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Evidence for Developmentally
Programmed Transdifferentiation
in Mouse Esophageal Muscle

Ardem Patapoutian,* Barbara J. Wold, Roger A. Wagner+

Transdifferentiation is a relatively rare phenomenon in which cells of one differentiated
type and function switch to a second discrete identity. In vertebrate embryos, smooth
muscle and skeletal muscle are distinct tissues that arise from separate compartments
of the mesoderm. The musculature of the mouse esophagus was found to undergo a
conversion from smooth muscle in the fetus to skeletal muscle during early postnatal
development. The switch from smooth to skeletal muscle features the transttory appear-
ance of individual cells expressing a mixed phenotype, which suggests that this con-
version is a result of programmed transdifferentiation.

Skeletal and smooth muscles of vertebrates
differ with respect to structure, innervation,
function, and developmental origin (1). For
example, skeletal muscle is composed of
fused multinucleate myotubes containing
striated fibers, whereas smooth muscle is
composed entirely of mononucleate, non-
striated cells. The musculature of the mam-
malian stomach and intestine is composed
exclusively of smooth muscle, but the
esophagus differs because it also contains
skeletal muscle. Although some muscle
genes are expressed in both smooth and
skeletal muscle tissues, others are strictly
specific.

Division of Biology, California Institute of Technology,
Pasadena, CA 91125, USA.

*Present address: Howard Hughes Medical Institute, Uni-
versity of California, San Francisco, CA 94143, USA.
+To whom correspondence should be addressed.
tPresent address: Department of Internal Medicine, Uni-
versity of Colorado School of Medicine, Denver, CO
50262, USA.

1818

By monitoring the expression of such
highly specific smooth or skeletal muscle
markers [skeletal fast myosin heavy chain
(MHC) and smooth myosin light chain
(MLCK)], we found that during early de-
velopment, the mouse esophageal muscula-
ture is composed entirely of differentiated
smooth -muscle (Fig. 1, A and B) (2, 3).
Later, esophageal expression of smooth
muscle—specific genes declines and expres-
sion of skeletal muscle-specific genes in-
creases (Fig. 1, C through F). This transi-
tion from smooth to skeletal muscle type
occurs in a rostrocaudal progression that
begins in late fetal development and con-
tinues through the first 2 weeks of postnatal
development (Fig. 1, G and H). Smooth
muscle myosin heavy chain, another "
smooth muscle-specific marker, was also
expressed in the esophageal musculature at
prenatal time points, which confirmed the
smooth muscle phenotype of these cells (3,
4). The expression pattern of another skel-
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etal muscle-specific protein, a-actinin, was
the same as that of skeletal MHC protein
for all developmental time points (5).

The muscularis layer of diaphragm-level
esophagus expressed both skeletal and smooth
muscle proteins at postnatal day 3 (P3), which
revealed a time and place of transition at the
tissue level (Fig. 1C). Greater magnification
revealed coexpression of smooth MLCK and
skeletal MHC in the cytoplasm of individual
cells (Fig. 1D). This unanticipated coexpres-
sion of smooth and skeletal differentiation
markers within individual cells was observed
from embryonic day 16 (E16) in rostral sec-
tions to P8 in caudal sections (5). Coexpres-
sion on the single-cell level was verified by
partial - dissociation of P3 esophagus tissue
(Fig. 1, I through L). The progression from
smooth to skeletal tissue type, together with
the coexpression of smooth and skeletal
markers in individual cells, suggests that
functional, differentiated smooth muscle
cells in the esophagus switch directly to
differentiated skeletal myocytes. The pres-
ence of syncytial myofibers in dissociated
preparations provided additional cytologi-
cal evidence for the skeletal character of
the final muscle phenotype (5).

Expression of the skeletal muscle regula-
tory factors (MRFs) MyoD, myogenin, Myf-
5, and MRF4 marks commitment to the
skeletal muscle phenotype, but extensive
studies of their expression patterns have
never found these markers in smooth mus-
cle or its known progenitors. At least one of
the MRFs is expressed before transcription
of any muscle-specific structural gene in all
skeletal muscle (6). At E15 (Fig. 2, A and
B) and at birth (5), diaphragm-level esoph-
ageal musculature was consistent with this
pattern and did not stain with monoclonal
antibodies (mAbs) to MyoD or myogenin,
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whereas smooth muscle-specific MLCK was
highly expressed. In situ hybridization stud-
ies also showed that Myf-5 and MRF4
RNAs were not expressed in the muscularis
layer of diaphragm-level esophagus at E15
(5). Shortly after birth, the diaphragm-level
esophageal musculature expressed myoge-
nin (Fig. 2C) and MyoD (5) as well as
MLCK. Myogenin was localized within the
nucleus of cells that expressed cytoplasmic
smooth muscle MLCK (Fig. 2D), and this
observation was verified by examination of
dissociated esophagus tissue (5). We con-
clude that the expression of smooth muscle
differentiation genes precedes the expres-
sion of all four MRFs, and this supports the
idea that the esophagus muscularis begins as
differentiated smooth muscle before it com-
mits to a skeletal muscle phenotype.

