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Introduction

Epithelial-to-mesenchymal transition (EMT) is a highly coordi-
nated process that integrates multiple mechanisms to generate 
a mesenchymal cell from one of epithelial origin. At the onset 
of EMT, junctional complexes such as adherens junctions are 
dismantled to facilitate loss of adhesion between cells, promote 
delamination, and enable motility (Gheldof and Berx, 2013). 
Cadherin-based adherens junctions consist of cis-interacting 
cadherin homodimers that associate in trans with cadherin ecto-
domains on neighboring cells. Intracellular cadherin C-terminal 
domains directly interact with catenins, including β-, γ-, and 
δ (p120)-catenin, and indirectly interact with α-catenin via β- 
catenin to affix the underlying F-actin network to the membrane 
(Nelson et al., 2013). Cytoskeletal anchoring of the cadherin–
catenin complexes promotes stability of the adherens junction 
and maintains apicobasal polarity in epithelial cells (Hong et 
al., 2013; Nelson et al., 2013).

Cadherin expression and function have been well char-
acterized throughout neural crest ontogeny (Taneyhill and 
Schiffmacher, 2013). Premigratory neural crest cells undergo 
EMT to become motile and later differentiate into numerous 
cell types including the craniofacial skeleton, glia and neurons, 

and pigment cells. Avian species have been extensively used 
as models for studying neural crest development and, specifi-
cally, the mechanisms underpinning EMT. Chicken premigra-
tory neural crest cells initially express at least three cadherins: 
N-cadherin, E-cadherin, and Cadherin-6B (Cad6B; Duband 
and Thiery, 1982; Hatta et al., 1987; Duband et al., 1988; Aki-
taya and Bronner-Fraser, 1992; Nakagawa and Takeichi, 1995, 
1998; Coles et al., 2007; Shoval et al., 2007; Lee et al., 2013). 
In the head, N-cadherin is reduced before EMT, whereas 
E-cadherin is maintained in early migratory neural crest 
cells. Cad6B expression in the midbrain, however, achieves 
maximal levels before EMT but is depleted within hours to 
allow en masse exit of emerging neural crest cells from the 
dorsal neural tube (Nakagawa and Takeichi, 1995; Coles et 
al., 2007). Loss of Cad6B during EMT occurs through vari-
ous layers of regulation working in concert, including tran-
scriptional repression of Cad6B by a Snail2–PHD12–Sin3A 
complex (Taneyhill et al., 2007; Strobl-Mazzulla and Bronner, 
2012) and removal of membrane-bound Cad6B protein via 
a disintegrin and metalloproteinase (ADAM)–mediated and 
γ-secretase–mediated proteolysis (Schiffmacher et al., 2014) 
and clathrin-mediated endocytosis and macropinocytosis 
(Padmanabhan and Taneyhill, 2015).

During epithelial-to-mesenchymal transitions (EMTs), cells disassemble cadherin-based junctions to segregate from the 
epithelia. Chick premigratory cranial neural crest cells reduce Cadherin-6B (Cad6B) levels through several mecha-
nisms, including proteolysis, to permit their EMT and migration. Serial processing of Cad6B by a disintegrin and 
metalloproteinase (ADAM) proteins and γ-secretase generates intracellular C-terminal fragments (CTF2s) that could 
acquire additional functions. Here we report that Cad6B CTF2 possesses a novel pro-EMT role by up-regulating EMT 
effector genes in vivo. After proteolysis, CTF2 remains associated with β-catenin, which stabilizes and redistributes both 
proteins to the cytosol and nucleus, leading to up-regulation of β-catenin, CyclinD1, Snail2, and Snail2 promot-
er-based GFP expression in vivo. A CTF2 β-catenin–binding mutant, however, fails to alter gene expression, indicating 
that CTF2 modulates β-catenin–responsive EMT effector genes. Notably, CTF2 association with the endogenous Snail2 
promoter in the neural crest is β-catenin dependent. Collectively, our data reveal how Cad6B proteolysis orchestrates 
multiple pro-EMT regulatory inputs, including CTF2-mediated up-regulation of the Cad6B repressor Snail2, to ensure 
proper cranial neural crest EMT.
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The coordination of cadherin proteolysis by ADAMs and 
γ-secretase has been well characterized in vitro (Marambaud 
et al., 2002, 2003; Maretzky et al., 2005; Reiss et al., 2005; 
Uemura et al., 2006a,b). In many cell lines, N- and E-cadherin 
are substrates for metalloproteinases that cleave the cadherin 
ectodomain to generate a shed N-terminal fragment (NTF). 
The resultant membrane-bound C-terminal fragment (CTF1) 
is then subjected to intracellular proteolysis by γ-secretase to 
create a cytosolic C-terminal fragment (CTF2). Intriguingly, in 
many instances these cadherin NTFs and CTF2s possess unique 
functions independent of those associated with the full-length 
cadherin (McCusker and Alfandari, 2009). The generation of 
such functional cadherin fragments also occurs in vivo through-
out neural crest ontogeny (Shoval et al., 2007; McCusker et al., 
2009; Neuner et al., 2009; Schiffmacher et al., 2014; Abbru-
zzese et al., 2016). In the chicken trunk, ADAM10 processes 
N-cadherin to promote neural crest delamination during EMT 
(Shoval et al., 2007), and N-cadherin CTF2s then translo-
cate to the nucleus and purportedly up-regulate EMT effector 
genes such as β-catenin and CyclinD1. In vitro studies provide 
some insight into how this CTF2-driven mechanism of tran-
scriptional regulation may occur. Cadherin CTF2s can remain 
associated with bound catenins and enter the nucleus (Maram-
baud et al., 2003; Uemura et al., 2006a; Ferber et al., 2008), 
where they potentially modulate T-cell factor (TCF)/lymphoid 
enhancer-binding factor (LEF) target genes via an interaction 
with β-catenin (Sadot et al., 1998; Gottardi et al., 2001; Ma-
retzky et al., 2005; Reiss et al., 2005; Uemura et al., 2006a; 
Shoval et al., 2007; Klinke et al., 2015), block CREB-mediated 
gene expression through degradation of CREB-binding pro-
tein (Marambaud et al., 2003), or associate with p120-catenin 
and the transcriptional repressor Kaiso to inhibit its func-
tion (Ferber et al., 2008).

During chick cranial neural crest EMT, ADAM10, 
ADAM19, and γ-secretase cleave Cad6B, facilitating removal of 
preexisting Cad6B pools and generating CTF2 (Schiffmacher et 
al., 2014). Importantly, ectopic expression of Cad6B CTF2 pre-
cociously clears Cad6B in premigratory cranial neural crest cells, 
suggesting that negative regulatory feedback on Cad6B exists 
after proteolysis. The role of Cad6B CTF2 during EMT, how-
ever, remains to be determined. In this study, we reveal a unique 
function for Cad6B CTF2 in augmenting gene expression during 
cranial neural crest EMT. We demonstrate that Cad6B CTF2 
is generated before and during early EMT and associates with 
β-catenin in the cytosol and nucleus, both in vitro and in vivo. 
Strikingly, CTF2-mediated transactivation of several EMT ef-
fector genes including Snail2, which represses Cad6B transcrip-
tion, occurs in the cranial neural crest in a manner dependent on 
β-catenin binding. Importantly, this interaction with β-catenin is 
required for CTF2 association with the Snail2 promoter in cra-
nial neural crest cells. Altogether, these findings now provide a 
molecular mechanism by which Cad6B proteolysis orchestrates 
EMT through both concomitant repression of Cad6B transcrip-
tion and up-regulation of other EMT effector genes.

