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�-catenin and plakoglobin (�-catenin) are homologous molecules involved in cell adhesion, linking cadherin
receptors to the cytoskeleton. �-catenin is also a key component of the Wnt pathway by being a coactivator of
LEF/TCF transcription factors. To identify novel target genes induced by �-catenin and/or plakoglobin, DNA
microarray analysis was carried out with RNA from cells overexpressing either protein. This analysis revealed
that Nr-CAM is the gene most extensively induced by both catenins. Overexpression of either �-catenin or
plakoglobin induced Nr-CAM in a variety of cell types and the LEF/TCF binding sites in the Nr-CAM
promoter were required for its activation by catenins. Retroviral transduction of Nr-CAM into NIH3T3 cells
stimulated cell growth, enhanced motility, induced transformation, and produced rapidly growing tumors in
nude mice. Nr-CAM and LEF-1 expression was elevated in human colon cancer tissue and cell lines and in
human malignant melanoma cell lines but not in melanocytes or normal colon tissue. Dominant negative
LEF-1 decreased Nr-CAM expression and antibodies to Nr-CAM inhibited the motility of B16 melanoma cells.
The results indicate that induction of Nr-CAM transcription by �-catenin or plakoglobin plays a role in
melanoma and colon cancer tumorigenesis, probably by promoting cell growth and motility.
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�-catenin and plakoglobin (�-catenin) are homologous
proteins of the armadillo family that play a major role in
cell adhesion by linking cadherin receptors to the actin
cytoskeleton (Kemler 1993; Ben-Ze’ev and Geiger 1998;
Zhurinsky et al., 2000a). �-catenin is also a key compo-
nent of the Wnt signaling pathway, fulfilling a critical
role during embryonic development (Willert and Nusse
1998). The signaling function of �-catenin in the canoni-
cal Wnt pathway is mediated by its interaction with
DNA binding proteins of the LEF/TCF family, forming a
bipartite complex that activates target gene transcription
(Wodarz and Nusse 1998). In addition to its role in em-
bryogenesis, �-catenin-LEF/TCF signaling is also in-
volved in the development of a variety of human tumors
(Peifer 1997; Morin 1999; Zhurinsky et al. 2000a; Polakis
2000). In normal cells, the transcriptional activity of

�-catenin is constitutively inhibited by its targeting to
rapid proteolytic degradation via a multiprotein complex
consisting of the scaffolding proteins APC and axin/con-
ductin and the serine–threonine kinase GSK3� that
phosphorylates the N terminus of �-catenin (Peifer and
Polakis 2000). Phosphorylated �-catenin is recognized by
an E3 ubiquitin ligase complex containing �-TrCP that
ubiquitilates �-catenin leading to its degradation by the
proteasome (Hart et al. 1999; Liu et al. 1999; Sadot et al.
2000). Disruption of this complex by mutations in either
APC (Polakis 2000), axin–conductin (Liu et al. 2000; Sa-
toh et al. 2000), or the N-terminal GSK3� phosphoryla-
tion motif of �-catenin (Rubinfeld et al. 1997) leads to
aberrant accumulation of �-catenin and constitutive ac-
tivation of �-catenin–LEF/TCF target genes. These in-
clude positive regulators of cell proliferation such as cy-
clin D1 (Shtutman et al. 1999; Tetsu and McCormick
1999), c-myc (He et al. 1998), and WISP-1 (Xu et al. 2000),
which may contribute to the oncogenic role of �-catenin.
Plakoglobin, similar to �-catenin, can bind to the axin/

APC complex (Hulsken et al. 1994; Kodama et al. 1999),
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�-TrCP (Sadot et al. 2000), and LEF/TCF factors (Huber
et al. 1996; Zhurinsky et al. 2000a; Williams et al. 2000).
Plakoglobin also has a transactivation domain (Simcha
et al. 1998; Hecht et al. 1999), but its role in Wnt signal-
ing, activation of target genes, and oncogenesis remains
controversial. For example, overexpression of a stable
�-catenin mutant in the skin of transgenic mice forms
hair tumors (Gat et al. 1998), whereas expression of a
similar plakoglobin mutant results in decreased hair
growth (Charpentier et al. 2000). The plakoglobin bind-
ing site on TCF4 is different from that of �-catenin (Mi-
ravet et al. 2002) and the plakoglobin–LEF/TCF complex
is inefficient in DNA binding (Zhurinsky et al., 2000b;
Williams et al. 2000). Finally, earlier reports on the ca-
pacity of exogenous plakoglobin to function in Wnt sig-
naling (Karnovsky and Klymkowsky 1995) were attrib-
uted, at least in part, to its indirect effect on �-catenin
stability, leading to signaling by the endogenous
�-catenin (Miller and Moon 1997; Simcha et al. 1998;
Klymkowsky et al. 1999).
To identify novel �-catenin target genes and investi-

gate whether plakoglobin can activate such genes, we
employed a human renal carcinoma cell line that does
not express detectable levels of cadherins and catenins
(Simcha et al. 1996). DNA microarray analysis was used
to discover genes whose expression was elevated in such
cells after stable overexpression of �-catenin or plakoglo-
bin. We identified Nr-CAM, a neuronal cell adhesion
molecule (Grumet et al. 1991), as a major target whose
expression was dramatically induced by both �-catenin
and plakoglobin. We report that the Nr-CAM promoter
contains several LEF/TCF binding sites that are required
for its optimal activation by �-catenin. We show that
Nr-CAM is localized in the membrane and filopodia of
non-neuronal cells and demonstrate that retroviral trans-
duction of Nr-CAM into NIH3T3 cells enhances cell mi-
gration into a wound introduced in a monolayer. More-
over, such cells proliferate faster, form large foci in con-
fluent cultures, and, when injected into nude mice,
produce rapidly developing tumors. In addition, we
found high levels of Nr-CAM and LEF-1 in mouse and
human melanoma cells and human colon cancer tissue,
but not in normal colon tissue and melanocytes. The
results suggest that Nr-CAM is a target gene of the
�-catenin and plakoglobin-LEF/TCF complex that con-
tributes to oncogenesis.

