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Upregulation of Myogenin by N-Cadherin Adhesion
in Three-Dimensional Cultures of Skeletal Myogenic
BHK Cells

M. Reza Seghatoleslami, Linda Myers, and Karen A. Knudsen*

Lankenau Medical Research Center, Wynnewood, Pennsylvania 19096

Abstract Cells of the baby hamster kidney (BHK) line express the skeletal muscle determining transcription factor
MyoD but fail to differentiate. Unlike most skeletal myogenic cells, which express multiple members of the cadherin
family of cell-cell adhesion proteins, the BHK cells lack a robust cadherin adhesion system. We previously published
that forced expression of N- (or E)-cadherin in BHK cells increases the level of endogenous catenins, mediates strong
cell-cell adhesion, and enhances differentiation of BHK cells induced to differentiate by placing them in three-
dimensional (3-D) culture (Redfield et al. [1997] J. Cell. Biol. 138:1323-1331). This report demonstrates that
N-cadherin adhesion upregulates the protein level of nuclear myogenin in cells induced to differentiate by 3-D culture.
Myogenin is a transcription factor required for differentiation of skeletal muscle. It was not detected in monolayer
culture, whether the cells expressed N-cadherin or not, nor was it upregulated in 3-D cultures of cells lacking
N-cadherin. The activity of two myogenin-chloramphenicol acetyltransferase (CAT) reporter constructs containing 3.7
or 1.1 kb upstream regulatory region of the mouse myogenin gene was increased significantly in N-cadherin-expressing
cells induced to differentiate by 3-D culture. Our observations indicate that N-cadherin adhesion stimulates skeletal

myogenesis by upregulating myogenin. J. Cell. Biochem. 77:252-264, 2000.  © 2000 Wiley-Liss, Inc.

Key words: cadherins; cell-cell adhesion; myogenin; skeletal myogenesis

Skeletal myogenesis is a multi-step process
that is temporally and spatially regulated in
the embryo [reviewed by Olsen, 1992; Emer-
son, 1993; Lassar and Munsterberg, 1994,
Buckingham, 1995; Cossu et al., 1996; Yun and
Wold, 1996]. Execution of the skeletal muscle
program involves coordinate regulation of cell
cycle progression and specific gene expression,
culminating in the appropriate number of mus-
cle cells, as well as their correctly timed deter-
mination and differentiation. Members of a
family of basic helix-loop-helix transcription
factors, including MyoD, myf 5, myogenin, and
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MRF4, are essential for skeletal myogenesis
[reviewed by Weintraub, 1993; Rudnicki and
Jaenisch, 1995, Ludolph and Konieczy, 1995].
In vitro, exogenous expression of each tran-
scription factor promotes skeletal muscle dif-
ferentiation efficiently in cells of mesenchymal
origin [Davis et al., 1987; Choi et al., 1990;
Auradé et al.,, 1994]. Deletion of individual
myogenic transcription factors in mice has
shown that MyoD or myf5 can induce commit-
ment of precursor cells to the skeletal muscle
lineage. By contrast, myogenin plays a unique
role and is required for the differentiation of
cells committed to becoming skeletal muscle
[see Megeney and Rudnicki, 1995; Arnold and
Braun, 1996; Olson et al, 1996]. Although con-
siderable information exists on the mecha-
nisms by which skeletal myogenic transcrip-
tion factors affect expression of muscle specific
genes, less is known about the molecular
events regulating expression of the myogenic
transcription factors themselves.

Cellular interactions mediated by members
of the cadherin family of Ca®"-dependent cell-
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cell adhesion proteins have been shown to play
important roles throughout myogenesis [re-
viewed by Knudsen and Horwitz, 1994; Mec-
Donald et al., 1995]. Developing skeletal mus-
cle expresses multiple cadherins, including N-,
M-, R-, and T-cadherin, and cadherin-11 [Hatta
and Takeichi, 1986; Donalies et al., 1991; Inu-
zuka et al., 1991; Fredette and Ranscht, 1994;
Kimura et al., 1995]. This finding is in contrast
to cardiac muscle, which expresses predomi-
nantly N-cadherin [Radice et al., 1997]. Cad-
herin adhesion has been implicated in a variety
of cellular events during cardiac and skeletal
myogenesis, including cell-cell recognition and
adhesion, cell migration, skeletal myoblast fu-
sion, cytoskeleton organization, contact inhibi-
tion of growth, somite and heart morphogene-
sis in embryos, and differentiation of cardiac
and skeletal muscle [Knudsen et al.,, 1990;
Mege et al., 1992; Holt et al., 1994; Zeschnigk
et al., 1995; Brand-Saberi et al., 1996; Linask
et al., 1997, 1998; Rosenberg et al., 1997; Ra-
dice et al., 1997; George-Weinstein et al., 1997,
Imanaka-Yoshida et al., 1998; Huttenlocher et
al., 1998]. In addition to its well-characterized
structural role, cadherin adhesion initiates in-
tracellular signaling events required for the
progression of myogenesis [George-Weinstein
et al., 1997; Redfield et al., 1997; Linask et al.,
1997; Imanaka-Yoshida et al., 1998].
Cadherins form a family of cell-cell adhesion
proteins that serve as the core component of
the adherens junction [reviewed by Yap et al.,
1997]. Classical cadherins such as N-, E-, and
P-cadherin are single-pass transmembrane
glycoproteins [see Takeichi, 1990; Grunwald,
1993, 1996; Gumbiner, 1996]. The extracellu-
lar domains of identical cadherin family mem-
bers interact in a trans-homotypic manner to
bring about cell recognition and adhesion. Cad-
herin dimerization, linkage to the actin cy-
toskeleton via a- and B-catenin, and their or-
ganization into adherens junctions all act to
strengthen cell-cell adhesion [see Tsukita et
al., 1992; Wheelock et al., 1996]. The strength
of adhesion is regulated by proteins such as
p120 catenin (p120°™), as well as by kinases,
phosphatases, and auxiliary proteins that
probably vary with cell type [see Tonks and
Neel, 1996; Daniel and Reynolds, 1997]. In ad-
dition to playing an important role in cell ad-
hesion, B-catenin functions in a cadherin-
independent manner as an integral component