Results

Generation of Cad6B CTFs is correlated 
with cranial neural crest EMT
Our prior work revealed that proteolysis reduces Cad6B mem-
brane pools before and during EMT, leading to the appearance 

of shed NTFs, the levels of which increased at each successive 
somite stage (ss; Schiffmacher et al., 2014). Although mem-
brane-bound CTF1 and intracellular CTF2 were evident during 
EMT, it is unknown whether conversion of CTF1 to CTF2 is 
also a recurring process that is initiated before, and extends 
throughout, EMT. To address this, we evaluated the appearance 
of Cad6B CTFs pre-EMT (5ss, a stage at which robust Cad6B 
protein is first noted; Taneyhill et al., 2007; Schiffmacher et 
al., 2014) and during active stages of EMT (6–8ss) in the mid-
brain. Owing to the lack of an available antibody to the endog-
enous Cad6B C-terminal domain, we overexpressed full-length 
Cad6B tagged with HA at the C terminus (Cad6B-HA) in pre-
migratory cranial neural crest cells using DNA concentrations 
previously validated (Schiffmacher et al., 2014) to not elicit a 
Cad6B overexpression phenotype (Coles et al., 2007). In line 
with our prior studies on the NTF (Schiffmacher et al., 2014), 
we detected HA-tagged CTF1 and CTF2 at all developmental 
stages examined (5–8ss; Fig. 1 A). These results suggest that 
Cad6B proteolysis is a continual two-step process that begins 
before EMT, liberating shed NTFs and cytosolic CTF2s.

Cad6B CTF2 forms complexes with 
β-catenin in vitro and in vivo
In vitro studies indicate that cadherin CTF2 molecules likely 
function in association with other proteins, most notably cat-
enin family members (Sadot et al., 1998; Marambaud et al., 
2002; Uemura et al., 2006a; Ferber et al., 2008). To examine 
potential Cad6B CTF2 binding partners, we performed CTF2 
coimmunoprecipitations using triple FLAG-tagged Cad6B 
CTF2 (CTF2-3xFLAG), or GFP-3xFLAG as a negative control, 
both in vitro in transfected LMH cells (Fig. S1) and in vivo in 
electroporated midbrain neural crest cells (Fig. 1 B). The CTF2-
3xFLAG pull-down in vitro revealed abundant coimmunopre-
cipitation of β-catenin (Fig. S1). Interestingly, p120-catenin, 
which interacts with the juxtamembrane region of the cad-
herin cytoplasmic tail at a site that differs from the β-catenin– 
binding domain, does not coimmunoprecipitate with CTF2 in 
vitro (Fig. S1). Strikingly, coimmunoprecipitation of endoge-
nous β-catenin was noted with minimal expression and pull-
down of CTF2-3xFLAG in vivo (Fig. 1 B). As in our in vitro 
findings (Fig. S1), p120-catenin coimmunoprecipitation was 
not observed in vivo (Fig.  1  B). Importantly, the interaction 
between CTF2 and β-catenin in vivo is also evident upon im-
munoprecipitation of endogenous β-catenin from cranial neural 
crest cells (Fig. 1 C). Based on this interaction, we hypothesized 
that CTF2 may serve as a subunit in a functional complex with 
β-catenin and designed experiments to test this, as outlined here.

Cad6B CTF2 molecules are stabilized  
and protected from degradation when 
bound to β-catenin
Cadherin CTF2 binding to β-catenin stabilizes β-catenin levels 
and protects β-catenin from proteasomal degradation (Sadot et 
al., 1998), but it is unclear whether the converse is true. To as-
sess possible β-catenin–mediated CTF2 stabilization, 3xFLAG-
tagged CTF2 mutant constructs were created by incorporating 
alanine substitutions into a minimal sequence (YEG​NG) within 
the Cad6B β-catenin–binding domain (Huber et al., 2001; Sim-
cha et al., 2001) as well as into key serines phosphorylated to 
increase β-catenin binding affinity (Fig.  2  A; Simcha et al., 
2001; McEwen et al., 2014). These mutants were transiently 
transfected into LMH cells, and FLAG coimmunoprecipitations 
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were performed. Although all mutants exhibited impaired bind-
ing to β-catenin, the CTF2 mutant MUT9, which contains five 
alanine substitutions within the YEG​NG sequence and four 
serine-to-alanine substitutions, inhibited β-catenin binding by 
almost 90% (Fig. 2 A; MUT9, 87.5%; n = 3, P < 0.05). We next 
investigated the expression levels of all proteins in vitro and in 
vivo. Analysis of CTF2 mutants in vitro revealed no statistically 
significant change in expression levels compared with wild-type 
CTF2 (P < 0.49), although MUT9 and MUT12 levels tended to 
be somewhat reduced (Fig. 2 A). To corroborate this finding, 
wild-type CTF2 and MUT9 were expressed in neural crest cells 
in vivo for 5 h. Immunoblotting revealed no significant differ-
ence in overall expression level of each protein (Fig. 2 B). These 
data indicate that the mutations present in MUT9 do not signifi-
cantly affect MUT9 expression levels.

Next, we examined the stability of wild-type CTF2 and 
MUT9 in vitro (Fig. 2 C). Flp-In-CHO cell lines constitutively 

expressing wild-type CTF2-HA or MUT9-HA from a single, 
stably integrated locus were treated with cycloheximide (CHX) 
or the proteasome inhibitor MG132, and lysates were collected 
at subsequent time points for immunoblotting analysis (Schiff-
macher et al., 2014). After the CHX chase, wild-type CTF2 lev-
els were extended compared with MUT9 levels (CTF2 t1/2 = 
170.3 min; MUT9 t1/2 = 59.9 min). The decreased degradation 
rate for wild-type CTF2 leads to significantly higher CTF2 lev-
els than MUT9 levels by 2 h (CTF2 65.6% vs. MUT9 24.4%; n 
= 3; P < 0.05). CTF2 and MUT9 are also subjected to proteaso-
mal degradation, as both proteins responded similarly to MG132 
supplementation compared with no treatment (n = 3; P < 0.05). 
To further confirm that the enhanced stabilization of wild-type 
CTF2 levels over MUT9 levels is dependent on β-catenin and 
not a result of increased turnover/proteolysis of MUT9 caused 
by the mutations MUT9 possesses, we depleted β-catenin from 
each Flp-In-CHO cell line using validated β-catenin (or negative 
control) Dicer-substrate short interfering RNAs (DsiRNAs; Fig. 
S2, A and B), achieving a >58% reduction in β-catenin (Fig. S2 
C; P < 0.05). Upon examining CTF2 and MUT9 levels after a 
CHX chase, we noted that CTF2, in the absence of β-catenin 
depletion (CTF2 + CTRL DsiRNA), maintained a significantly 
reduced degradation rate (t1/2 = 123.2 min) compared with the 
other treatments (CTF2 + β-cat DsiRNA, t1/2 = 75.1 min; MUT9 
+ β-cat DsiRNA, t1/2 = 57.8 min; MUT9 + CTRL DsiRNA, t1/2 
= 54.2 min; P < 0.05; Fig. 2 D). MUT9 levels, however, were 
unaffected by a reduction in β-catenin (P < 0.40). Collectively, 
these data reveal that cytosolic Cad6B CTF2s retain their key 
phosphorylated serines necessary to maintain an interaction 
with β-catenin. Notably, CTF2 binding to β-catenin stabilizes 
CTF2 and decreases its degradation rate, with complex forma-
tion mutually beneficial to both β-catenin and CTF2.

Elevated CTF2 levels result in β-catenin 
redistribution and accumulation within 
neural crest cells in vivo
As cytosolic Cad6B CTF2s are generated during EMT, bound 
β-catenin molecules should exhibit altered distribution in the 
neural crest. To determine whether elevated CTF2 levels change 
β-catenin protein localization, we overexpressed HA-tagged 
wild-type CTF2 or MUT9 (or GFP as a control) in premigratory 
cranial neural crest cells and evaluated changes in β-catenin 
levels and distribution by immunohistochemistry (Fig. 3). Cells 
expressing CTF2 exhibited a redistribution/accumulation of 
β-catenin from the membrane to the cytosol and nucleus within 
8 h after electroporation (Fig. 3, A–D, arrows). This β-catenin 
redistribution also occurs in a cell-autonomous manner (Fig. 3, 
B and C, arrows). Importantly, elevated MUT9 (Fig. 3, E–H, 
arrows) or GFP (Fig. 3, I–L, arrows) did not elicit this β-catenin 
phenotype. Cell-count analysis coupled with β-catenin fluo-
rescence intensity profile line scans (Fig. 3, D, H, and L, red) 
in Snail2-positive (Fig. 3, D, H, and L, purple) electroporated 
(Fig. 3, D, H, and L, green) and adjacent unelectroporated cells 
revealed a 38% increase in cells showing cytosolic/nuclear 
β-catenin in the presence of CTF2 (59% total) compared with 
unelectroporated cells (24% averaged total, P < 0.05), MUT9 
(32% total, P < 0.05), or GFP (22% total, P < 0.05; Fig. 3 M). 
Cells expressing MUT9 or GFP also did not cause any signifi-
cant changes in β-catenin distribution (MUT9, P < 0.43; GFP, P 
< 0.62). Interestingly, cells with increased cytoplasmic β-catenin 
still retained membrane-associated β-catenin, suggesting that 
ectopic CTF2s are not outcompeting full-length cadherins for 