Results

Nr-CAM expression is induced by �-catenin
and plakoglobin and Nr-CAM is localized
in membrane protrusions

To identify novel target genes that are induced by in-
creased expression of �-catenin or plakoglobin, we used a
human renal carcinoma cell line (KTCTL60) that does
not express detectable levels of cadherins and catenins
(Simcha et al. 1996). RNA from a mixture of KTCTL60
clones stably transfected with either plakoglobin, a
stable mutant of �-catenin (�N57; Salomon et al. 1997),

or the neor gene, was used to prepare cDNA that was
hybridized to the UniGem 1 cDNA microarray of Incyte
containing 10,000 ESTs. This analysis revealed that ex-
pression of Nr-CAM, a cell adhesion molecule expressed
in the nervous system (Grumet et al. 1991), was the most
extensively elevated in both plakoglobin and �-catenin
transfected cells (Fig. 1A). The induction of Nr-CAM ex-
pression was confirmed by Northern blot hybridization
of RNA from individual clones stably expressing either
plakoglobin or �-catenin (Fig. 1B). A similar Nr-CAM
RNA pattern was obtained in KTCTL60 cells transfected
with catenins and B16 F10 melanoma (Fig. 1B, lane 5)
after hybridization with cDNA probes to the extracellu-
lar or the intracellular domains of Nr-CAM (Fig. 1B; data
not shown). The elevation in Nr-CAM protein in cells
expressing plakoglobin and �-catenin was confirmed by
Western blot analysis with an antibody against Nr-CAM
(Fig. 1C). Interestingly, only clones stably expressing low
levels of �N�-catenin could be isolated (high levels were
toxic), whereas clones expressing high levels of plakoglo-
bin were easily obtained. The lower level of Nr-CAM
expression in �N�-catenin transfected cells may there-
fore result from a suboptimal level of �-catenin expres-
sion for signaling in these cells. In cells treated with the
histone deacetylase inhibitor sodium butyrate, which in-
duces the expression of transfected plakoglobin (Salo-
mon et al. 1997), we observed, as early as 4 h after treat-
ment, an increase in plakoglobin (Fig. 1D, lane 4) that
further increased by 10 h (Fig. 1D, lane 5). This was fol-
lowed by a marked elevation in Nr-CAM (Fig. 1D, lane
5), whereas such treatment did not induce Nr-CAM in
control cells (Fig. 1D, lanes 1,2), pointing to an associa-
tion between increased plakoglobin and Nr-CAM expres-
sion. Next, we determined the localization of Nr-CAM
in cells transfected with plakoglobin and �-catenin.
KTCTL60 cells transfected with plakoglobin or
�-catenin (not shown) displayed Nr-CAM in membrane
protrusions at the cell periphery (Fig. 1J) and on the api-
cal membrane (Fig. 1G). These structures resembled mi-
crovilli and filopodia and colocalized with actin (data not
shown) and with the microvilli-associated protein ezrin
(Fig. 1F,H,I).
To confirm that the induction of Nr-CAM by catenins

did not result from clonal variation in stable transfec-
tions, we employed retrovirus transduction of plakoglo-
bin and �-catenin into KTCTL60 cells. This method pro-
duced pools of cells infected by each catenin that dis-
played elevated Nr-CAM expression (Fig. 2A, lanes 2,4).
Next, we transiently transfected Neuro 2A cells with
either plakoglobin and �-catenin, or vinculin, and an
empty vector as control (Fig. 2B). RT-PCR analysis re-
vealed that expression of both �-catenin (Fig. 2C, cf.
lanes 1,5 and 3,7) and plakoglobin (Fig. 2C, lanes 2,6), but
not vinculin (Fig. 2C, lane 4), dramatically induced Nr-
CAM RNA in Neuro 2A cells. KTCTL60 cells trans-
fected with both catenins (Fig. 2C, cf. lanes 11,12 and 10)
and mouse brain tissue (Fig. 2C, lane 9) were used as
positive controls. Interestingly, melanoma cells also ex-
pressed high levels of Nr-CAM RNA (Figs. 1B, lane 5,
and 2C, lane 8). Nr-CAM expression was also elevated by
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Figure 1. Induction of Nr-CAM expression by �-catenin and plakoglobin. (A) RNA was prepared from a mixture of three independent
human renal carcinoma cell clones each of: cells stably expressing plakoglobin (PG), �N�-catenin, or the neor gene alone. The RNA
was tested, after Cy3 (PG and �-cat)- and Cy5 (neor)-labeling (following RT), for the expression of genes using an Incyte DNA
microarray containing 10,000 ESTs. Fold induction of Nr-CAM expression compared with the positive (Cy3) control is shown. The
blue color indicates no hybridization; the yellow and red area of the spectrum represent strong hybridization. (B) Northern blot
hybridization for Nr-CAM using renal carcinoma cells stably expressing the genes described in A. B16 F10 melanoma cells served as
positive control for Nr-CAM expression. (C) Western blot analysis for Nr-CAM in the cell clones indicated in A. Mouse cerebellum
served as positive control for Nr-CAM and untransfected renal carcinoma cells (KTCTL60) as negative control. (D) KTCTL60 cells
stably expressing plakoglobin (PG) and control neor cells were treated for different times with sodium butyrate to enhance the
expression of the transgene (PG) and the expression of plakoglobin and Nr-CAM was determined by Western blotting. The levels of
18S and 28S rRNA in B, vinculin in C, and tubulin in D were used as controls for gel loading. (E–J) The localization of Nr-CAM and
ezrin in cells stably transfected with plakoglobin. Untransfected (KTCTL60; E,F) and cells stably transfected with plakoglobin
(KTCTL60-PG; G–J) were immunostained with anti Nr-CAM antibodies (E,G,J) and doubly stained with an antibody for ezrin (F,H).
(I) Merged image of ezrin and Nr-CAM staining. The cells in J were stained for Nr-CAM and the image focuses at the cell periphery
close to the substrate. (K) Expression of ezrin and Nr-CAM was determined by Western blotting. Note colocalization of Nr-CAM with
ezrin-containing cellular protrusions (arrowhead). Bar in E, 10 µm.
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various Wnt proteins in different cell types (by Wnt7A in
C57MG, Wnt1 in Rat2 cells, Fig. 2D) and by Wnt1-con-
ditioned medium in B16 melanoma (Fig. 2E), indicating
that Nr-CAM expression is regulated by Wnt signaling.
These results demonstrate that various Wnt proteins, or
an increase in either plakoglobin or �-catenin, can in-
duce the expression of Nr-CAM in different cell types.