of the Wnt/Wng signaling pathway and, as
such, acts as a signaling molecule [see Peifer,
1995; Orsulic and Peifer, 1996; Miller and
Moon, 1996; Cadigan and Nusse, 1997]. When
complexed with transcription factors in the
TCF/LEF family, B-catenin affects gene tran-
scription and thereby alters cell properties such
as growth and differentiation [Kihl and
Wedlich, 1997; Bienz, 1998].

The mechanism by which cadherins mediate
cell-cell interactions is well understood, as is
their linkage to catenins and the actin cy-
toskeleton. In addition, the role of B-catenin as
a signaling molecule is being elucidated. By
contrast, less is known about signaling down-
stream of cadherin adhesion and its effect on
gene transcription [see Fagotto and Gumbiner,
1996; Aplin et al., 1998]. To increase our un-
derstanding of how cadherin adhesion pro-
motes skeletal myogenesis, we identified a
cadherin-negative myogenic cell line (i.e.,
BHK) that permits manipulation of cadherin
expression and activity. Manipulation of cad-
herin activity is problematic in myogenic cell
lines, and also in vivo, because developing skel-
etal muscle normally expresses multiple cad-
herins.

The baby hamster kidney (BHK) cell line
expresses the skeletal myogenic determining
transcription factor MyoD and the myogenic
enhancing transcription factor MEF2 [Redfield
et al., 1997], and thus can be characterized as
skeletal myogenic. However, in contrast to nor-
mal skeletal myogenic cells, which express cad-
herins, the BHK cells fail to express a robust
cadherin cell-cell adhesion system [Redfield et
al., 1997]. Moreover, they fail to differentiate
[Redfield et al., 1997]. In many ways, the cells
resemble rhabdomyosarcoma tumor cells, which
express MyoD but continue to proliferate, fail
to differentiate, and exhibit aberrant cell-cell
adhesion [Peralta Soler et al., 1993].

We previously showed that forced expression
of N- (or E)-cadherin stimulates the BHK cells
to express sarcomeric myosin under certain
culture conditions, indicating that cadherin ad-
hesion is required for differentiation [Redfield
et al., 1997]. Differentiation occurred only
when the N-cadherin expressing cells were
placed in three-dimensional (3-D) culture [Red-
field et al., 1997]. The requirement for special
culture conditions to initiate muscle differenti-
ation is not unique to the BHK cell line. The
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C2C12 satellite skeletal muscle cell line is
stimulated to differentiate by allowing cells to
reach confluence and then switching the me-
dium from one containing 10—20% fetal bovine
serum (FBS) to one containing 2% horse se-
rum. 3-D culture is required to induce skeletal
muscle differentiation of embryonic stem (ES)
cells and P19 teratocarcinoma cells, even those
forced to express MyoD [Skerjanc et al., 1994].
It is likely that the reduction in serum in the
case of C2C12 cells, and the loss of cell-matrix
adhesion in the case of BHK, ES, and P19 cells,
reduces signals that stimulate proliferation
and simultaneously suppress differentiation.

In this article, we show that N-cadherin ad-
hesion upregulates the protein level of the nu-
clear myogenic transcription factor myogenin
in BHK cells induced to differentiate. Myoge-
nin was not detected in monolayer cultures of
proliferating BHK cells with or without
N-cadherin, nor was it upregulated in non-
cadherin-expressing control cells induced to
differentiate. We also detected a significant in-
crease in the activity of myogenin-CAT re-
porter constructs in N-cadherin-expressing
BHK cells induced to differentiate. Our data
indicate that N-cadherin adhesion stimulates
skeletal myogenesis by upregulating myogenin
expression.