Figure 1.  Cad6B CTF2s are generated before and throughout cranial 
neural crest EMT and remain associated with β-catenin. (A) Cad6B is 
subjected to γ-secretase–mediated proteolysis before, and during, EMT. 
Premigratory neural crest cells were electroporated at 2–3ss, and cranial 
neural folds were collected at specific stages for HA immunoblot analy-
sis. (B) CTF2 physically associates with β-catenin, but not p120-catenin, in 
vivo. Embryo midbrains were electroporated at 4ss and incubated beyond 
the initiation of EMT. Dorsal neural tubes containing CTF2-3xFLAG– or 
GFP-3xFLAG–expressing neural crest cells were subjected to coimmuno-
precipitation (co-IP) and immunoblotting. (C) HA-tagged CTF2s created 
via full-length Cad6B-HA proteolysis remain bound to β-catenin in cranial 
neural crest cells in vivo. Embryos were dorsal/ventrally electroporated at 
4ss, and dorsal neural tubes were collected at 8ss. Normal mouse serum 
(NMS) immunoprecipitation with Cad6B-HA lysate served as a negative 
control. WT, wild type.
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the available β-catenin pool. Collectively, our results indicate 
that Cad6B CTF2s can alter β-catenin distribution in vivo.

Cad6B CTF2 and β-catenin physically 
interact in the nucleus and cytosol both ex 
vivo and in vitro
Prior in vitro studies have shown that cadherin CTF2 molecules 
often translocate to the nucleus in association with β-catenin 
(Sadot et al., 1998; Maretzky et al., 2005; Uemura et al., 2006a; 
Ferber et al., 2008). Furthermore, exogenous N-cadherin CTF2s 

localize within chicken trunk neural crest cell nuclei during EMT 
and migration ex vivo (Shoval et al., 2007). To determine whether 
Cad6B CTF2 and β-catenin cotranslocate into the nucleus, ex-
plants of premigratory cranial neural crest cells electroporated 
with either pCS2- or pCAGGs-based expression constructs were 
treated with (Fig. S3) or without (Fig. 4) the nuclear export inhib-
itor leptomycin B (LMB). Both electroporated and unelectropo-
rated cells treated with LMB exhibited an overall 11% increase in 
β-catenin nuclear localization (P < 0.05). In the absence (or pres-
ence) of LMB, CTF2 altered β-catenin distribution as previously 

Figure 2.  Cad6B CTF2s are stabilized through β-catenin binding. (A) Cad6B CTF2 mutants were generated through alanine substitutions within the 
β-catenin minimal binding domain and at key adjacent phosphorylation sites. Black bars represent the ratio of coimmunoprecipitated β-catenin to immu-
noprecipitated (IP) mutant CTF2 levels normalized to the wild-type (WT) ratio (set at 100%); gray bars represent the input levels of mutant CTF2 protein 
(normalized to β-actin levels) relative to WT CTF2 input levels (set at 100%). Means that share letter superscripts are not significantly different (P < 0.05). 
Immunoblots are representative of three independent experiments. (B) Introduction of CTF2 or MUT9 reveals no change in expression levels in vivo. Embryos 
were electroporated with triple FLAG-tagged constructs and incubated for 5 h before electroporated neural tubes/neural crest cells were dissected out for 
immunoblotting. Each lane represents 20 pooled electroporated neural folds. (C) WT CTF2s exhibit decreased degradation rates compared with MUT9 
proteins in vitro. FLP-In CHO cell lines expressing either CTF2-HA or MUT9-HA were treated with CHX or MG132 over a 2-h time course (n = 3). Asterisk 
denotes a significant difference in protein between CHX-treated CTF2 and MUT9 at 120 min. (D) Depletion of β-catenin corroborates dependence of CTF2, 
but not MUT9, on β-catenin binding for its stability. A validated DsiRNA (#3) to CHO cell β-catenin (Fig. S2 A) or negative control (CTRL) DsiRNA was 
transiently transfected into Flp-In-Cad6B-CTF2-HA or Flp-In-Cad6B-MUT9-HA CHO cells. CTF2 and MUT9 levels were analyzed after a 2-h CHX chase by 
immunoblotting (as in C). Asterisk denotes a significant difference in protein in negative control DsiRNA-treated CTF2-HA cells compared with β-catenin 
DsiRNA-treated CTF2-HA cells or DsiRNA-treated MUT9 cells at 120 min (n = 3, P < 0.05). Error bars in all panels indicate SEMs.
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observed in vivo (Fig. 3). Increased levels of CTF2 and β-catenin 
were noted within the nuclei of neural crest cells expressing 
CTF2 from either expression vector (Fig. 4, F–Q, arrows), with 
detected levels correlating with the strength of the vector (Fig. 4 
JJ: pCAGGs [stronger promoter] shows a 13% [LMB−] and 20% 
[LMB+] increase versus pCS2). This enhanced β-catenin nuclear 
localization, however, was not readily detectable in cells over-
expressing MUT9 from either expression vector (Fig. 4, R–CC, 
arrows) or GFP (Fig. 4, DD–II, arrows). To quantify effects on 
β-catenin distribution, we analyzed electroporated and unelectro-
porated Snail2-positive migratory neural crest cells in at least six 
ex vivo neural crest explants per plasmid for the presence of nu-
clear β-catenin (Fig. 4 JJ). Our results indicate that 92% of elec-
troporated versus 15% of unelectroporated cells exhibit nuclear 
β-catenin upon CTF2 overexpression (pCS2, P < 0.05; 91% vs. 
17% for pCAGGs, P < 0.05). Conversely, cells expressing MUT9 
show nuclear β-catenin in 19% of electroporated cells versus 

14% of unelectroporated cells (P < 0.76). In cells expressing 
MUT9, LMB supplementation or increased promoter strength 
significantly increases MUT9 nuclear distribution but does not 
affect β-catenin nuclear localization (Fig. 4 JJ; P < 0.70). These 
data demonstrate that increased levels of Cad6B CTF2 enhance 
β-catenin nuclear localization, but not in CTF2 mutants deficient 
in β-catenin binding (MUT9).

Nuclear colocalization of both β-catenin and Cad6B CTF2 
could suggest that their physical association is maintained after 
nuclear import. To address this hypothesis, coimmunoprecipi-
tations were performed with cytoplasmic and nuclear fractions 
prepared from transfected LMH cells (Fig. S4). The coimmu-
noprecipitation of β-catenin with CTF2 in the nuclear fraction 
indicates that CTF2 remains associated with β-catenin after 
nuclear coimportation. Collectively, these results confirm that 
stabilized, cytosolic Cad6B CTF2–β-catenin complexes also 
translocate to the nucleus.