Characterization of the Nr-CAM promoter
and identification of LEF/TCF binding sites
in the Nr-CAM promoter

Based on published DNA sequences of full-length hu-
man Nr-CAM cDNA from several laboratories and se-
quence data available from the Human Genome project,
we identified the Nr-CAM promoter that contains a
TATA box 25 bp upstream of the transcription start site
(Fig. 3A). Analysis of the Nr-CAM locus revealed four
putative LEF/TCF binding sequences in the promoter re-
gion and one in the first intron (Fig. 3A,B). We cloned by
genomic PCR of HeLa cell DNA a 1.8-kb fragment of the
Nr-CAM promoter and inserted it in both sense (Nr 1–4
S) and antisense (Nr 1–4 AS) orientation into the pA3Luc
plasmid. Transient transfection of the reporter plasmid
containing the Nr-CAM promoter in the sense orienta-
tion into 293T cells resulted in an about 70-fold higher

level of luciferase activity compared with either the
empty reporter plasmid or the antisense construct (Fig.
3C). This indicates that the cloned Nr-CAM genomic
fragment contained the functional Nr-CAM promoter.
Using electrophoretic mobility shift analysis (Zhurinsky
et al. 2000b) we examined whether the 32P-labeled LEF/
TCF sites in the Nr-CAM promoter bind to in vitro-
translated LEF-1 and found that when each of the five
DNA sequences were incubated with LEF-1, a single
LEF-1–DNA band was observed (Fig. 3D, lanes
2,4,6,8,10), similar to the one obtained with the LEF-1
binding site of the cyclin D1 promoter (Fig. 3D, lane 12;
Shtutman et al. 1999). The assembly of such complexes
was inhibited by excess unlabeled consensus LEF/TCF
binding sequences (Fig. 3E, TOP, cf. lanes 1 and 2), but
not by a mutant DNA sequence (Fig. 3E, FOP, lane 3).
When in vitro-translated LEF-1 and �-catenin were incu-
bated together with LEF/TCF site number 4 (S4) of the
Nr-CAM promoter, a ternary complex was detected be-
tween this DNA, LEF-1, and �-catenin (Fig. 3E, lane 4).
The LEF/TCF site of the cyclin D1 promoter that served
as control (Fig. 3E, lanes 5–8) and the other LEF/TCF
sites in the Nr-CAM promoter (data not shown) dis-
played a similar behavior. Furthermore, incubation of
nuclear extracts from human SW480 colon cancer cells,
which are rich in LEF/TCF-�-catenin complexes (Morin

Figure 2. Retroviral transduction and transient trans-
fection of �-catenin or plakoglobin induce the expres-
sion of Nr-CAM in different cell types. (A) KTCTL60
cells were infected with retroviruses expressing either a
stable, HA-tagged �-catenin mutant S33Y (�-cat; lane
2), HA-tagged plakoglobin (PG; lane 4), or the puror gene
(lanes 1,3). Cells stably expressing �N�-catenin (lane 5)
served as positive control. Expression of Nr-CAM and
HA-tagged proteins was determined by Western blot-
ting. The level of vinculin served as loading control. (B)
Expression of the transfected genes in Neuro 2A cells
was verified by Western blotting with antibodies to
�-catenin, plakoglobin and vinculin. (C) Expression of
Nr-CAM RNA in Neuro 2A cells transiently trans-
fected either with a stable �-catenin mutant S33Y (�-
cat; lanes 1,5), plakoglobin (PG; lanes 2,6), vinculin
(vinc; lane 4), or untrasfected cells (c; lanes 3,7) was
determined by RT-PCR and compared with that of B16
M2R melanoma cells (lane 8), mouse brain tissue (lane
9), and KTCTL60 cells transfected with �-catenin (lane
11), plakoglobin (lane 12), or the neor gene (lane 10). (D)
Expression of Nr-CAM was also determined in C57MG
and C57MG-Wnt7A and Rat2 and Rat2-Wnt-1 cells. (E)
B16 M2R cells were incubated for 24 h with control
medium and conditioned medium from Rat2–Wnt-1
cells and the level of Nr-CAMwas determined by West-
ern blotting.
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et al. 1997), with 32P-labeled S4 of the Nr-CAM promoter
resulted in the formation of a ternary complex consisting
of S4, LEF/TCF, and �-catenin (Fig. 3F, lane 1). The pres-
ence of �-catenin in this complex was demonstrated by
its efficient supershift by an antibody against �-catenin
(Fig. 3F, lane 2).

LEF/TCF-dependent activation of the Nr-CAM
promoter by �-catenin and plakoglobin

To determine whether �-catenin and plakoglobin can ac-
tivate the Nr-CAM promoter, the reporter plasmid con-
taining the Nr-CAM promoter (Fig. 3C) was cotrans-

Figure 3. The Nr-CAM gene promoter contains several LEF-1 binding sites that can complex with LEF-1 and �-catenin. Schematic
presentation of LEF-1 binding sites in the Nr-CAM gene promoter (A) and their nucleotide sequence compared to the consensus
LEF/TCF binding sequence (B). (C) Activation of a synthetic 1.8-kb Nr-CAM promoter reporter containing the sense (S), but not the
antisense (AS), sequence in 293T cells. (D) Binding of the different 32P-labeled LEF-1 sites in the Nr-CAM promoter to in vitro-
transcribed–translated LEF-1 determined by the DNA mobility shift assay. The LEF-1 site of the cyclin D1 promoter (CD1) served as
positive control. (E) Ternary complex formation by the LEF-1 binding site no. 4 (S4) of the Nr-CAM promoter with in vitro-translated
LEF-1 and �-catenin was determined as in D. (F) Nuclear extracts from SW480 colon cancer cells displaying constitutive �-catenin-
LEF/TCF signaling were incubated with 32P-labeled LEF-1 site no. 4 (S4) and analyzed as in D, with (lane 2), or without (lane 1)
incubation with anti �-catenin antibody. Note the supershift in the band representing the ternary complex in the presence of anti
�-catenin antibody.
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fected with either �-catenin or plakoglobin into 293T
cells and its activity was determined (Fig. 4A). The re-
sults presented in Figure 4A demonstrate that �-catenin
S33Y activates the Nr-CAM promoter about 10-fold,
whereas plakoglobin was much weaker in this capacity.
The oncogenic stable �-catenin (S33Y) mutant, as ex-
pected, was more potent than wild-type �-catenin, pla-
koglobin, or the mutant �N�-catenin (Fig. 4A), at least in
part because of its more efficient accumulation in the
transfected cells (Fig. 4B). Activation of the Nr-CAM pro-
moter by �-catenin was reduced by a dominant negative
TCF4 construct (Fig. 4C, �N TCF4) and blocked when
the E-cadherin cytoplasmic domain containing the
�-catenin binding site (Sadot et al. 1998; Simcha et al.
2001) was cotransfected (Fig. 4C, E-cad tail). The involve-
ment of the various LEF/TCF binding sites in Nr-CAM
promoter activation was analyzed in deletion mutants
progressively removing these sites (Fig. 4D). Activation
of the 1.8-kb Nr-CAM promoter by cotransfected