MATERIALS AND METHODS
Cell Culture

Four stably transfected cell sublines derived
from the parent BHK cell line as described by
Redfield et al. [1997] were used in the studies
reported in this article. They include two inde-
pendent control transfected lines carrying the
puromycin resistance gene (Pac, clones 5 and
6), and two independent cloned lines trans-
fected with the full-length chicken N-cadherin
cDNA, and stably expressing the N-cadherin
protein (N-cad; clones 21 and 24). N-cadherin
expression is constitutive and controlled by the
human B-actin promoter [Redfield et al., 1997].
The two N-cadherin-expressing clones exhib-
ited similar behavior, as did the two control
clones; thus, the differences between control
and N-cadherin expressing BHK cells are not
due to clonal variability. The data reported in
this article are from only one set of clones (i.e.,
pach and N-cad 21). The cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)

containing 7% FBS and 15 mM Hepes. When
cultured as subconfluent monolayers, the con-
trol BHK cells and the N-cadherin expressing
cells proliferate at a similar rate, and neither
cell line differentiates [Redfield et al., 1997]. To
induce myogenic differentiation, the cells were

cultured as 3-D aggregates in suspension as
described [Redfield et al., 1997].

Antibodies

Sarcomeric myosin was detected with the
MF20 mouse monoclonal antibody to chicken
pectoralis myosin (Developmental Studies Hy-
bridoma Bank) [Bader et al., 1982]. N-cadherin
was detected with 6B3 [George-Weinstein et
al., 1997] or 13A9 [Knudsen et al., 1995], and
B-catenin was detected with 15B8 [Johnson et
al., 1993]. A mouse monoclonal antibody de-
tecting all isoforms of the pl20 catenin
(p120°*™) (pp120) was purchased from Trans-
duction Laboratories (Lexington, KY). Myoge-
nin was detected with the F5D mouse monoclo-
nal antibody from Developmental Studies
Hybridoma Bank [Wright et al., 1991].

Immunofluoresence Light Microscopy

For detecting N-cadherin, B-catenin, p120°*®,
and myogenin in monolayer cultures, the cells
were grown on 18-well slides for 72 h. Subse-
quently, the cells were fixed with either ice-cold
methanol or 2% paraformaldehyde followed by
0.5% Triton X-100. For detecting proteins in
cells cultured as 3-D aggregates in suspension,
the cells were collected by pipette and allowed
to settle to the bottom of a centrifuge tube. The
medium was removed completely, and the cell
aggregates were fixed with 2% paraformalde-
hyde in phosphate-buffered saline (PBS) for 20
min. The cells were washed with a 0.15 M
glycine/0.5% Triton X-100/PBS solution. After
removal of the wash buffer, the cell pellet was
frozen on dry ice, placed into tissue-embedding
medium (Tissue-Tek O.C.T. Compound, Miles,
Elkhart, IN) on dry ice, and stored at —70°C;
5-pm-thick sections were cut using a cryostat,
and the sections were mounted on a slide for
staining. Antigens in fixed and permeabilized
cells were detected with protein-specific pri-
mary monoclonal antibodies and a secondary
CY3-conjugated goat anti-mouse IgG antibody
(Jackson Immuno Research, West Grove, PA).
The immunofluorescence signal was detected
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using a Zeiss Axiophot phase-contrast/epifluo-
rescence microscope and the 40X objective, and
recorded using Polaroid type 57 (ASA 3000) film.

Western Blot Analysis

Cell extraction and immunoblot analysis
were performed according to Redfield et al.
[1997] and Knudsen et al. [1995]. Briefly, cells
were washed and extracted in a 10-fold excess
of 1X sodium dodecyl sulfate (SDS) sample
buffer (50 mM Tris, pH 6.8, 20 mM DTT, 2%
SDS, 0.1% bromphenol blue, 10% glycerol). In-
soluble material was removed by centrifuga-
tion. Protein concentration was determined by
the Lowry assay. An equal amount of protein
per lane was separated on SDS-polyacrylamide
gels and electrophoretically transferred to ni-
trocellulose. Blots were blocked with 3% bovine
serum albumin in Tris-buffered saline contain-
ing 0.05% Tween 20. Proteins of interest were
detected with primary mouse monoclonal anti-
bodies followed by species-specific, alkaline
phosphatase-conjugated secondary antibody
(Fisher Scientific). Blots were developed with
nitroblue tetrazolium (NBT) and 5-bromo-4-
chloro-3-indolyl phosphate substrates. Pre-
stained molecular weight markers were pur-
chased from Bio-Rad Laboratories (Richmond,
CA). Equal loading of samples was confirmed
by blotting for actin using a monoclonal anti-
body (Sigma Chemical Co., St. Louis, MO).

DNA Constructs

The myogenin-CAT reporter constructs were
a gift from Dr. Andres Buonnano (NIH, Be-
thesda, MD). Their construction and use in
both in vivo and in vitro studies has been re-
ported [Edmondson et al., 1992; Buonanno et
al., 1993; Gibney and Buonanno, 1995]. Two
myogenin-CAT reporter constructs were used
in our studies. One, p3.7MygCAT, contains
3.7 kb of upstream region of the mouse myo-
genin gene (—3700 to +18 bp). The other,
pl.1MygCAT, contains 1.1 kb (—1102 to +18
bp). Each upstream myogenin sequence was
fused to the chloramphenicol acetyltransferase
(CAT) reporter gene.