Figure 3.  Cad6B CTF2 overexpression results in the redistribution and accumulation of β-catenin in cranial neural crest cells in vivo. Representative trans-
verse sections taken through the midbrain region of 8–9ss embryos expressing CTF2-HA (A–C), MUT9-HA (E–G), or GFP (I–K), followed by immunostaining 
for Snail2 (purple), HA or GFP (green), and β-catenin (red). Boxes in lower-magnification (20×) merge images (A, E, and I) mark respective magnified 
(63×) areas (B, C, F, G, J, and K). (D, H, and L) Line scans showing subcellular fluorescent intensity of recombinant protein (green), β-catenin (red), and 
Snail2 (purple) across cell diameters (C, G, and K, dotted lines) from representative electroporated and adjacent unelectroporated cells. (M) Quantification 
of β-catenin levels in electroporated (E) and unelectroporated (UN) Snail2-positive neural crest cells reveals a statistically significant increase in the number 
of cells containing elevated nuclear and cytosolic β-catenin levels (black bars) versus cytosolic-only β-catenin (gray bars) in the presence of CTF2 but not 
MUT9 or GFP (*, P < 0.05). DAPI (blue) labels nuclei in A, E, and I. Bars: (A, E, and I) 50 µm; (B and all remaining images) 10 µm. Samples sizes (n) for 
each group are shown in M. WT, wild type.
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Figure 4.  Cad6B CTF2 and β-catenin coimport into the nucleus in cranial neural crest cells ex vivo. Representative explants of neural crest cells overexpress-
ing CTF2-HA (pCS2-CTF2-HA, A and F–I; pCAGGs-CTF2-HA, B and L–O), MUT9-HA (pCS2-MUT9-HA, C and R–U; pCAGGs-MUT9-HA, D and X–AA), or 
GFP (E and DD–GG), followed by immunostaining for Snail2 (purple), HA or GFP (green), and β-catenin (red). Boxes in lower-magnification 20× merge 
images (A–E) mark respective magnified (63×) areas (F–I, L–O, R–U, X–AA, and DD–GG). Bar: (A–E) 20 µm; (F–GG) 10 µm. (JJ) Quantification of electro-
porated (E) and unelectroporated (UN) neural crest cells exhibiting β-catenin nuclear localization reveals a statistically significant increase in the presence 
of CTF2 but not MUT9. Protein subcellular distribution was determined by fluorescence intensity line profiling (J, K, P, Q, V, W, BB, CC, HH, and II) across 
candidate cell diameters (arrows and dotted lines in F, L, R, X, and DD). Cell counts were performed based on protein distribution pattern (orange, no 
nuclear β-catenin or CTF2/MUT9/GFP; green, nuclear CTF2/MUT9/GFP only; light blue, both nuclear β-catenin and CTF2/MUT9/GFP; dark blue, nuclear 
β-catenin only). Samples sizes (n) for each group shown in JJ.
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Cad6B CTF2 up-regulates EMT effector 
gene expression through a β-catenin–
dependent mechanism in vivo
Because the generation of CTF2 molecules depends on full-
length Cad6B expression and is correlated with EMT, we hy-
pothesize that Cad6B CTF2 may regulate EMT itself. This is 
supported by our prior work demonstrating that CTF2 overex-
pression results in premature clearance of full-length Cad6B 
in cranial neural crest cells undergoing EMT (Schiffmacher et 
al., 2014). Given a previously described role for cadherin CTF2 
molecules in regulating gene expression, we investigated the 
potential for the Cad6B CTF2–β-catenin complex to function 
similarly. Whereas earlier studies detected changes in gene ex-
pression only semiquantitatively in vitro and in vivo after long 
cadherin CTF2 expression times (12–24 h; Uemura et al., 2006a; 
Shoval et al., 2007), we limited CTF2 expression to 5 h, which 
is the minimal duration to achieve detectable levels. Premigra-
tory cranial neural crest cells overexpressing CTF2, MUT9, or 
GFP were analyzed for changes in expression of known down-
stream targets of β-catenin transactivation important for EMT 
(CyclinD1 and β-catenin) and an independent regulator of EMT 

(Snail2) by quantitative PCR (QPCR; Fig. 5 A). Transient ex-
pression of CTF2, but not MUT9 or GFP, resulted in a statis-
tically significant 41%, 110%, and 44% increase in β-catenin, 
CyclinD1, and Snail2 transcripts, respectively, relative to 
MUT9 and GFP (P < 0.05). No significant gene expression 
changes were noted in MUT9 and GFP samples, suggesting 
that Cad6B CTF2 regulates expression of these genes through 
a β-catenin–dependent mechanism. Conversely, transient ex-
pression of CTF2 led to a 20% decrease in Cad6B transcripts 
(P < 0.07). Although not statistically significant, this reduction 
is likely associated with the observed rise in Snail2 and sub-
sequent increased Snail2 repression of Cad6B. These results 
are further supported by our findings that CTF2 and MUT9 are 
expressed at comparable levels in vivo and in vitro (Figs. 2, B 
and C), indicating that the inability of MUT9 to activate EMT 
effector genes is not caused by differences in expression levels 
that could occur independently of β-catenin binding, such as by 
altering the susceptibility of MUT9 to proteases.

To corroborate our results, we coelectroporated a Snail2-
GFP reporter (possessing 1.2 kb of the chicken Snail2 promoter, 
including one validated [D1.2; Sakai et al., 2005] and four 

Figure 5.  Transient elevation of Cad6B CTF2 in the cranial neural crest up-regulates multiple EMT effector genes and controls endogenous Snail2 expres-
sion via an association with chromatin. (A) Embryos were unilaterally electroporated with GFP (white), MUT9 (gray), or CTF2 (black) expression vectors at 
3ss and incubated for an additional 5 h (6–7ss). Excised neural crest cells were pooled and lysed for RNA extraction, followed by generation of cDNA. 
Gene levels were normalized to 18S ribosomal RNA, and the graph shows differences in gene expression as determined by calculating the fold-change 
from the control group (CTRL; arbitrarily set to 1; n = 3). (B) Evaluation of the Snail2-GFP reporter to increased nuclear β-catenin as a result of CTF2 overex-
pression. Embryos were electroporated as described in A with a GFP reporter driven by a minimal Snail2 promoter, along with either empty vector, CTF2, 
MUT9, or human β-catenin. Differences in GFP were assessed and depicted graphically, with GFP levels for CTF2 arbitrarily set to 1 (n = 3). (C) In vivo 
ChIP-QPCR demonstrates β-catenin–dependent association of CTF2, but not MUT9 or GFP, to chromatin regions within the endogenous Snail2 promoter. 
Embryos were electroporated as described in A, and fold enrichment of amplicon expression between treatments per primer set was assessed after normal-
ization to GFP group means (n = 2). The Snail2 promoter schematic (not to scale) depicts the 1.2-kb sequence upstream of the translational start site that 
was tested. Gray bars represent amplicons not significantly enriched; black bars represent amplicons from primer sets 3 and 6 showing CTF2 association. 
+, relative position of a validated TCF/LEF site (Sakai et al., 2005) covered by primer set 4; #, putative TCF/LEF site. Data in all graphs show means and 
SEM, and all asterisks indicate a significant difference in gene expression (A and B) or enrichment (C; P < 0.05).
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computationally predicted TCF/LEF binding sites) with empty 
vector, CTF2, MUT9, or human β-catenin (positive control) 
into premigratory cranial neural crest cells and then analyzed 
GFP expression after 5 h by QPCR (Fig. 5 B). Transient CTF2 
expression induced a threefold increase in GFP transcripts over 
the empty vector (P < 0.05) in a manner similar to β-catenin 
overexpression (2.3-fold increase), showing that reporter acti-
vation occurs only in the presence of wild-type CTF2 and is 
thus dependent on β-catenin binding. Altogether, these data re-
veal that Cad6B CTF2 facilitates β-catenin–mediated transac-
tivation within premigratory cranial neural crest cells and that 
proteolysis of Cad6B can feedback directly on Cad6B transcrip-
tional repression during EMT.

Cad6B CTF2 associates with chromatin in 
a β-catenin–dependent manner in vivo
The mechanism by which CTF2 activates EMT effector genes 
could be indirect through its capacity to shuttle β-catenin to 
the nucleus or direct via an association with chromatin. E-cad-
herin CTF2 binds DNA in vitro (Ferber et al., 2008), but to 
our knowledge, no studies to date have endeavored to detect 
cadherin CTF2 association to chromatin in vivo. To this end, 
we examined the ability of wild-type CTF2 and MUT9 (or 
GFP) to associate with specific chromatin regions within the 
1.2-kb upstream sequence of the endogenous Snail2 promoter 
identified previously to be CTF2 responsive (Fig. 5 B) using 
in vivo chromatin immunoprecipitation (ChIP) coupled with 
QPCR, as in our prior work (Taneyhill et al., 2007; Taneyhill 
and Adams, 2008; Jhingory et al., 2010). Chromatin immuno-
precipitated from neural crest cells expressing CTF2, MUT9, 
or GFP (all 3xFLAG-tagged) was amplified by QPCR using 
primer sets spanning this 1.2-kb region (Fig. 5 C). Although 
no primer set significantly amplified DNA from the MUT9- 
expressing samples relative to GFP controls, we observed sig-
nificant twofold increases in association of CTF2 to DNA in 
two of 11 primer sets (Fig.  5  C; primer sets 3 and 6, black 
bars; P < 0.05). Interestingly, these two regions do not contain 
either validated (+, primer set 4) or putative (#, primer sets 1, 
2, 7, and 9) TCF/LEF binding sites (Fig. 5 C). Altogether, our 
data reveal that CTF2 association with the Snail2 promoter 
is dependent on an intact β-catenin–binding domain at these 
analyzed chromatin regions.