�-catenin showed no significant change when the first
two TCF sites were removed (data not shown). Removal
of TCF site number 3 resulted in a reduction in promoter
activation by �-catenin (Fig. 4E, Nr 4) that further de-
creased when TCF S4 was also deleted (Fig. 4E, Nr 0).
The importance of LEF/TCF sites for Nr-CAM promoter
activation by �-catenin was also supported by the use of
a dominant positive chimeric plasmid containing the
C-terminal �-catenin transactivation domain linked to
the DNA binding domain of LEF-1 (Fig. 4F). Activation
of the Nr-CAM promoter by this chimeric molecule
was reduced when either one or all four TCF sites were
deleted (Fig. 4F). These results demonstrate that
�-catenin can activate the Nr-CAM promoter and this
activation involves the LEF/TCF sites in the Nr-CAM
promoter.
Because activation of the Nr-CAM promoter by plako-

globin in 293T cells was weak (Fig. 4A), and previous
studies suggested that induction of LEF/TCF-dependent

Figure 4. Activation of the Nr-CAM promoter by �-catenin involves LEF-1 binding sites. (A) 293T cells were transfected with the
Nr-CAM promoter reporter plasmid containing LEF-1 sites 1–4 (Nr 1–4) and with either wild-type �-catenin, the �-catenin mutant
S33Y, �N�-catenin, or plakoglobin (PG), and luciferase activity determined. (B) The levels of the proteins transfected in A were
determined by Western blotting. (C) The Nr-CAM reporter plasmid was cotransfected with a dominant negative TCF4 (�NTCF4), or
with a plasmid expressing the cytoplasmic domain of E-cadherin (E-cad tail), and luciferase activity determined. (D) Schematic
representation of Nr-CAM promoter constructs containing different LEF-1 sites. The activities of these Nr-CAM promoter constructs
was determined in cells cotransfected with �-catenin (E), or with a chimeric dominant positive construct containing the C terminus
of �-catenin and the DNA binding domain of LEF-1 (HMG-�-catenin; F). Note the weak ability of plakoglobin and inability of
�N�-catenin to activate the Nr-CAM promoter in 293T cells and the dependence on LEF-1 sites of Nr-CAM promoter activation by
the dominant positive HMG-�-catenin chimera.
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transactivation in plakoglobin-transfected cells may re-
sult from its indirect effect on �-catenin stability (Sim-
cha et al. 1998; Zhurinsky et al. 2000a), we examined
whether plakoglobin-mediated transcription occurs in
Neuro 2A and in cells lacking �-catenin. First, we dem-
onstrated that plakoglobin can effectively activate the
Nr-CAM promoter in Neuro 2A cells (Fig. 5A). Next, we
employed the recently generated �-catenin-null ES cells
(Huelsken et al. 2000) and found that plakoglobin can
activate a LEF/TCF-responsive reporter (though to a
lesser extent than �-catenin; Fig. 5C) and also the pro-
moters of cyclin D1 (Fig. 5D) and Nr-CAM (Fig. 5E). Ex-
pression of the various transfected proteins is shown in
Figure 5B (lanes 1–4). Taken together, these results dem-
onstrate the ability of plakoglobin to activate LEF/TCF-
dependent transcription (including the promoters of tar-
get genes such as cyclin D1 and Nr-CAM) in the absence
of �-catenin.

Expression of Nr-CAM in NIH3T3 cells increases
motility and confers cell transformation
and tumorigenesis

To examine the effects of elevated Nr-CAM expression
on cell behavior, NIH3T3 cells that lacked Nr-CAM (Fig.
6A) were infected with a retrovirus expressing Nr-CAM
and the puror gene, or with the puror gene alone, and
puromycin-resistant cultures were isolated. Retrovirus-
mediated expression of Nr-CAM in NIH3T3 cells was
much lower (and thus probably more representative of
the physiological level) than in 293T cells transiently
transfected with a CMV-driven plasmid expressing Nr-
CAM (Fig. 6A). The localization of Nr-CAM in these 3T3
cells was mostly in the membrane and membrane pro-
trusions (Fig. 6B). Most significantly, when an artificial
wound was introduced into a confluent monolayer,
NIH3T3 cells expressing Nr-CAM (Fig. 6C, bottom) were

Figure 5. Plakoglobin can activate the Nr-CAM promoter in Neuro 2A cells and the cyclin D1 and Nr-CAM promoters in �-catenin−/−

ES cells. (A) Neuro 2A cells were transfected with the Nr-CAM promoter plasmid together with either �-catenin (�-cat) or plakoglobin
(PG) and luciferase activity was determined. (B,C) �-catenin−/− ES cells were transfected with the synthetic LEF/TCF reporter plasmid
TOPFLASH (TOP) and either with �-catenin, plakoglobin or �N�-catenin, and luciferase activity (C) and expression of the transfected
proteins by Western blotting (B) were determined. (D,E) The abilities of �-catenin and plakoglobin to activate a cyclin D1 (CD1)
promoter reporter (D) and the Nr-CAM promoter reporter (E) in �-catenin-null ES cells were determined. Note that plakoglobin can
efficiently activate the Nr-CAM promoter in Neuro 2A cells, and the CD1 and Nr-CAM promoters and TOPFLASH in �-catenin−/− ES
cells.
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much faster in closing the wound than the puror control
NIH3T3 cells (Fig. 6C, top).
In addition to enhanced motility, Nr-CAM expressing

NIH3T3 cells displayed a faster growth rate (Fig. 6D)
and formed numerous large foci (Fig. 6E) after reaching
confluence, indicative of the transforming capacity of
Nr-CAM. Furthermore, injection of NIH3T3 cells ex-
pressing Nr-CAM into nude mice resulted in rapidly
growing tumors in all the animals (Fig. 6F), whereas

the puror NIH3T3 cells either formed no tumors or
occasionally produced small tumors (Fig. 6F). The tu-
mors formed by NIH3T3–Nr-CAM cells maintained
the expression of Nr-CAM as indicated by Western
blot analysis (Fig. 6F). These results suggest that rela-
tively low levels of Nr-CAM expression (Fig. 6A)
have dramatic effects on motility and growth of NIH3T3
cells and can cause cell transformation and tumorigen-
esis.

