to probe for a functional interplay between ZIFCAT

and �-catenin (or ARVCF-catenin) in the context of this Gal4-
UAS-luciferase system, we co-expressed �-catenin (or ARVCF-
catenin) with Gal4DBD-ZIFCAT. As seen in Fig. 6D, no signif-
icant changes followed such co-expression. This was perhaps to
be expected because our data had already indicated that

�-catenin as well as ARVCF-catenin bind the zinc finger region
of ZIFCAT, whereas the Gal4DBD-ZIFCAT construct no lon-
ger requires this domain forDNAassociation (imparted instead
by the Gal4DBD fusion). In vivo, we conjecture that nuclear �-
orARVCF-catenin or,more likely, caspase-3 fragments, such as
817–1314, displace ZIFCAT from its presently unknown con-
sensus binding sites in promoter/enhancerDNA, relieving ZIF-
CAT-mediated gene repression.

DISCUSSION

Apoptosis or Programmed Cell Death Is a Physiologically
Controlled Process of Cell Suicide—Activated caspases cleave
specific cellular substrates, with dying cells presenting charac-
teristic molecular and morphological features (59, 60). It has

FIGURE 5. ZIFCAT is a novel KRAB zinc finger protein associating �- and ARVCF-catenin. A, primary amino acid sequence of ZIFCAT. Underlined is the
amino-terminal KRAB domain (xxx–yyy amino acids) and both numbered and underlined are the 15 C2H2 type zinc finger repeats occupying approximately
two-thirds of ZIFCAT. Shaded residues comprise the minimal region deduced from yeast two-hybrid screening that associates with �-catenin. B, 817–1314,
found to result from caspase-3 cleavage, is sufficient to bind ZIFCAT in vitro. Selected constructs were translated in vitro and incubated together. Myc antibody
followed by Protein A/G beads was used to immunoprecipitate (IP) �-catenin proteins. Immunoblotting (IB) with HA antibody indicated that ZIFCAT associates
in vitro with full-length �-catenin (left) or 817–1314 (right) but not with 1– 816 (middle) relative to control precipitations. C, 817–1314 associates with ZIFCAT in
293T cells. Myc-tagged 817–1314 and HA-tagged ZIFCAT were co-transfected into 293T cells. Myc antibody was employed to precipitate 817–1314, with HA
immunoblotting confirming the association of 817–1314 with ZIFCAT. D, ARVCF likewise associated with ZIFCAT in vivo. Experimental conditions were as for C,
except that NLS-Myc-tagged ARVCF was employed for co-transfection with ZIFCAT.
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been long appreciated that caspases havemany roles apart from
apoptosis, such as in immune defense, proliferation, fate deter-
mination, terminal differentiation, cell migration, and neuro-
degeneration. The mechanisms by which caspases exert these
non-apoptotic functions are still under active investigation yet
probably relate to their temporally, spatially, or quantitatively
controlled enzymatic activations (22, 23).
In this study, we present data indicating that �-catenin is a

novel substrate for caspase-3. �-Catenin interacted with
caspase-3 in yeast two-hybrid screening and was also shown to
be cleaved by caspase-3 in vitro and in apoptotic cell extracts.
This response may be conserved across the p120 subfamily of
catenin proteins because p120-catenin also showed sensitivity
to caspase-3 in vitro. Considering that caspase-3 is best known
as an “executioner” caspase in the apoptotic cascade, one could
imagine that �-catenin may exert effects within cell death pro-
grams. Indeed, in independent work, exogenous �-catenin
expression resulted in limited cell death in NIH 3T3 cells (61).
Conversely, however, �-catenin has been reported to have pro-
survival activities in prostate adenocarcinoma cells (43) and
elicited feedback suppression of Pax6-induced apoptosis in
HeLa cells (62). In our present study employing a cell death
ELISA method, we did not observe significant increases or
decreases in chromatin breakage upon �-catenin expression
(supplemental Fig. 1). Likewise, neither full-length �-catenin
nor theD816E, 1–816, or 817–1314 constructs protectedHeLa
cells from staurosporine- or puromycin-induced apoptosis.
Perhaps prosurvival/proapoptotic effects may be context-de-
pendent (e.g. we used Xenopus �-catenin in our transfections
rather than mouse or human constructs). Although Xenopus
and murine �-catenin are highly homologous (�90% identity),
sequence divergences do exist, as might alternative splicing
events. Further, we employed staurosporine and puromycin as
potent general cell death inducers, whereas Pax6 expression
would probably have more defined apoptotic roles. Ultimately,
more sensitive gain/loss of function assays in additional sys-
temsmay be required to reach a definitive conclusion regarding
the role of �-catenin in apoptosis.