Discussion

The molecular changes underscoring EMT must be effi-
ciently integrated and temporally coordinated for its success-
ful implementation. Although cells acquire a gene regulatory  
network that will direct the new mesenchymal identity, 
post-transcriptional mechanisms are simultaneously occurring 
to depolarize the cell, disassemble intercellular junctions, and 
alter the cytoskeletal architecture (Acloque et al., 2009). At the 
onset of EMT, Cad6B is transcriptionally repressed (Taney-
hill et al., 2007; Strobl-Mazzulla and Bronner, 2012), and 
membrane-bound Cad6B protein is cleared post-translation-
ally (Yap et al., 2007; Schiffmacher et al., 2014; Padmanabhan 
and Taneyhill, 2015). Tight spatiotemporal regulation of 
Cad6B is critical, as Cad6B knockdown or overexpression 
accelerates or impedes cranial neural crest emigration, respec-
tively (Coles et al., 2007). Together, these studies demonstrate 
a vital role for Cad6B, and the crucial requirement for Cad6B 

reduction during EMT, to ensure a successful transition to a 
migratory neural crest cell.

This current study further substantiates the importance of 
Cad6B by demonstrating that Cad6B proteolysis not only dis-
mantles adherens junctions to promote delamination, but also 
provides transcriptional regulatory feedback into the neural 
crest gene regulatory network. This transcriptional regulation 
depends on the presence of an intact β-catenin–binding domain 
in Cad6B CTF2 and leads to the up-regulation of pro-EMT 
genes including β-catenin, CyclinD1, and most notably Snail2 
(Fig.  6). Collectively, our results show how a single cellular 
mechanism can cascade into multiple, coordinated regulatory 
inputs that direct cranial neural crest EMT.

Cad6B CTF2 is generated throughout 
neural crest EMT
Our previous work demonstrated that serial proteolysis of 
Cad6B yielded Cad6B CTFs at a specific stage of EMT, but 
did not provide information on the duration of CTF2 genera-
tion during chick development (Schiffmacher et al., 2014). Our 
current study reveals that Cad6B CTFs are present before (5ss) 
and throughout (6–8ss) EMT (Fig. 1 A). Lacking an antibody 
that binds endogenous Cad6B CTFs, we are unable to determine 
whether CTF2 levels are positively correlated with rising full-
length Cad6B levels within premigratory cranial neural crest 
cells (up to 6ss). We surmise, though, that this is the case, given 
that endogenous Cad6B NTFs increase during neural crest EMT 
(Schiffmacher et al., 2014). At later stages of EMT, we would 
still expect to detect CTFs, albeit at much lower levels as a result 
of the considerable reduction of Cad6B protein after 8ss (Taney-
hill et al., 2007; Schiffmacher et al., 2014). These data are fur-
ther supported by our prior analysis of presenilin-1, the catalytic 
subunit of γ-secretase, which possesses an overlapping spatio-
temporal expression profile with Cad6B (Schiffmacher et al., 
2014). This distribution of presenilin-1 and its Cad6B substrate, 
together with the detection of Cad6B CTFs before and during 
EMT, suggest that Cad6B proteolysis is an ongoing event within 
premigratory cranial neural crest cells and is predominantly lim-
ited by existing full-length Cad6B protein. Therefore, the onset 
of EMT may be triggered, in part, by the accumulation of Cad6B 
CTF2–β-catenin complexes to a defined level, allowing for the 
up-regulation of EMT effector genes, and is not contingent on 
the initial detection of CTF2 itself.

Figure 6.  Cad6B proteolysis provides transcriptional regulatory feedback 
to positively impact cranial neural crest EMT. Cad6B proteolysis reduces 
full-length Cad6B protein levels and generates shed NTFs and CTF2s. 
CTF2 transactivates multiple EMT effector genes, including Snail2, which 
in turn represses Cad6B transcription. Altogether, this regulatory circuit pro-
motes cranial neural crest EMT.
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Cad6B CTF2–β-catenin complex formation 
is important to stabilize both proteins 
and modulate gene expression during 
neural crest EMT
Cytosolic cadherin CTFs possess novel roles in multiple in vitro 
and in vivo systems, most often functioning via an interaction 
with catenins (Sadot et al., 1998; Marambaud et al., 2002). For 
example, cytosolic E-cadherin CTF2 forms a complex with 
p120-catenin that coimports into the nucleus and influences nu-
clear p120-catenin activity by interacting with Kaiso to control 
gene expression (Ferber et al., 2008). In the current study, we 
evaluated potential catenin interactors for Cad6B CTF2 both in 
vitro and in vivo (Fig. 1, B and C; and Fig. S1). Typically, β- and 
p120-catenin remain bound to cadherin CTF2 after γ-secretase 
proteolysis, at least in vitro (Marambaud et al., 2002; Ferber 
et al., 2008). Our data demonstrate that this also occurs in 
vivo, because a pool of β-catenin remains bound to Cad6B 
CTF2-HA derived solely from full-length Cad6B-HA prote-
olysis (Fig.  1  C); however, p120-catenin pull-down was not 
evident. This disparity could reflect actual events occurring in 
vivo or be unique to chickens. Alternatively, although our CTF2 
construct was designed to mimic a CTF2 peptide generated via 
γ-secretase, it is possible that in both LMH cells and the cra-
nial neural crest, recombinant CTF2 is subjected to caspase-3– 
mediated proteolysis to remove the CTF2 N terminus con-
taining the p120-binding domain, as noted for other cadherin 
CTF2s (Steinhusen et al., 2001; Marambaud et al., 2002; Wolfe 
and Kopan, 2004; Uemura et al., 2006a). Because of the ap-
preciable affinity with which β-catenin binds to Cad6B CTF2 
in vivo, we explored the function of Cad6B CTF2 through its 
interaction with β-catenin.

To evaluate potential β-catenin–dependent or –indepen-
dent roles for Cad6B CTF2 in the neural crest, we designed 
a Cad6B CTF2 mutant deficient in β-catenin binding (MUT9, 
Fig.  2 A) that is expressed at comparable levels to wild-type 
CTF2. MUT9 was then used to determine whether β-catenin 
binding affords any biochemical “advantage” to CTF2. Here, 
we show that the Cad6B CTF2–β-catenin interaction stabilizes 
CTF2 and protects CTF2 from proteasomal degradation in a 
manner dependent on β-catenin binding (Fig. 2, C and D). Inter-
estingly, formation of N-cadherin CTF2–β-catenin complexes in 
vitro stabilizes endogenous β-catenin pools by inhibiting glyco-
gen synthase kinase-3β phosphorylation (Uemura et al., 2006a). 
Mutual stabilization of β-catenin and Cad6B CTF2 implies that 
complex formation may be essential to maintain and elevate 
levels of CTF2 beyond a threshold and allow for sufficient ac-
cumulation of the complex to influence neural crest EMT, as 
supported by our data. Our results are also in line with those 
showing that cadherin cytoplasmic tails are highly unstructured 
and contain PEST domains that mediate protein degradation 
(Huber et al., 2001). β-Catenin binding to full-length cadherins 
and CTF2s, however, masks this PEST sequence, thereby pre-
venting cadherin (or CTF2) degradation (Huber et al., 2001).