Figure 6. Retroviral infection of NIH3T3 cells with
Nr-CAM enhances their capacity to migrate and
close an artificial wound and confers tumorigenesis.
(A) NIH3T3 cells were infected with a retrovirus
coding for Nr-CAM and the puror gene, or the puror

vector alone. Puromycin resistant cultures were iso-
lated and expression of Nr-CAM compared by West-
ern blotting to 293T cells transiently transfected
with Nr-CAM. (B) Immunofluorescence detection of
Nr-CAM localization in retrovirus infected NIH3T3
cells. (C) An artificial wound was introduced with a
micropipette tip into confluent cultures of puror

control and Nr-CAM infected NIH3T3 cells and the
closure of this wound was followed for different
times. (D) The proliferation of NIH3T3 cells ex-
pressing puror and Nr-CAM was compared. (E) Nr-
CAM expressing 3T3 cells formed many large foci
visualized at low magnification by Giemsa staining
of the cells (top), or at higher magnification in live
cultures (bottom). (F) Retrovirus-mediated transduc-
tion of Nr-CAM conferred the ability to form fast
growing tumors when 106 cells were injected subcu-
taneously into nude mice. The picture was taken 14
d after injection and expression of Nr-CAM in tumor
tissue and in normal skin and muscle was deter-
mined by Western blotting with anti Nr-CAM anti-
bodies.
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Nr-CAM expression and �-catenin signaling in
melanoma and colon cancer

Because Nr-CAM is expressed mostly by cells of the ner-
vous system (Grumet 1997), and �-catenin signaling is
often elevated in melanoma cells that are derived from
the neural crest (Rubinfeld et al. 1997; Rimm et al. 1999;
Murakami et al. 2001), we investigated the expression of
Nr-CAM in human and mouse melanoma cells and in
normal melanocytes. We found that mouse B16 mela-
noma cells express high levels of Nr-CAM RNA (Figs.
1B, lane 5, and 2B, lane 8) and protein (Fig. 7A). High
levels of Nr-CAM were also displayed in several sub-
lines of B16 melanoma (Figs. 1B and 7A) and K1375
mouse melanoma (data not shown). In B16 F10 mela-
noma and its derivative B16 M2R, Nr-CAM was local-
ized in conspicuous membrane protrusions, mostly filo-
podia and microvilli (Fig. 7F) that were also stained by an
antibody against ezrin (Fig. 7H). Interestingly, double
fluorescent staining revealed that B16 M2R cells display
strong nuclear �-catenin (Fig. 7G) and constitutive
�-catenin-LEF/TCF transactivation (Fig. 7C), indicative
of the signaling activity of �-catenin in these cells. We
examined the possibility that the high Nr-CAM levels in
these melanoma cells result from �-catenin-LEF/TCF
transcription, by retroviral transduction of a dominant
negative LEF-1 (�NLEF) and analysis of Nr-CAM expres-
sion in such cells (Fig. 7B). The results demonstrated that
melanoma cells expressing �NLEF displayed decreased

�-catenin-LEF-mediated transcription (Fig. 7C) and pro-
duced lower levels of Nr-CAM compared with control
puror cells (Fig. 7B), suggesting that inhibition of consti-
tutive �-catenin signaling by �NLEF reduces the expres-
sion of endogenous Nr-CAM, a target gene of �-catenin
in melanoma cells.
To address the possible role of Nr-CAM in melanoma

cell motility, a wound was introduced in cultures of
melanoma cells and their ability to close the wound in
the presence of an antibody to the extracellular domain
of Nr-CAMwas determined. The results shown in Figure
7, D and E, demonstrate that the extent of wound closure
was reduced significantly in B16 melanoma cells incu-
bated with anti Nr-CAM antibodies (Fig. 7E) compared
with cells incubated with control anti HA antibodies
(Fig. 7D).
In addition to high Nr-CAM expression levels in

mouse melanoma cells, we also found in a series of hu-
man cell lines established from malignant melanoma at
various phases of melanoma development increased lev-
els of Nr-CAM RNA (Fig. 8A,C) and protein (Fig. 8B).
Although increased Nr-CAM was observed in a number
of malignant melanoma cells (Fig. 8A, lanes 10,11,15–
17,23, and 8B,C, lanes 1–3), this was not observed in
several melanocyte cell lines (Fig. 8A, lanes 3–6) and in
primary melanoma of the radial growth phase (Fig. 8A,
lanes 7–9, RGP). Moreover, the human melanoma cells
displaying increased Nr-CAM expression also showed
higher LEF-1 RNA levels (another �-catenin target gene;

Figure 7. Melanoma cells express elevated Nr-
CAM levels in membrane protrusions and
nuclear �-catenin, and �NLEF reduces �-catenin/
TCF activity and Nr-CAM expression in these
cells. (A) Levels of Nr-CAM were determined by
Western blotting in B16 M2R melanoma, brain
tissue, 293T cells, and 293T cells transfected
with Nr-CAM. (B) B16 M2R melanoma cells
were infected with a retrovirus coding for domi-
nant negative LEF-1 (�NLEF) and puror and ex-
pression (in puror cultures) of Nr-CAM and HA-
�NLEF was detected by Western blotting. (C)
�-catenin-TCF-mediated transcription activity
in puror control and �NLEF cultures was deter-
mined by cotransfection of TOPFLASH (TOP) or
the mutant FOPFLASH (FOP). The ratio between
luciferase activity with TOP vs. FOP, after nor-
malizing for transfection efficiency with co-
transfected �-galactosidase, is presented. (D,E)
The ability of B16 M2R melanoma to close a
wound introduced in a monolayer was deter-
mined in cultures incubated for 14 h with a 1:20
dilution of polyclonal antibodies to HA (D) or
Nr-CAM (E). (F) Endogenous Nr-CAM localized
to membrane protrusions in B16 M2R cells that
displayed nuclear �-catenin by double immuno-
fluorescence staining (G). The localization of Nr-
CAM was similar to that of ezrin, a marker of
microvilli (H).
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Hovanes et al. 2001; Fig. 8A) and nuclear �-catenin stain-
ing, whereas melanocytes showed no nuclear �-catenin
(data not shown). Furthermore, injection of several mela-
noma cell lines into nude mice demonstrated that cells
expressing both high levels of LEF-1 and Nr-CAM
formed rapidly developing tumors (Table 1, WM115 and
RPM-EP), but those lacking (WM3211 and WM1552) or
expressing very low levels of Nr-CAM (WM 1341) did
not form tumors even a long time after injection.
Because excessive activation of �-catenin signaling is