The caspase-3 cleavage of �-catenin potentially abolishes its
binding to cadherins because the resulting fragments failed to
co-immunoprecipitate with C-cadherin when expressed in
vitro or in vivo. In GSC11 cells, where an antibody directed
against the carboxyl-terminal region of �-catenin reproducibly
detected the presence of 817–1314 (especially upon apoptosis
induction), we failed to observe 1–816, employing amino ter-
minus-directed antibodies from three different sources. Thus,
1–816 appears to be more rapidly metabolically degraded fol-
lowing its generation. In that classic cadherins and some caten-
ins are targeted during apoptotic events (11–21), cleavage of
�-catenin in this context may assist in orchestrating the disas-
sembly of adherens junctions, where cadherins are known to be
endocytosed following the disassociation of p120-catenin sub-
family members. Additionally, as noted earlier, since caspases
further participate in non-apoptotic processes, such modula-
tion of cadherin levels and functions may instead have other
physiologic outcomes, such as transitions to less adhesive and
more motile cell phenotypes.

FIGURE 6. ZIFCAT is a DNA-associating nuclear protein and represses UAS-
luciferase activity. A, HA immunofluorescence (orange) of ZIFCAT in HeLa cells,
displaying a strong overlap with the To-Pro-3 nuclear counterstain in green.
B, ZIFCAT associates with DNA through its zinc finger region. Selected constructs
were translated in vitro and incubated with cellulose-conjugated calf thymus
genomic DNA. After extensive washing, bound proteins were eluted and immu-
noblotted with the indicated antibodies. Full-length ZIFCAT as well as the region
of ZIFCAT containing its zinc fingers (ZIFCAT-ZF) displayed positive DNA associa-
tion, whereas the ZIFCAT mutant containing the KRAB but not the zinc finger
domain (ZIFCAT�ZF) lacked this interaction. C, the amino-terminal region of ZIF-
CAT represses UAS-luciferase activity. Selected constructs were fused to the Gal4
DNA binding domain, which promotes DNA association with UAS sequence ele-
ments residing within a standard thymidine kinase (TK)-luciferase reporter con-
struct. Full-length ZIFCAT and the mutant lacking the zinc finger region repressed
the expression of thymidine kinase-luciferase. Serving as negative controls,
Gal4DBD or HA-tagged ZIFCAT (not recruited to the reporter’s promoter) did not
achieve significant inhibitory effects. Luciferase assays were repeated three times
or more in HeLa or 293T cells, with one representative experiment being shown.
D, neither �- nor ARVCF-catenin has a notable impact upon the transcriptional
repression conferred by Gal4DBD-ZIFCAT. �- and ARVCF-catenin constructs were
co-transfected with the TK-luciferase reporter in the presence or absence of
Gal4DBD-ZIFCAT. Relative to the repressed state conferred by Gal4DBD-ZIFCAT
expression alone (lane 2), no significant relief or repression was observed (lanes
3–7). Luciferase assays were reproduced three times or more using Renilla as the
internal control, with one representative experiment being shown.
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Another recognized role of p120 subfamily catenins is their
modulation of small GTPases (32). In our experimental setting,
�-catenin lost the ability to inhibit RhoA following its cleavage,
with neither 1–816nor 817–1314 exhibiting inhibitory activity.
Regarding Rac1, whereas 1–816 and 817–1314 displayed no
stimulatory activity in contrast to that of full-length �-catenin,
817–1314 exhibited partial inhibitory effects. Rho and Rac con-
tribute to a myriad of cellular processes, prominently including
cytoskeletal organization and function (53). It is thus conceiv-
able that caspase-3 cleavage of �-catenin, probably in concert
with that of other p120 subfamily members, is relevant to cell
morphological changes in both apoptotic and non-apoptotic
settings.
Caspase-3 cleaves Armadillo repeat 6 of �-catenin. Because