Nuclear translocation of cadherin CTF2 is a common hall-
mark of recombinant CTF2 expression and appears to depend 
on catenin binding (Sadot et al., 1998; Uemura et al., 2006a; 
Shoval et al., 2007; Ferber et al., 2008). Although it cannot be 
ruled out that cadherin CTFs possess a cryptic nuclear local-
ization signal, Cad6B CTF2 does not appear to have any im-
portin-α nuclear localization signal observed in other catenins 
(Kosugi et al., 2009; Klinke et al., 2015), which is critical for 
nuclear coimport of both the catenin and CTF2 (Sadot et al., 

1998; Uemura et al., 2006a; Ferber et al., 2008; Klinke et al., 
2015). Conversely, nuclear localization of catenins is not depen-
dent on binding to cadherin CTF2s. Our results, however, reveal 
that increased Cad6B CTF2, but not MUT9, stabilizes, redis-
tributes, and enhances nuclear import of the CTF2–β-catenin 
complex within cranial neural crest cells (Figs. 3 and 4). Our 
in vivo data are in agreement with previous in vitro findings 
that ascribe a β-catenin transport scaffold function to cytosolic 
E-cadherin CTF2s (Uemura et al., 2006a; Klinke et al., 2015). 
As such, mutual stabilization, and the resultant accumulation 
of both proteins, may lead to increased nuclear accumulation 
of the complex as well.

Multiple studies contend that nuclear cadherin CTF2s, 
through various mechanisms, regulate expression of CyclinD1 
and other β-catenin–responsive genes (Maretzky et al., 2005; 
Reiss et al., 2005; Uemura et al., 2006a; Shoval et al., 2007; 
Klinke et al., 2015). The majority of these studies, however, 
semiquantitatively assessed changes in gene expression after 
long incubations that followed CTF2 introduction. To more di-
rectly address the involvement of CTF2 in transcriptional regu-
lation, we allowed only 5 h of CTF2 expression in vivo. Within 
this short time frame, we still detected statistically significant 
up-regulation of CyclinD1, β-catenin, and Snail2 (Fig. 5 A). In-
troduction of MUT9, however, abrogated this increase, reveal-
ing that conuclear imported β-catenin is likely responsible for 
this up-regulation. This is further supported by our data indicat-
ing that CTF2 and MUT9 are expressed at comparable levels 
in vivo (Fig. 2 B), arguing against the notion that the absence 
of EMT effector gene up-regulation is caused by differences in 
MUT9 expression levels and/or stability. Elevated CTF2, but 
not MUT9, also augments GFP driven by an ectopically ex-
pressed minimal chick Snail2 promoter in vivo (Fig. 5 B), fur-
ther validating Snail2 as a bona fide target of CTF2 in vivo, and 
likely through β-catenin–mediated transactivation.

The specific mechanism outlined now provides additional 
evidence for a universal role for nuclear cadherin CTF2 mol-
ecules, as up-regulation of the Wnt target CyclinD1 has been 
documented in vitro and in vivo after manipulation of other cad-
herin CTF2s (Maretzky et al., 2005; Reiss et al., 2005; Uemura 
et al., 2006a; Shoval et al., 2007; Klinke et al., 2015). CyclinD1 
is a known Wnt target in the chicken trunk neural crest (Burs-
tyn-Cohen et al., 2004), and our data now show it is possibly 
regulated by β-catenin-TCF/LEF signaling in the cranial neural 
crest as well. Although it is uncertain whether β-catenin auto-
regulates via canonical Wnt signaling in the neural crest, our 
results, together with the noted β-catenin autoregulation after 
N-cadherin CTF2 overexpression in the chick trunk neural crest 
and in vitro, support this hypothesis (Uemura et al., 2006a; 
Shoval et al., 2007). It also remains to be determined whether 
Snail2 is up-regulated in response to β-catenin-TCF/LEF sig-
naling, although our ChIP-QPCR data (Fig. 5 C) suggest that 
this (via CTF2-mediated nuclear shuttling of β-catenin), to-
gether with other mechanisms, is likely. These findings in the 
chicken are also consistent with the observation that three al-
leles of the Xenopus laevis Snail2 ortholog Slug possess Wnt- 
and β-catenin–responsive promoters (Vallin et al., 2001).

Our findings do not exclude the possibility that only 
β-catenin-TCF/LEF targets are activated in response to ele-
vated nuclear Cad6B CTF2 levels. Indeed, prior studies have 
shown that β-catenin binding to cadherin CTF2s and TCF/
LEF proteins is mutually exclusive because of the overlap in 
the CTF2 and TCF/LEF binding sites on β-catenin (Sadot et 
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al., 1998; Orsulic et al., 1999). Thus, β-catenin–bound CTF2 
cannot interact with TCF/LEF proteins, suggesting that other 
β-catenin targets exist that do not rely on TCF/LEF proteins for 
their regulation. Given that our ChIP-QPCR data revealed that 
the Snail2 promoter region possessing the greatest enrichment 
of CTF2 lacks any putative TCF/LEF binding sites (Fig. 5 C), 
CTF2–β-catenin complexes may in fact be interacting with 
other proteins (e.g., DNA binding proteins) to regulate Snail2. 
Moreover, CTF2, in a complex with other proteins that bind 
CTF2 within the β-catenin binding domain (given the MUT9 
data), could associate directly with chromatin to regulate 
Snail2. With respect to the regulation of Snail2 expression, il-
lustrated here in chickens and as shown in Xenopus, these find-
ings demonstrate that CTF2–β-catenin complex formation is 
important to mediate nuclear shuttling of β-catenin for binding 
to TCF/LEF or other proteins (Valenta et al., 2012) or to allow 
chromatin-associated CTF2–β-catenin (or other protein) com-
plexes to participate in transactivation, with CTF2 performing 
scaffolding (Ortiz et al., 2015) or other functions outside of 
β-catenin binding (Marambaud et al., 2003). As such, CTF2 
may mediate transactivation of EMT effector genes through 
both indirect and direct methods. We hypothesize that this is 
likely a universal mechanism by which CTF2 transactivates 
other genes, which will be borne out in future experiments.

ADAM-mediated proteolysis of cadherins has been 
implicated during disease, particularly cancer cell EMT/ 
metastasis (Duffy et al., 2011). Elevated levels of ADAMs 
and E-cadherin often serve as biomarkers for cancer and can 
lead to increased shed cadherin NTFs (Duffy et al., 2011; 
David and Rajasekaran, 2012). Although there is growing in-
sight on NTF function during cancer metastasis (Najy et al., 
2008; David and Rajasekaran, 2012; Patil et al., 2015; Hu 
et al., 2016), how CTF2s mediate metastasis remains unex-
plored. Our results suggest a transcriptional role for a cad-
herin CTF2 during an in vivo developmental EMT that may 
be directly translatable to EMTs underlying disease and, in 
turn, may shed light on the repertoire of genes activated as 
cancer cells become invasive.

Our current data and previous findings (Schiffmacher et 
al., 2014) reveal how proteolysis during EMT establishes neg-
ative feedback on Cad6B expression, at both post-translational 
and transcriptional levels, in a temporally and spatially re-
stricted manner. The exclusive expression of Cad6B within the 
premigratory cranial neural crest limits subsequent creation 
and function of Cad6B CTF2 to cells initiating and undergo-
ing EMT. While membrane Cad6B protein is being reduced 
through proteolysis, Cad6B CTF2–β-catenin complexes are 
contributing positive feedback on the expression of Snail2, a 
potent activator of chicken cranial neural crest EMT and de-
lamination (Nieto et al., 1994; del Barrio and Nieto, 2002), and 
other EMT effectors, and possibly indirect negative feedback 
on Snail2 targets such as Cad6B and αN-catenin (Taneyhill et 
al., 2007; Jhingory et al., 2010; Strobl-Mazzulla and Bronner, 
2012). Because of the transient, EMT-specific nature of this 
mechanism, this feedback may be in place to ensure that Snail2 
accumulates to appropriate levels at this critical stage in devel-
opment. Collectively, our results not only underscore the need 
to proteolytically process Cad6B in the premigratory cranial 
neural crest, but also highlight the complexity of positive reg-
ulation on other EMT effectors, thereby ensuring that neural 
crest cells acquire their proper mesenchymal identity and, later, 
correctly pattern the vertebrate embryo.