Transient Transfections

Transient transfection was carried out using
LipofectAMINE Reagent (Gibco-BRL Life Tech-
nologies, Gaithersburg, MD) according to the

manufacturer’s instructions. For each transfec-
tion, 4 ng of DNA was used to transfect a 100-
mm culture dish containing cells at 60—80% con-
fluence; 24 h later, the cells from each plate were
harvested with trypsin/EDTA and divided in
half. One-half of the cells was subdivided again
and re-plated in 60-mm culture dishes (2—4) at a
concentration of 4 X 10° cells/60-mm dish. This
culture condition is not permissive for differenti-
ation, whether the cells express N-cadherin or
not [Redfield et al., 1997]. The other half of the
cells was subdivided identically and then placed
in 3-D culture at a concentration of 3,000 cells/20
pl-hanging drop as described [Redfield et al.,
1997]. This culture condition stimulates differen-
tiation [Redfield et al., 1997]. Cells were main-
tained in monolayer or 3-D culture for an addi-
tional 60 h.

Chloramphenicol Acetyltransferase Assay

Cell monolayers were washed in PBS, and
extracts for the CAT assay were prepared by
first scraping cells in reporter lysis buffer (Pro-
mega, Madison, WI) and then performing two
freeze-thaw cycles. Replicate 60-mm dishes
(2—4) of monolayer cultures were handled sep-
arately. The identical number of replicate
batches of cells in 3-D culture were collected by
pipette, pelleted by low-speed centrifugation,
washed in PBS, and extracted in reporter lysis
buffer as above. Protein concentrations were
determined for replicate cell extracts using
Coomassie Plus Protein Assay Reagent (Pierce,
Rockford, IL) according to the manufacturer’s
instructions. The two-phase partition method
was used to assay CAT activity [Martin et al.,
1990]. The samples were heated at 65°C for 15
min, to destroy endogenous acetyltransferase
activity, and cell debris was removed by cen-
trifugation at high-speed centrifugation. CAT
activity was measured every 15 min for 1 h.
The CAT activity value assigned to each sam-
ple was determined using linear regression
analysis of the time-dependent increase in
chloramphenicol acetylation. Values for CAT
activity were adjusted to g protein. Averages
and standard deviations were calculated using
the CAT/pg protein values for replicate sam-
ples. The averages for CAT/ug protein values
were used to calculate the ratio of CAT activity
for cells in 3-D culture versus monolayer cul-
ture, i.e.,, 3-D aggregate activity divided by
monolayer activity. The CAT activity ratios
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calculated from data collected in two to three
independent experiments performed on sepa-
rate days were averaged and the standard de-
viation calculated.

RESULTS

In a previous article by Redfield et al. [1997],
we described in detail the BHK model system
used in the present study. Briefly, BHK cells
express the myogenic determining transcrip-
tion factor MyoD, and thus are committed to
the skeletal muscle lineage. However, they fail
to differentiate, although they are capable of
doing so [Redfield et al., 1997]. Two conditions
must be met for the BHK cells to differentiate.
First, they need a robust cadherin-mediated
cell-cell adhesion, which we provided by forced
expression of chicken N-cadherin, since the
parent cells lack it [Redfield et al., 1997]. Sec-
ond, the BHK cells need to be placed in 3-D
culture for differentiation to occur. In the ex-
periments described below, cells stably express-
ing chicken N-cadherin are compared with con-
trol transfected cells without N-cadherin, and
proliferating monolayer cultures are compared
with 3-D cultures.

We showed previously that forced expression
of N-cadherin in BHK cells induces strong cell-
cell adhesion and also upregulates the level of
endogenous B-catenin, presumably by stabiliz-
ing the protein [Redfield et al., 1997] (Fig. 1).
We found that increasing B-catenin through
forced expression of an adhesion defective mu-
tant cadherin does not support differentiation,
indicating that cadherin adhesion is required
[Redfield et al., 1997]. In the presence of full-
length N-cadherin, the cellular localization of
B-catenin shifts from the cytoplasm to the
plasma membrane [Redfield et al., 1997] (Fig.
2). In a similar manner, N-cadherin expression
also shifts the cellular localization of the p120
catenin (p120°*®) to the plasma membrane (Fig.
2). However, in contrast to B-catenin, no in-
crease in the total level of p120°*™ accompanied
N-cadherin expression (Fig. 1). Thus, the sta-
bility of p120°*™ does not appear to be affected
by the presence of a cadherin. In addition, our
data suggest that when a cadherin is present,
most of the p120°™ associates with it at the
plasma membrane (Fig. 2).