the NLS of �-catenin resides only 18 amino acids downstream
of this cleavage site, it may become more exposed and possibly
account for the observed stronger nuclear localization of 817–
1314 relative to full-length �-catenin. Interestingly, an earlier
report indicated the localization of �-catenin to the nuclear
compartment of C2C12 myoblasts following treatment with
the nuclear export inhibitor leptomycin B (37). Other potential
means ofmodulating the nuclear entry of �-catenin exist. Aswe
and others have indicated, signaling pools of p120-catenin sub-
family members, including �-catenin, appear to be subject to
canonical Wnt signals or the pathway’s destruction complex
(63–66). For p120 itself (and �-catenin?), this has an impact
upon its nuclear presence/activity in amanner analogous to the
key signal transducer �-catenin. Intriguingly, theWnt11 ligand
was recently reported to activate caspases in cardiomyocytes,
resulting in suppression of �-catenin signaling and cardiac dif-
ferentiation (67). Thus, differing Wnt ligands or contexts may
conceivably have distinctive effects on p120-catenin subfamily
members, wherein certain Wnts (or contexts) mediate stabili-
zation of the catenin with consequent effects, whereas others
engage caspases to generate catenin fragments capable of exe-
cuting nuclear or other roles.
Our current study indicates that 817–1314, corresponding to

a caspase-3 cleavage product, is efficiently enriched in the
nucleus.We also found that �-catenin (and 817–1314) binds to
a novel zinc finger protein present in the nuclear compartment,
ZIFCAT, belonging to the KRAB family. KRAB family zinc fin-
ger proteins make up a family of several hundred members,
with the functions of most still to be determined. However,
based on published studies, these proteins share features,
including the presence of multiple zinc finger repeats within
their carboxyl termini that directly bind DNA and, in our par-
ticular case with ZIFCAT, also �-catenin. The amino-terminal
KRABdomain in turn recruits cofactors, such asKAP1, tomod-
ulate gene transcription (57, 58).
Intriguingly, we further resolved the binding of ZIFCAT to

ARVCF-catenin.Our in vitro and in vivo binding assays authen-
ticated the interaction of ZIFCAT with �-catenin and ARVCF.
We have not yet tested whether this interaction extends to
p120-catenin or, less likely, �-catenin, which belongs to a
related but more distant catenin subfamily. If ZIFCAT is later
found to bind p120 itself, it would be the third gene-regulatory
protein (after Kaiso and Glis2) to bind p120 (38, 48).

Our initial characterization of ZIFCAT indicates that it is
enriched in nuclei, binds to genomic DNA in vitro, and
represses UAS-luciferase expression when fused to Gal4DBD.
Neither �-catenin nor ARVCF had an impact upon ZIFCAT
(Gal4-UAS)-mediated reporter repression, probably because
we showed that �-catenin binds the zinc finger region of
ZIFCAT, which bears little relevance in the artificial context
employed (DNA binding being mediated via the Gal4DBD). In
vivo, it is conceivable that �-catenin (and/or ARVCF, etc.) may
interfere with ZIFCAT binding to DNA, resulting in gene dere-
pression (activation). Future work is needed to identify the
DNAelement(s) that ZIFCATbinds, so as to allow the testing of
such models in vivo and in vitro. Further, identification of
endogenous gene targets will be crucial in reaching an under-
standing of the nuclear activities of �-catenin (and/or ARVCF,
etc.) in conjunction with ZIFCAT. Additional work will also be
necessary to determine the significance of caspase-3 cleavage in
non-apoptotic processes, possibly, for example, the differenti-
ation of stem cells where the caspase/catenin interaction was
identified (49, 68). Collectively, our work may have revealed a
novel signaling cascade triggered by caspase-3 cleavage of
p120-catenin subfamily members, facilitating the coordinate
modulation of cadherin, small GTPases, and nuclear functions.
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