Materials and methods

Chicken embryo culture
Fertilized chicken eggs were obtained from B & E Farms and  
incubated at 38°C in humidified incubators (EggCartons.com). 
Embryos were staged according to the number of pairs of 
somites (somite stage).

Cad6B CTF2 expression constructs
The coding sequence corresponding to theoretical CTF2 (produced 
by γ-secretase–mediated proteolysis (Uemura et al., 2006b; Cad6B; 
NCBI accession number NP_001001758.1; aa 637–790) was PCR- 
amplified from pCIG.Cad6B (Coles et al., 2007) and cloned into 
the pCS2+ and pCIG vectors. C-terminal HA-tagged CTF2 was 
PCR-amplified and cloned into pCS2+ from pCIG.CAD6B-HA 
(Schiffmacher et al., 2014). Triple FLAG-tagged CTF2 constructs 
(epitope: DYK​DHD​GDY​KDH​DID​YKD​DDDK) were generated via 
fusion PCR combining CTF2 templates and 3xFLAG sequence from 
p3xFLAG-CMV-7 (Sigma-Aldrich) as previously described (Hob-
ert, 2002). All alanine substitutions generated within epitope-tagged 
pCS2.CTF2 mutant constructs were created by incorporating nucleo-
tide changes into internal amplicon overhang primers used with fusion 
PCR. All constructs were verified for sequence accuracy (Genewiz). 
The IRES-GFP sequence was removed from pCIG during cloning to 
generate HA-tagged pCAGGs.CAD6B.CTF2 and MUT9 constructs.

Cell culture and transfection
Chicken LMH cells (CRL-2117; ATCC) were cultured according to 
ATCC instructions. Transient transfection assays were performed in 
LMH cells using Lipofectamine 2000 (Thermo Fisher Scientific). Cells 
were grown to 90% confluence, and transfections were performed 
according to the manufacturer’s protocol. FLP-In-CHO cells were 
cultured in complete medium supplemented with 100 µg/ml Zeocin 
(Thermo Fisher Scientific) and transfected according to the manufac-
turer’s instructions (Thermo Fisher Scientific).

Protein extraction, fractionation, coimmunoprecipitations,  
and immunoblotting
48 h after transfection, LMH cells were harvested by gentle mechan-
ical scraping in ice-cold PBS and centrifuged at 4°C for 5 min at 
500 g.  Pellets were then flash-frozen in liquid nitrogen and stored 
at −80°C until needed for immunoblot analysis. Embryo protein 
extracts were collected as previously described (Schiffmacher et 
al., 2014). In brief, whole midbrains or dorsal neural tubes of mid-
brains were extracted from embryos, rinsed in Ringer’s solution, 
centrifuged at 500  g for 5 min at 4°C, and snap-frozen in liquid 
nitrogen. Cytoplasmic and nuclear fractionation was performed as 
described (Folco et al., 2012). Triple-FLAG coimmunoprecipitations 
were performed using FLAG M2 antibody-coated magnetic beads 
(M8823; Sigma-Aldrich). Transfected cells growing on 100-mm 
plates were harvested as previously described (Schiffmacher et al., 
2014). Cell pellets were lysed in FLAG buffer (100 mM Tris-HCl, 
pH 8.0, 150 mM NaCl, 5 mM EDTA, 5% glycerol, and 0.1% IGE​
PAL CA-630) supplemented with 1 mM PMSF, complete protease 
inhibitor cocktail (Roche), 10 mM NaF, and 1 mM sodium orthova-
nadate. Lysates were incubated for 30 min at 4°C with periodic mix-
ing and clarified by centrifugation at maximum speed for 15 min at 
4°C. Input protein concentrations were quantified by Bradford assay 
(Thermo Fisher Scientific). Equivalent amounts of protein lysates 
were incubated with washed M2 beads overnight at 4°C with con-
stant rotating. Beads were magnetically separated from supernatant 
and washed four times with FLAG buffer. Beads were then washed 
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twice with FLAG buffer containing no IGE​PAL CA-360. Bound 
proteins were eluted with FLAG elution buffer (FLAG buffer with-
out IGE​PAL CA-360 supplemented with 125 µg/ml 3xFLAG peptide 
[F4799; Sigma-Aldrich]). Equivalent volumes of eluates were boiled 
at 100°C for 5 min in 4× reducing Laemmli sample buffer and then 
centrifuged at maximum speed for 5 min at RT. β-Catenin immuno-
precipitations were performed as described earlier with a monoclonal 
β-catenin antibody (sc-393501; Santa Cruz Biotechnology, Inc.) and 
protein A/G magnetic beads (Thermo Fisher Scientific). Western blots 
were performed as previously described (Schiffmacher et al., 2014). 
Primary antibodies used for immunoblotting were Cad6B (CC6DB-1, 
1:80; Developmental Studies Hybridoma Bank), β-actin (1:1,000, sc-
47778; Santa Cruz Biotechnology, Inc.), HA (1:1,000, 3F10; Roche; 
or 12CA5; Thermo Fisher Scientific), β-catenin (1:1,000, sc-53483, or 
1:3,000, sc-393501; Santa Cruz Biotechnology, Inc.), p53 (1:1,000, sc-
99; Santa Cruz Biotechnology, Inc.), and FLAG (1:2,000, M2, F1804; 
Sigma-Aldrich). Immunoblots were serially probed between antibody 
stripping with Restore Western Blot Stripping Buffer according to the 
manufacturer’s instructions (Thermo Fisher Scientific). Immunoblot 
images for figures were gamma-modified and processed using Pho-
toshop 9.0 (Adobe Systems). Immunoblot band volumes (intensities) 
were calculated from unmodified immunoblot images using Image Lab 
software (Bio-Rad Laboratories), and relative protein levels were cal-
culated by normalizing Cad6B CTF2 and β-catenin band volumes to 
β-actin band volumes. Differences in the amount of CTF2–β-catenin 
coimmunoprecipitation between mutant and wild-type CTF2 were as-
sessed by comparing the ratios of normalized β-catenin band volumes 
to normalized CTF2 (FLAG) band volumes. Fold changes in mutant 
CTF2 coimmunoprecipitation amounts are presented as means and 
SEM of these ratios relative to the wild-type ratio set at 1. Immunoblots 
were analyzed by ANO​VA using the PROC MIX​ED model in SAS sta-
tistical software (SAS Institute), and levels were deemed significantly 
different P < 0.05 using Tukey’s method.

CTF2 protein stability assays with Flp-In-Cad6B-CTF2 stable cell lines
Flp-In-CHO clonal cell lines expressing Cad6B CTF2 or MUT9 from 
a single genomic integration site were created according to modified 
manufacturer’s instructions (K6010-02, R75807; Thermo Fisher Sci-
entific; Schiffmacher et al., 2014; Padmanabhan and Taneyhill, 2015). 
Cells were cultured in six-well plates in Ham’s F12 medium (10-080; 
Mediatech) supplemented with 10% FBS and 500 µg/ml hygromycin 
(Thermo Fisher Scientific). Confluent Flp-In-Cad6B-CTF2-HA CHO 
cells and Flp-In-Cad6B-MUT9-HA CHO cells were treated with 100 
µg/ml cycloheximide (Thermo Fisher Scientific; dissolved in DMSO), 
20  µM MG132 dissolved in DMSO (Cayman Chemicals), or both 
chemicals and incubated at 37°C for 0.5, 1, or 2 h. Cells were then 
lysed in lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, and 5% IGE​
PAL CA-630) supplemented with complete protease inhibitor cocktail 
(Roche) and 1 mM PMSF for 30 min at 4°C with periodic mixing. 
β-Catenin knockdown in Flp-In CHO cell lines was performed by trans-
fecting 50 nM 27mer duplex DsiRNAs (Integrated DNA Technologies) 
with Lipofectamine 2000 for 48 h before CHX chase for 2 h. DsiRNA 
efficiencies were optimized using Cy3 Transfection Control DsiRNA 
(Integrated DNA Technologies), and nontargeting Universal Negative 
Control DsiRNAs (Integrated DNA Technologies) were used as nega-
tive controls for all DsiRNA experiments (sequences available in Fig. 
S2). Relative protein levels at each time point and across time were 
analyzed by ANO​VA using the PROC MIX​ED model in SAS software. 
Degradation rates (t1/2, measured as time at which degradation results 
in 50% of total protein at t = 0) were calculated by linear regression 
using Excel software (Microsoft).