It is interesting to note that the B-catenin
level appears slightly higher in 3-D cultures,
compared with monolayer cultures, whether

Fig. 1. Immunoblot analysis of N-cadherin, B-catenin, and
p120 catenin (p120"") in baby hamster kidney cells (BHK) cells
lacking, or stably expressing, exogenous N-cadherin. BHK cells
lacking exogenous N-cadherin (lanes 2,4), or cells stably ex-
pressing chicken N-cadherin (lanes 1,3) were generated as
described [Redfield et al., 1997]. The cells were cultured either
as monolayers attached to culture dishes (monolayer culture)
(lanes 1,2) or as 3-D aggregates in suspension (3-D culture)
(lanes 3,4). After 72 h, the cells were collected and extracted,
and the protein concentration was determined. Equal amounts
of protein were loaded in the lanes, and the proteins were
separated by SDS-PAGE and transferred to nitrocellulose.
N-cadherin was detected with 13A9, B-catenin with 15B8, and
p120°" with pp120. Note that forced expression of N-cadherin
upregulates B-catenin, but not p120“". Note also that the
B-catenin level appears higher in the 3-D aggregates compared
with monolayer cells, regardless of whether the cells express
N-cadherin. This appears to result from a slight upregulation of
endogenous M-cadherin when the cells are placed in 3-D
culture (data not shown).

the cells express exogenous N-cadherin or not
(Fig. 1). This result suggested to us that the
cells might upregulate an endogenous cadherin
when they are placed in 3-D culture. Indeed,
we detected a low level of M-cadherin in 3-D
cultures of both control and N-cadherin-
expressing BHK cells (data not shown). Ex-
pression of endogenous M-cadherin is consis-
tent with the BHK cells being skeletal
myogenic. However, the level of M-cadherin
appears insufficient to promote significant dif-
ferentiation [Redfield et al., 1997].

To begin to understand how cadherin adhe-
sion enhances differentiation, we sought to as-
sess the response of the myogenic transcription
factor, myogenin, to cadherin stimulated differ-
entiation of BHK cells. Previously we reported
that neither the level nor phosphorylation of
MyoD or MEF2 changed in response to cad-
herin adhesion [Redfield et al., 1997]. While
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Fig. 2. Immunofluorescence localization of B-catenin and
p120°" in baby hamster kidney cells (BHK) cells with or with-
out forced expression of N-cadherin. BHK cells without exog-
enous N-cadherin (A,C) or with exogenous N-cadherin (B,D)
were grown for 48 h on 18-well slides. The cells were fixed for
10 min in ice cold methanol and then stained with either 15B8
to B-catenin (A,B) or pp120 to p120°" (C,D), followed by

the action of Myf5 or MyoD is essential for
committing cells to the skeletal muscle fate,
myogenin is uniquely required for their differ-
entiation [see Megeney and Rudnicki, 1995;
Arnold and Braun, 1996; Olson et al., 1996].
Employing a specific monoclonal antibody
(F5D) and immunofluorescence light micros-
copy, we detected a strong myogenin signal in
the nuclei of N-cadherin expressing BHK cells
induced to differentiate by 3-D culture (Fig. 3).
The intensity of the myogenin signal varied
among the cells, with 20-30% of the population
being strongly positive. By contrast, myogenin
staining was never detected in cells in mono-
layer culture, whether they expressed exoge-
nous N-cadherin or not (not shown). Further-
more, only an occasional myogenin-positive cell
was detected in 3-D cultures of control cells
lacking exogenous N-cadherin (not shown). At-
tempts to quantify the results were not suc-
cessful because the antibody failed to recognize
denatured hamster myogenin. However, our

CY3-conjugated goat anti-mouse 1gG. Note that the presence of
N-cadherin shifts the staining for both B-catenin (B) and p120°"
(D) to the plasma membrane. Immunoblot analysis in Fig. 1
shows that the presence of N-cadherin increases the total level
of B-catenin, whereas there is no change in the total level of
p120°™.

results are similar to those of Goichberg and
Geiger [1998], who used rat and mouse skeletal
myogenic lines and a different experimental
approach to show that N-cadherin adhesion
upregulates myogenin.

To extend the above observation by our
group and by Goichberg and Geiger [1998],
we asked whether the upregulation in myo-
genin protein is attributable to increased
transcription. The hamster myogenin cDNA
has not been cloned. Therefore, we employed
a full-length mouse myogenin cDNA to probe
for endogenous myogenin mRNA in BHK cell
extract by Northern analysis. However, use
of the mouse ¢cDNA produced equivocal data.
As an alternative approach to evaluating
myogenin transcription, we employed two
myogenin-CAT reporter constructs bearing
either 3.7 or 1.1 kb upstream region of the
mouse myogenin gene (Fig. 4). These regula-
tory regions of the myogenin gene have been
shown by other investigators to confer high
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Fig. 3. Immunofluorescence detection of myogenin protein in
N-cadherin-expressing baby hamster kidney cells (BHK) cells in
3-D culture. Control and N-cadherin-expressing cells were cul-
tured as monolayers or aggregates in suspension (3-D culture);
72 h later, the monolayer cultures were fixed with paraformal-
dehyde, permeabilized with detergent, and stained for myoge-
nin protein. The 3-D cell aggregates were collected with a
pipette and allowed to settle in a centrifuge tube. Medium was
removed, and the pellet was frozen and sectioned as if it were
tissue before staining for myogenin. Myogenin staining was