characteristic of colon cancer, we also analyzed the ex-
pression of Nr-CAM in colon cancer tissue and cell lines
and compared it with that of normal colon tissue. The
results shown in Figure 8, D and E, demonstrate signifi-
cant expression of Nr-CAM in the human colon cancer
cell lines SW48, SW480, and HCT116 (Fig. 8D), and more
importantly also in colon carcinoma tissue samples (Fig.
8E) but no detectable Nr-CAM RNA in normal colon
tissue samples (Fig. 8E). Taken together, these results
imply that Nr-CAM may play a key role in the oncogen-

Figure 8. Expression of Nr-CAM is increased in human malignant melanoma and colon carcinoma tissue and cell lines. (A) Expres-
sion of Nr-CAM, LEF-1, and GAPDH, which served as control, was determined by RT-PCR in human melanocytes and human
melanoma cell lines from different sources and stages of melanoma development, including the radial growth phase (RGP), vertical
growth phase (VGP), and different metastatic loci (METASTATIC; see Materials and Methods). The level of Nr-CAM was also
determined in some of these cell lines by Western (B) or Northern (C) blotting. (D) Nr-CAM levels in human colon cancer cell lines
and (E) colon carcinoma and normal colon tissue samples was determined by RT-PCR using cyclophilin A as loading control. Note that
whereas primary melanocytes and melanoma from the radial growth phase display almost no Nr-CAM expression, several metastatic
melanoma cell lines show high levels of both Nr-CAM and LEF-1 expression. Also, note that although Nr-CAM was detected in all
colon tumor tissue samples and cell lines, it was not detected in normal colon tissue.

Table 1. Tumor formation in nude mice by human melanoma cell lines

Cell line WM1552 WM3211 WM1341 WM115 RPM-EP

Tumor Ø 0 0 0 0.4 ± 0.2 cm 1.5 ± 0.5 cm
Nr-CAM − − +/− ++ ++
LEF-1 − + ++ ++ ++

The tumorigenicity of human melanoma cell lines was determined by s.c. injection of 4 × 106 cells into five nude mice with each cell
line. The average tumor diameter 2 wk after injection is shown. The expression of LEF-1 and Nr-CAM was determined by RT-PCR as
shown in Fig. 8A. Animals injected with cells that did not form tumors after 2 wk remained tumor-free after 2 mo.
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esis of melanoma and colon cancer by being a target gene
of the �-catenin-LEF-1 pathway.

Discussion

Aberrant elevation in �-catenin expression is believed to
be involved in the development of a variety of human
cancers by inducing �-catenin-LEF/TCF-dependent acti-
vation of genes contributing to tumor progression (Peifer
1997; Polakis 2000). In this study, we have shown that
Nr-CAM, a transmembrane cell adhesion protein mostly
expressed in normal cells of the nervous system (Grumet
1997), is a novel target gene of �-catenin and plakoglobin
and the increase in its level may promote malignant
melanoma and colon cancer development. Using a renal
carcinoma cell line that does not express cadherins or
catenins (Simcha et al. 1996), we found that the level of
Nr-CAM is elevated in these cells by plakoglobin or
�-catenin expression. The significance of Nr-CAM in-
duction is underlined by the fact that Nr-CAM was in-
duced by both catenins and to the greatest extent among
the 10,000 genes examined in this DNA microarray.
This result was obtained by stable or transient transfec-
tion, or retroviral transduction of both catenins, in sev-
eral cell types. Moreover, Nr-CAM expression was found
to be high in human melanoma cells and colon cancer
tissue that also showed increased levels of nuclear
�-catenin and high levels of LEF-1. The induction of Nr-
CAM expression by �-catenin and plakoglobin resulted
from the ability of both catenins to activate the Nr-CAM
promoter in complex with LEF/TCF. Supporting this
view was the discovery of several LEF/TCF binding sites
in the Nr-CAM promoter that complexed with LEF-1
and �-catenin, and the activation of an Nr-CAM pro-
moter reporter plasmid by �-catenin, plakoglobin, or a
dominant positive �-catenin-LEF-1 chimera.
Plakoglobin contains a C-terminal transactivation do-

main (Simcha et al. 1998; Hecht et al. 1999) and activates
the c-myc gene in some cells (Kolligs et al. 2000), but
LEF/TCF-signaling in such cells was mostly attributed
to the indirect effect of plakoglobin on the stability of
endogenous �-catenin (Miller and Moon 1997; Simcha et
al. 1998; Klymkowsky et al. 1999). Our results showing
that plakoglobin can induce the Nr-CAM and cyclin D1
promoters and a synthetic LEF/TCF-responsive reporter
in �-catenin-null ES cells are the first demonstration of
the capacity of plakoglobin to transactivate LEF/TCF-
responsive genes in mammalian cells lacking �-catenin.
Nr-CAM was initially believed to be present exclusively
in the nervous system (Grumet 1997), but recent studies
indicated that it is expressed in a variety of tissues and
cells including endothelial cells (Glienke et al. 2000),
pancreatic cells (Dhodapkar et al. 2001), lens fiber cells
(More et al. 2001), and other cell types (Wang et al. 1998).
A major role attributed to Nr-CAM and other members
of the L1 family (L1 and Ng-CAM) is to promote motil-
ity. Nr-CAM can enhance neurite outgrowth (Volkmer
et al. 1996; Sakurai et al. 1997) and sensory axon guid-
ance by binding to axonin-1 or F11 (Stoeckli et al. 1997;
Lustig et al. 1999; Perrin et al. 2001). L1, a close homolog