In ovo electroporation
Expression constructs were unilaterally electroporated into premigratory 
midbrain neural crest cells in developing 2–3ss chick embryos using a 
modified version of in ovo electroporation (Itasaki et al., 1999; Schiff-
macher et al., 2014). Constructs were electroporated at 3.0 µg/µl unless 
otherwise stated. Reincubation times varied according to the experiment. 
Immunohistochemistry images are representative of a minimum of five 
embryos, with five to seven sections taken through the midbrain. To en-
sure sufficient electroporation efficiency, electroporated embryos were 
randomly selected for 5- or 8-h incubations. Ventral/dorsal electropora-
tion was performed as previously described (Schiffmacher et al., 2014).

Neural crest cell explants
Neural crest cells were explanted in vitro as previously described 
(Coles et al., 2007; Padmanabhan and Taneyhill, 2015). Embryos were 
reincubated for 3 h postelectroporation before midbrain dorsal neural 
folds (containing premigratory neural crest cells) were dissected out 
in PB-1 standard medium and placed into chamber slides (Nunc Lab-
tek II; Thermo Fisher Scientific) coated with poly-l-lysine (P5899;  
Sigma-Aldrich) and fibronectin (356008; Corning). Explants were in-
cubated in serum-free DMEM (10-013-CV; Corning) supplemented 
with 10% FBS for 10 h at 37°C. Where indicated, explants were treated 
with 20 nM LMB (sc-358688; Santa Cruz Biotechnology, Inc.) for the 
remaining 2 h of the incubation.

Immunohistochemistry
Immunohistochemical detection of various proteins was performed in 
whole-mount embryos, transverse sections, or neural crest explants 
after 4% PFA fixation and cryostat-sectioning as in Schiffmacher 
et al. (2014). The following primary antibodies and concentrations 
were used: GFP (1:750, clone 3E6; Thermo Fisher Scientific), 
HA (1:1,000, 3F10; Roche; or 12CA5; Thermo Fisher Scientific), 
β-catenin (1:250, sc-393501; Santa Cruz Biotechnology, Inc.), Snail2 
(1:100, C19G7; Cell Signaling Technology), and FLAG (1:1,000 M2, 
F1804; Sigma-Aldrich). Appropriate fluorescence-conjugated sec-
ondary antibodies (Alexa Fluor 488, 594, 647; Thermo Fisher Scien-
tific) were used at a concentration of 1:500. Sections or explants were 
stained with DAPI to mark cell nuclei and mounted using Fluoro-
mount G. Images from five to seven serial transverse sections through 
the midbrain of a minimum of three embryos, or at least six explants, 
were collected using an LSM 800 microscope (ZEI​SS) with a 63× oil 
objective (NA 1.4; ZEI​SS) at RT and analyzed with Zen Blue soft-
ware (ZEI​SS). All exported files were processed (cropping, minor 
gamma adjustments) in Photoshop CS6, and a representative image 
was chosen for applicable figures. Subcellular fluorescent intensity 
was performed using the profile line intensity tool in Zen Blue soft-
ware, and exported datasets were rendered into graphs using Excel 
software. Cell counts were evaluated by χ2 analysis using the PROC 
FREQ model in SAS software.

QPCR
Overexpression of wild-type CTF2, MUT9, and GFP followed by 
QPCR was performed as previously described (Taneyhill et al., 
2007). In brief, 2–3ss embryos were electroporated in ovo with 3.0 
µg/µl DNA. To evaluate Snail2 promoter activity caused by CTF2 
overexpression, an additional 0.5 µg/µl D1.2-EGFP was coelectropo-
rated with the other constructs described earlier or human β-catenin. 
The D1.2-EGFP construct contains an EGFP reporter driven by 1.2 
kb of chicken Snail2 promoter upstream of the coding sequence (a 
gift from Y.  Wakamatsu, Tohoku University, Sendai, Japan; Sakai 
et al., 2005). After 5 h at 37°C, midbrain neural folds were excised, 
pooled, and lysed in RNA lysis buffer, with total RNA isolated using 
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the RNAqueous Total RNA Isolation kit (AM1912; Thermo Fisher 
Scientific). cDNAs were synthesized using random hexamers and the 
Superscript II RT-PCR system (Thermo Fisher Scientific) according to 
the manufacturer’s instructions. QPCR was performed using the ABI 
7000 in TaqMan or SYBR Green (Thermo Fisher Scientific) assays as 
previously described (Taneyhill and Bronner-Fraser, 2005). In brief, 
25-µl QPCR reactions for CyclinD1, Snail2, β-catenin, and GFP in-
cluded 2× SYBR Green master mix, cDNA, and 75 nM of each primer. 
All reactions produced single amplicons that were verified for cor-
rect sequence. Cad6B QPCR reactions included TaqMan master mix, 
cDNA, 150 nM of each primer, and 150 nM of each Cad6B TaqMan 
probe, as described (Taneyhill et al., 2007). After normalization to a 
standard (chick 18S rRNA), fold up-regulation or down-regulation for 
each of three or more replicates was determined by dividing the rel-
ative expression value for the gene of interest in the presence of the 
elevated CTF2 or mutant CTF2 by that obtained for the gene of inter-
est in the presence of GFP (negative control). To reduce the overall 
variance in Cad6B QPCR, unelectroporated contralateral excised neu-
ral folds collected from electroporated embryos were used to generate 
negative control cDNA, because Cad6B expression is highly variable 
among embryos at 6–7ss. To account for potential genomic DNA con-
tamination amplification during reverse transcription, QPCR was also 
performed on identical sample cDNA synthesis reactions that lacked 
reverse transcription. Primers were also designed to span exon–exon 
junctions to reduce background amplification. Data were analyzed by 
analysis of variance (ANO​VA) using the PROC MIX​ED model (SAS), 
and levels were deemed significantly different (P < 0.05) using the PDI​
FF procedure. Data were transformed to meet assumptions of normal-
ity and homogeneity of variance.

ChIP-QPCR assays
ChIP-QPCR was performed as described previously (Taneyhill et al., 
2007; Taneyhill and Adams, 2008; Jhingory et al., 2010) to demonstrate 
association of 3xFLAG-tagged CTF2 with regions of the Snail2 pro-
moter. In brief, embryos were electroporated with pCS2-CTF2-HA, 
pCS2-MUT9-HA, or pCS2-GFP-HA, and neural folds were dissected 
out from the midbrain region using tungsten needles 8  h postelec-
troporation. Tissue was fixed for 10 min in 4% PFA and pooled for 
use in lysate preparation and sonication to achieve a chromatin size 
of 200–1,000 bp. Chromatin was immunoprecipitated after overnight 
incubation at 4°C using M2 FLAG antibody-coated magnetic beads. 
Captured chromatin-3xFLAG–tagged protein complexes were eluted 
from the beads, followed by cross-link reversal, proteinase K treatment, 
and DNA precipitation. QPCR was then performed on the chromatin 
as described earlier using primer sets spanning 1.2 kb upstream of the 
Snail2 translational start site (Table S1). Data were transformed and 
analyzed as described in the QPCR methods. Putative TCF/LEF sites 
within the Snail2 promoter were computationally predicted using 
the JAS​PAR 2016 server.

Online supplemental material
Fig. S1 demonstrates that Cad6B CTF2 physically associates with 
β-catenin, but not p120-catenin, in vitro. Fig. S2 shows the sequence 
and efficacy of the β-catenin DsiRNAs used to deplete β-catenin 
from Flp-In parental, Cad6B-CTF2-HA, and Cad6B-MUT9-HA 
CHO cells. Fig. S3 reveals Cad6B CTF2 and β-catenin colocal-
ization within the cytosol and nucleus of cranial neural crest cells 
after treatment with LMB. Fig. S4 illustrates β-catenin coimmu-
noprecipitation with CTF2-3xFLAG, but not GFP-3xFLAG, from 
cytosolic and nuclear protein fractions of transfected LMH cells. 
Table S1 outlines the primer sequences used in the Snail2 pro-
moter ChIP-QPCR experiments.
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