SP1

NF-1

strikingly apparent in the nuclei of N-cadherin cells in 3-D
culture (right). Phase contrast (left). Myogenin was never de-
tected in cells in monolayer culture, regardless of whether they
expressed N-cadherin (not shown). In addition, N-cadherin-
negative control cells placed in 3-D culture exhibited only an
occasional myogenin-positive cell (not shown). The fact that an
occasional cell was positive for myogenin may reflect the ac-
tivity of endogenous M-cadherin, which is upregulated to a low
level when cells are placed in 3-D culture.

p 3.7MygCAT

SV40 PA

H——

p 1.1MygCAT

Fig. 4. Diagram of myogenin-chloramphenicol acetyltransferase (CAT) reporter constructs. The myogenin-CAT
reporter constructs, p3.7MygCAT and p1.1MygCAT, were a gift of Dr. Andres Buonnano (NIH, Bethesda, MD) and
have been described [Edmondson et al., 1992; Buonanno et al., 1993; Gibney and Buonanno, 1995].

level and tissue specific expression in mice
and in mouse and chicken myogenic cells in
vitro [Edmondson et al., 1992; Gibney and
Buonanno, 1995]. Our experiments were con-
ducted by transiently transfecting subconflu-
ent monolayer cultures of BHK cells express-
ing or lacking exogenous N-cadherin with the
p3.7MygCAT and pl.1MygCAT plasmids.
Subsequently, CAT activity was analyzed in
cells placed in 3-D culture (differentiation

condition) versus monolayer culture (growth
condition).

To interpret our CAT activity data correctly,
it was necessary to control for differences in
CAT activity due to variation in transfection
efficiency between cells with or without
N-cadherin, and between experiments per-
formed on separate days. Therefore, we took
the following approach (see also Materials and
Methods). We transiently transfected mono-
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TABLE 1. CAT Activity for p3.7MygCAT and pl1l.1MygCAT Constructs*

Average CAT activity/ug protein, +SD (n = 2-4)

Culture
Construct condition Cell type Exp 1 Exp 2 Exp 3
P3.7MgCAT Aggregates  N-cad 2192.52 = 1294.94 7345.96 = 4555.20  2504.17 + 73.36
Control 1331.1 = 54.28 1331.1 = 252.50 1972.32 + 591.06
Monolayers  N-cad 1331.1 = 59.00 1416.54 + 20.66 681.70 = 6.28
Control 918.23 + 74.48 1031.76 + 5.38 1346.62 + 27.60
P1.1MygCAT Aggregates N-cad 565.54 + 61.65 816.14 + 60.04 —
Control 498.97 *= 101.95 168.42 = 15.25
Monolayers  N-cad 131.34 = 3.92 95.70 = 37.83 —
Control 238.01 = 55.44 164.48 = 58.16

*Control baby hamster kidney (BHK) cells lacking exogenous N-cadherin (control) and cells stably expressing chicken
N-cadherin (N-cad) were transiently transfected with either the p3.7MygCAT or p1l.1MygCAT myogenin reporter construct;
24 h later, the cells were harvested and divided in half. One-half of the cells was re-plated as monolayer cultures
(monolayers). The other half was cultured as 3-D aggregates in suspension (Aggregates); 60 h later, the cells were collected
and extracted, and protein concentration and CAT activity were determined. The average CAT/pg protein for replicate
samples (n = 2—4) was calculated, along with the standard deviation (SD). The average CAT activity/pg protein, =SD, is
presented for three independent experiments (Exp 1, 2, 3) done on different days with p3.7MygCAT, and for two independent

experiments (Exp 1, 2) with p1.1MygCAT.

layer cultures of control and N-cadherin express-
ing BHK cells with either the p3.7MygCAT or
pl.1MygCAT reporter plasmid; 24 h later, the
transiently transfected cells were harvested
with trypsin and divided in half. One-half of
the cells were subdivided into 2—4 equal por-
tions and the cells placed back in monolayer
culture to initiate growth, while the other half
was identically subdivided, but the cells placed
in 3-D culture to initiate differentiation. After
an additional 60 h, the cells were extracted,
protein concentration determined, and CAT ac-
tivity measured, using the diffusion CAT assay
as described in Materials and Methods [Martin
et al., 1990]. The CAT activity was normalized
per pg protein and the average and standard
deviation was calculated from the CAT/ug pro-
tein values determined for replicate samples
(Table D).

We then expressed the CAT activity as a
ratio of the average CAT activity/pg protein for
cells in 3-D culture (aggregates), divided by the
average CAT activity/ng protein for cells in
monolayer culture (monolayer). Although the
absolute value for CAT activity is dependent on
transfection efficiency, the ratio of CAT activity
for 3-D versus monolayer culture (aggregate/
monolayer) is independent of differences in
transfection efficiency. A CAT activity ratio of 1
signifies a lack of change in reporter activity
when comparing cells in 3-D versus monolayer
culture. On the other hand, a CAT activity

ratio of greater than 1 reflects an increase in
reporter activity in 3-D versus monolayer cul-
tures. CAT activity ratios calculated from ex-
periments performed on different days were
averaged.