of Nr-CAM expressed in the nervous system (Sakurai et
al. 2001), promotes the motility of fibroblasts and mela-
noma cells by binding to integrins (Mechtersheimer et
al. 2001; Voura et al. 2001). Moreover, shedding of the
ectodomain of L1 can enhance cell migration on fibro-
nectin and laminin and it was detected in a variety of
human carcinoma (Mechtersheimer et al. 2001). Further-
more, we identified several consensus LEF/TCF sites in
the L1 gene promoter (M. Conacci-Sorrell, J. Zhurinsky,
and A. Ben-Ze’ev, unpubl.), and a recent DNA microar-
ray analysis showed that adenoviral infection of APC
into SW480 cells leads to a decrease in L1 RNA levels
(Lin et al. 2001). Our results describing enhanced motil-
ity in cells expressing retrovirally transduced Nr-CAM
and the inhibition of melanoma cell motility in the pres-
ence of anti Nr-CAM antibodies are in line with these
studies and underscore the regulation of cell migration
by L1 family proteins in the nervous system and in fi-
broblasts. Increased Nr-CAM levels were also correlated
with the invasive/metastatic behavior of pancreatic can-
cer (Dhodapkar et al. 2001) and in glioblastoma (Sehgal et
al. 1998). Moreover, antisense Nr-CAM was shown to
decrease the tumorigenic capacity of human glioblas-
toma cells (Sehgal et al. 1999). Analysis of genes whose
levels are elevated during the morphogenetic changes in-
volved in new blood vessel formation by endothelial
cells discovered Nr-CAM as one of these genes (Aitken-
head et al. 2002). These results are compatible with our
study directly demonstrating that retroviral transduc-
tion of Nr-CAM is sufficient to significantly enhance the
motile properties of NIH3T3 cells and confers tumori-
genesis. In melanoma cells, retrovirus transduced 3T3
cells, and in renal carcinoma cells overexpressing caten-
ins, Nr-CAM was localized in filopodia and other mem-
brane protrusions known to be involved in cell motility.
Interestingly, in a recent study, human melanoma cells
displaying increased �-catenin-LEF-1 signaling were
more motile than melanoma cells expressing lower lev-
els of �-catenin and lacking LEF-1 (Murakami et al.
2001). We propose that the increase in Nr-CAM expres-
sion in malignant melanoma cells and the enhanced mo-
tility, growth, and tumorigenesis of 3T3 cells expressing
Nr-CAM contribute to the promotion of tumorigenesis
in both cases.
The relevance of increased Nr-CAM expression to can-

cer is also supported by our finding that human mela-
noma cells expressing both high LEF-1 and Nr-CAM are
highly tumorigenic in nude mice, but those lacking Nr-
CAM are not (Table 1). Moreover, our observation that
human colon cancer tissue and colon cancer cell lines
display detectable Nr-CAM expression whereas normal
colon tissue are negative for Nr-CAM is expected based
on the aberrant activation of �-catenin signaling in the
majority of colon cancer patients (Polakis 2000). The di-
rect molecular mechanism(s) underlying the signaling
pathway(s) by which Nr-CAM causes enhanced motility
and tumorigenesis remain to be determined. These may
include the ability of Nr-CAM to affect cell motility via
signaling from the Nr-CAM intracellular domain to the
actin cytoskeleton, as suggested for growth cones
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(Faivre-Sarrailh et al. 1999). An interaction between Nr-
CAM and the actin cytoskeleton can be mediated by
proteins that bind to the Nr-CAM cytoplasmic tail, in-
cluding ankyrin (Davis and Bennett 1994) and PDZ-con-
taining proteins. Such selective binding of the Nr-CAM
cytoplasmic tail to various proteins can probably be
regulated by phosphorylation, as described for its homo-
log in Caenorhabditis elegans (Chen et al. 2001). The
various mechanisms regulating these Nr-CAM-mediated
effects on motility and oncogenesis are currently exam-
ined in our laboratory.

Materials and methods

Cell lines and cell culture

293T, NIH3T3, Neuro 2A, SW48, SW480, and HCT116 cells
were maintained in DMEM with 10% bovine calf serum (BCS).
NIH3T3 cells expressing puror constructs were cultured with 10
µg/mL puromycin. KTCTL60 clones were grown in RPMI me-
dium with 10% BCS (Simcha et al. 1996). The �-catenin−/− ES
cells obtained from Dr. W. Birchmeier and J. Huelsken (Max-
Delbrueck-Center, Berlin, Germany) were cultured as described
(Huelsken et al. 2000). Mouse B16 F10 andM2Rmelanoma cells
were grown in DMEM/F12 (1:1 dilution), 10% BCS, and 1%
glutamine. Human primary cutaneous melanoma PM-WK,
RPM-MC, and RPM-EP recurrent primary cutaneous melanoma
and MM-LH and MM-AN metastatic melanoma, obtained from
Dr. R. Byers (Boston University School of Medicine, MA) were
cultured as described (Murakami et al. 2001). The human me-
lanocytes FOM 73, FOM 92, FOM 99, FOM 100, and human
melanoma cell lines from the radial growth phase (RGP)
WM1341, WM 3211, WM1552, vertical growth phase (VGP)
WM3248, WM115, and metastatic melanoma WM852,
WM1158, WM 278, and WM1232 were provided by Dr. M. Her-
lyn (Wistar Institute, Philadelphia, PA). Melanocytes were cul-
tured in melanocyte growth medium (Clonetics) and melanoma
cells as described by Hsu et al. (1999). The human malignant
melanoma cell lines HA7, HA21, HA141, and HA172 metasta-
sizing to different sites were provided by Dr. M. Lotan (Hadas-
sah Medical School, Jerusalem, Israel). Human colon cancer and
normal colon tissue was provided by Dr. N. Arber (Tel Aviv
Sourasky Medical Center, Israel). C57MG and C57MG-Wnt7A
cells were from Dr. J. Kitajewsky (Columbia University, New
York, NY) and Rat2 and Rat2-Wnt-1 cells were from Dr. A.
Brown (Cornell Medical Center, New York, NY). In some ex-
periments B16 M2R mouse melanoma cells were incubated for
24 h with conditioned medium from Rat2–Wnt-1 cells.

Transfections and retroviral infections

Transient transfection of Neuro 2A and 293T cells was carried
out using the calcium phosphate method. �-Catenin−/− ES cells
were transfected using lipofectamin plus (GIBCO-BRL). In
transactivation assays, 0.5 µg of �-galactosidase plasmid was
cotransfected with 1 µg reporter plasmids and 3.5 µg catenin
constructs in duplicate plates and cell lysates prepared after 48
h were used to determine luciferase and �-galactosidase activi-
ties as described (Shtutman et al. 1999). Retroviral infections
were carried out as described previously by Damalas et al. (2001)
using the pBABE puro-based constructs. Selection with 10 µg/
mL puromycin was for 7 d.