We found that the average CAT activity ratio
(3-D aggregates/monolayer cells) for control
BHK cells without exogenous N-cadherin was
approximately 1 (Fig. 5). This result indicates
that there is no increase in activity of the myo-
genin reporter constructs in cadherin-negative
control cells stimulated to differentiate by 3-D
culture. By contrast, an average CAT activity
ratio of approximately 5 and 6.5 was observed
for the p3.7MygCAT and pl.1MygCAT reporter
constructs, respectively. This result indicates
that the activity of both myogenin reporter
constructs was increased significantly in N-
cadherin-expressing BHK cells stimulated to
differentiate by 3-D culture. Moreover, the
data suggest that transcription of the endoge-
nous myogenin gene is upregulated, a finding
supported by the increase in myogenin protein
observed in the N-cadherin-expressing cells in
3-D culture (Fig. 3).

Both the longer p3.7MygCAT and the
shorter pl.1MygCAT reporter constructs were
tested in BHK cells with or without exogenous
N-cadherin, and in 3-D (differentiation) versus
monolayer (growth) culture. We consistently
found that the activity of p3.7MygCAT was
higher than that of p1.1MygCAT (Table I). This
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Fig. 5. Ratio of chloramphenicol acetyltransferase (CAT) ac-
tivity in 3-D versus monolayer culture for baby hamster kidney
cells (BHK) cells lacking or expressing exogenous N-cadherin.
One 100-mm plate each of 60—-80% confluent control BHK
cells lacking N-cadherin (C) and BHK cells stably expressing
exogenous N-cadherin (N) was transiently transfected, using
p3.7MygCAT in three independent experiments, or p1.1MygCAT
in two independent experiments as described under Materials
and Methods; 72 h later, the cells were harvested with trypsin
and divided in half. One-half of the cells were further subdi-
vided equally in 2-4 60-mm dishes as monolayer cultures (M),
whereas the other half were subdivided similarly and placed in
3-D culture as aggregates in suspension (A). After an additional
60 h, the cells were collected, maintained as replicate samples
of equal cell numbers, and then extracted for determination of
protein concentration and CAT activity. CAT activity was nor-
malized per pg protein. The average CAT/pg protein and stan-
dard deviation were calculated using replicate values (see Ta-

NA/NM

difference in activity between these two myo-
genin reporter constructs is consistent with
previous observations by Gibney and Buon-
anno [1995]. Nevertheless, the average 3-D/
monolayer CAT activity ratios were similar for
the two myogenin reporter constructs. That is,
for both reporter constructs the 3-D/monolayer
ratios for CAT activity in control cells lacking
N-cadherin was around one, indicating no in-
crease in activity upon initiation of cell differ-
entiation. By contrast, the 3-D/monolayer CAT
activity ratios for N-cadherin-expressing cells
was approximately 5 for the larger construct
and 6.5 for the smaller one. Therefore, our data
suggest that both the 3.7 and 1.1 kb upstream
regions of the myogenin gene contain cis-acting

NA/NM

CAICM

ble 1). The averages for CAT/pg protein were expressed as a
ratio for activity in 3-D aggregate (A) culture (differentiation
condition), divided by activity in monolayer (M) culture (growth
condition). The CAT activity ratios presented represent the
average and standard deviation of CAT ratios for three inde-
pendent experiments performed on different days for the
p3.7MygCAT construct and two independent experiments for
p1.TMygCAT (see Table I). Note that for control (C) cells lack-
ing N-cadherin the average CAT activity ratio is around 1 for
both p1.1MygCAT and p3.7MygCAT constructs, indicating no
difference in myogenin-CAT activity upon initiation of differ-
entiation by 3-D culture. By contrast, the average CAT activity
ratio for cells expressing N-cadherin (N) is approximately 5 and
6.5 for the larger and smaller constructs, respectively. This
result indicates that N-cadherin adhesion stimulates CAT activ-
ity of both myogenin reporter constructs when the cells are
induced to differentiate by placing them in 3-D culture.

elements responsive to N-cadherin mediated
adhesion in 3-D culture.

DISCUSSION

Cadherin-mediated cell-cell adhesion plays
multiple roles in the development of striated
muscle. It promotes cell recognition of both car-
diac and skeletal muscle, induces strong adhe-
sion of cardiac myocytes through intercalated
discs, and brings skeletal myoblasts together
during their fusion to form a syncytium. Cad-
herin linkage to the actin cytoskeleton via
catenins strengthens cell-cell adhesion and in
turn, promotes organization of the actin cy-
toskeleton, enhancing myofibrillogenesis in
cardiomyocytes. In addition, cadherin adhesion



Upregulation of Myogenin by N-Cadherin 261

can induce contact inhibition of growth, and
alter cell migration of muscle cells [Redfield et
al., 1997; Huttenlocher et al., 1998]. In accor-
dance with roles in cell recognition, adhesion,
migration, and cytoskeleton organization, per-
turbation of N-cadherin function in chicken
and mouse embryos disturbs muscle morpho-
genesis, including that of the somites and heart
[Radice et al., 1997; Linask et al., 1998; Linask
et al., 1997]. The fact that recognizable, albeit
abnormal, somites and hearts form at all in
embryos with missing or reduced N-cadherin
function likely results from expression of addi-
tional members of the cadherin family, as well
as adhesion proteins from other molecular fam-
ilies, such as NCAM.

Although there is indisputable evidence that
cadherin mediated adhesion plays important
structural functions, there also is growing evi-
dence it initiates intracellular signals that al-
ter cell growth and differentiation. Our pub-
lished work with the skeletal myogenic BHK
cell line shows that forced expression of N- (or
E)-cadherin stimulates muscle differentiation
when the cells are induced to differentiate by
placing them in 3-D culture. Cadherin-
stimulated muscle differentiation does not ap-
pear to involve an increase in the level of the
skeletal muscle determinant transcription fac-
tor, MyoD, or the muscle enhancing transcrip-
tion factor(s), MEF2. Nor does it appear to
involve a change in their phosphorylation.
Rather, data presented here show that
N-cadherin expression in BHK cells induced to
differentiate upregulates the protein level of
myogenin, the myogenic transcription factor
required for skeletal muscle differentiation. A
similar increase in myogenin protein by
N-cadherin interactions was observed by
Goichberg and Geiger [1998], who exposed
mouse skeletal myogenic cells to synthetic beads
coated with either recombinant N-cadherin ex-
tracellular domain or anti-N-cadherin antibod-
ies. These investigators postulated that surface
clustering or immobilization of N-cadherin
triggers signaling events that promote myo-
genic differentiation.

The data presented in this report signifi-
cantly extend the published work of Goichberg
and Geiger [1998] and increase our under-
standing of how cadherin mediated adhesion
stimulates skeletal myogenesis. Our results
with myogenin-CAT reporter constructs indi-

cate that N-cadherin adhesion upregulates ex-
pression of the myogenin gene in BHK cells
induced to differentiate by 3-D culture. An in-
crease in transcription of the endogenous myo-
genin gene most likely explains the observed
increase in myogenin protein stimulated by
N-cadherin adhesion in BHK cells induced to
differentiate. Thus, our data are consistent
with the hypothesis that cadherin adhesion
stimulates skeletal myogenesis by upregulat-
ing expression of myogenin.

Several questions are raised by our work
with the BHK cell line. Why does N-cadherin
stimulate differentiation only when the cells
are placed in 3-D culture? We speculate that in
monolayer culture signals emanating from
integrin-mediated cell-matrix adhesion en-
hance signals initiated by growth factors
present in the serum to strongly stimulate cell
growth via activation of the MAP kinase path-
way [see Aplin et al., 1998]. Together, these
pro-proliferative signals probably overwhelm
the signal(s) emanating from cadherin adhe-
sion. By contrast, when cells are placed in 3-D
culture, cell matrix-adhesion is abolished, re-
ducing the growth stimulating signal. More-
over, cell-cell adhesion is maximized. As a re-
sult, the intracellular balance is tipped in favor
of signal(s) emanating from cadherin adhesion,
which we propose act to coordinately suppress
cell growth and stimulate differentiation.

How does cadherin adhesion stimulate tran-
scription of the myogenin gene? Is B-catenin
signaling involved? It is unlikely that the cad-
herin acts exclusively, or perhaps at all,
through its ability to upregulate B-catenin and
its potential signaling activity, even though ex-
pression of exogenous cadherin clearly raises
the total level of B-catenin in BHK cells [Red-
field et al., 1997] (Fig. 1). Two lines of evidence
indicate that increasing B-catenin is not suffi-
cient to stimulate differentiation. First, we pre-
viously presented evidence that a mutant
N-cadherin capable of increasing (-catenin,
but not of inducing cell-cell adhesion, failed to
promote BHK differentiation [Redfield et al.,
1997]. Second, analysis of the cadherin-
responsive 1.1-kb myogenin-CAT reporter con-
struct failed to detect any TCF/LEF binding
sites. However, our work does not rule out a
role, perhaps even an essential one, for
B-catenin in skeletal muscle differentiation.
B-Catenin is an essential component of a fully
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functional cadherin adhesion system in skele-
tal muscle cells, although plakoglobin is ex-
pressed and may be able to substitute for
B-catenin. In addition, it is possible that
B-catenin plays a necessary, although not suf-
ficient, signaling role in the commitment or
differentiation of the BHK cells, perhaps regu-
lating gene expression even in cells lacking
exogenous cadherin.

Although the pl.1MygCAT reporter con-
struct exhibits lower overall CAT activity than
displayed by the p3.7MygCAT construct, the
activity of both constructs is stimulated simi-
larly by cadherin adhesion in BHK cells in-
duced to differentiate. Thus, it is likely that
cadherin-responsive regulatory element(s) lie
within the 1.1-kb upstream region of the myo-
genin gene. The sequence of this region is
known, and binding sites for several different
transcription factors have been identified [Ed-
mondson et al., 1992]. Two E boxes and a single
MEF-2 site have been shown to be important
for positive regulation of the myogenin gene in
skeletal muscle [Edmondson et al., 1992]. In
addition to the E boxes and MEF-2 binding
site, there is a CArG binding site for serum
response factor (SRF), an NF-1 site, and possi-
ble Sp1l binding sites. Future studies will de-
fine more closely the promoter region of myo-
genin responsive to cadherin adhesion.
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