Plasmids

The 1.8-kb Nr-CAM promoter (Nr 1–4) containing the TATA
box and upstream regulatory sequences, including the four pu-

tative LEF/TCF binding sites, was amplified by PCR from ge-
nomic DNA of HeLa cells using primers that were designed
based on the genomic sequence of the Nr-CAM locus (7q21) and
upstream of the 5� UTR, 5�-ACCTAAGCTTCGGGGAACTGA
AAAAGGATAGAGTA-3� and 5�-ACCTGGTACCGCACTAT
TCCACACAGAGACATGAT-3�. The PCR products were di-
gested with KpnI/HindIII and cloned into the pA3Luc plasmid
upstream of the luciferase reporter gene. Deletion constructs of
the Nr-CAM promoter were constructed by PCR amplification
from the full-length promoter using primers containing KpnI
and HindIII sites and the PCR products cloned into the pA3Luc
plasmid. The full-length human Nr-CAM cDNA KIAA0343 ob-
tained from Dr. T. Nagase (Kazusa DNA Research Institute,
Chiba, Japan) was subcloned into the SalI/NotI sites of the pCI-
neo plasmid and into the SnabI site of the pBABE puro plasmid.
Mutant �-catenin S33Y, wild-type plakoglobin, and dominant
negative HA-�NLEF, obtained from Dr. A. Hecht and R. Kemler
(Max-Planck Institute, Freiburg, Germany) were also subcloned
into the SnabI site of pBABE puro. To prepare the dominant
positive LEF-1 chimera containing of the C-terminal transacti-
vation domain of �-catenin and the DNA binding domain of
LEF-1 (HMG-�-cat) the HMG domain was amplified from LEF-
1, inserted into the pCGN plasmid using the XbaI/KpnI sites
and an SpeI site was added to its 3� end. The C-terminal trans-
activation domain of �-catenin was cloned into pHMG using
the SpeI/BamHI sites. Dominant negative TCF4 (�NTCF4) was
provided by Dr. H. Clevers (University Medical Center,
Utrecht, The Netherlands) and the plasmid coding for the E-
cadherin cytoplasmic domain (E-cad tail) was described previ-
ously (Sadot et al. 1998). The cyclin D1 promoter reporter plas-
mid was as described (Shtutman et al. 1999).

DNA microarrays, northern blot hybridization and RT-PCR

The UniGem-1 DNAmicroarray (Incyte Genomics) was used to
screen for genes induced by �-catenin or plakoglobin. It con-
sisted of 9790 human EST clones. The cDNA probes were syn-
thesized using 50 µg of RNA from KTCTL60 cells stably ex-
pressing plakoglobin or �N�-catenin using reverse transcriptase
(Superscript, GIBCO-BRL) and an 18-mer oligo-dT primer, in the
presence of Cy3-dCTP, whereas with the control cells (neor)
Cy5-dCTP labeling was used. Hybridization and posthybridiza-
tion DNA microarray processes were as described by Schena et
al. (1996). Image and quantitative analysis employed the GEM-
Tools software (Incyte Genomics). Northern blotting of 40 µg of
total RNA was followed by hybridization with 32P-labeled
mouse Nr-CAM cDNA probes for the extracellular and the in-
tracellular domains of the molecule obtained from Drs. M. Gru-
met and S. Takeshi (NYU Medical Center, New York, NY).
RT-PCR was performed using the following primers for Nr-
CAM, 5�-AGGTGGATATTGCAACTCAGGGCTGG-3� and
5�CAAAGGAAT-3�; for LEF-1, 5�-CTACCACGACAAGGC
CAGAG-3� and 5�-CAGTGAGGATGGGTAGGGTTG-3�; for
GAPDH, 5�-ACCACAGTCCATGCCATCAC-3� and 5�-TC
CACCCTGTTGCTGTA-3�; for cyclophilin A, 5�-ATGGC
TAACCCCACCGTG-3� and 5�-TGCAATCCAGCTAGGCA
TG-3�. RT-PCR for Nr-CAM was followed by Southern blot
hybridization with a probe containing the 5�-CTCCTTCAGA
CAGGACTGTG-3� sequence. RT-PCR for Nr-CAM in colon
cancer cell lines was carried out using the primers described by
Sehgal et al. (1998).

In vitro translation, nuclear extracts, and electrophoretic
mobility shift assays

These assays were performed essentially as described by
Zhurinsky et al. (2000a) using double-stranded DNA oligo-
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nucleotides containing the putative LEF/TCF binding sites of
the Nr-CAM promoter (Fig. 3B) and 10 adjacent nucleotides
upstream and 10 downstream.

Immunofluorescence

Cells were cultured on glass coverslips, fixed with 3% paraform-
aldehyde in PBS, and permeabilized with 0.5% Triton X-100.
The coverslips were incubated with the polyclonal antibodies
against the extracellular domain of mouse Nr-CAM, provided
by Dr. M. Grumet, anti-ezrin antibodies obtained from Dr. M.
Arpin (Curie Institute, Paris, France), and anti-�-catenin anti-
bodies (Transduction Laboratories). The secondary antibodies
were as described by Simcha et al. (1998).

Western blotting

The antibodies used for Western blotting were anti-vinculin and
anti-tubulin (Sigma-Israel, Nes Ziona), anti-plakoglobin 11E4
from Dr. M. Wheelock (University of Toledo, OH) and the an-
tibodies described above. Western blots were developed using
the ECL method (Amersham).

Cell growth rate and wound healing

Cells (5 × 103) were plated into 24-well dishes and cell number
was determined every 24 h for 7 d in quadruplicates. A “wound”
was introduced into a confluent monolayer of NIH3T3 cells
with a tip of a micropipette and the culture medium was re-
placed with fresh medium as described (Rodriguez Fernandez et
al. 1993). Photographs of the wounded areas were taken at dif-
ferent times after wounding the monolayer.

Tumorigenicity assays

NIH3T3 cells (106) expressing retrovirally transduced Nr-CAM,
or the empty vector, were injected subcutaneously into 6-week-
old CD1 nude male mice. Groups of 8 mice were followed for 2
wk when the size of tumors in mice injected with cells express-
ing Nr-CAM reached about 1–2 cm in diameter.
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