The mixed cell phenotype suggests that
the tissue-level conversion from smooth to
skeletal muscle occurs by direct transdifferen-
tiation at the cellular level. However, only a
small percentage of cells were seen to express
this mixed phenotype at any given time. Al-
though this finding would be expected if the
transdifferentiation were quite rapid, there is
an alternative (albeit more complex) model:
Cells expressing mixed phenotypes may be
fated to die, and the main body of skeletal
muscle may come from a population of pre-
cursor cells that had never assumed a smooth

Fig. 1. Developmental rostrocaudal transi-
tion from smooth to skeletal muscle in the
muscularis layer of the mouse esophagus,
as shown by confocal microscope images.
Esophageal tissue transverse sections and
dissociated cells were labeled with MLCK
mAb (green) and fast MHC mAb (red) (13);
colocalization of MLCK and MHC appears
as yellow. (A through F) Developmental se-
ries of diaphragm-level (middle) sections at
the indicated embryonic and postnatal days
(NB, newborn). In (D}, a magnification of (C),
the arrow points to a cell coexpressing both
markers. (G and H) Upper and lower esoph-
agus sections of P3 mice; comparison with
(C) shows the rostrocaudal gradient. The
muscularis mucosae (the inner thin layer of
muscle in the esophagus) expresses only
smooth muscle—specific MLCK at all times,
and the nearby diaphragm exclusively ex-
presses skeletal muscle-specific MHC. (I
through L) Phase image (l) and fluorescent
images (J through L} of a group of P3 disso-
ciated esophageal cells; arrows point to cells
that express both markers. Dissociation ex-
periments were carried out by gentle me-
chanical disruption of tissue followed by col-
lagenase and dispase treatment for 15 min
at 37°C (74). Abbreviations: d, diaphragm; e,
esophagus; m.m., muscularis mucosae; s,
stomach. Scale bars, 5 um (D and | through
L); 100 um, all other panels.

muscle phenotype. To discriminate between
these possibilities, we first attempted to phys-
ically mark individual smooth muscle cells of
the early esophagus to trace their fate at later
times, but we were unable to do so because the
esophagus proved inaccessible for surgical ma-
nipulation. We then assayed apoptosis by ter-
minal deoxynucleotidyl transferase—mediated
deoxyuridine triphosphate nick end-labeling
(TUNEL) and propidium iodide staining at
various rostrocaudal levels and developmen-
tal time points. No muscle cell death in the
muscularis layer was detected, in contrast
with the results for thymus controls (Fig. 3,
A through D) (5). When E18 and P5 mice
were labeled with 5-bromo-2’-deoxyuridine
(BrdU), only a moderate level of cell prolif-
eration was seen in the muscularis layer, and
many of the dividing cells were in the
smooth muscle population (Fig. 3, E and F)
(5); these findings argue against the presence
of a major population of dividing (non-
smooth muscle) skeletal muscle precursor
cells. Thus, a mechanism that features simul-
taneous smooth muscle cell death and skeletal
muscle replacement remains an interesting
possibility, but we did not find direct evidence
to support it. Moreover, this model fails to
provide an explanation for the emergence of
mixed phenotype cells. In the alternate mod-
el, direct transdifferentiation is the principal
mechanism for the smooth skeletal transition;
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we currently favor this model because it is
consistent with all of the data, provides a clear
function for the mixed phenotype cells, and is
appealing in its simplicity.

Transdifferentiation is thought to be a rel-
atively rare phenomenon (7). Prominent ex-
amples such as amphibian limb regeneration
and chick retina regeneration occur in re-
sponse to injury (8), whereas the conversion
of neural crest—derived adrenal chromaffin
cells into sympathetic neurons occurs under
experimental manipulations (9). In contrast,
the esophageal smooth muscle-skeletal mus-
cle conversion is part of the normal develop-
mental program, and it is therefore most sim-
ilar to the perinatal switch in the neurotrans-
mitter phenotype of sympathetic neurons that
innervate sweat glands (10).

A major theme in vertebrate development
is that sequential changes in the repertoire of
expressed genes lead progenitor cells to their
mature, differentiated state by means of a
series of changes in cellular phenotype. Well-
known instances of transdifferentiation often
involve dedifferentiation followed by execu-
tion of an alternate differentiation pathway
(7). The apparent “jump” from the end prod-
uct of one pathway directly to the end product
of a different pathway is, therefore, a surpris-
ing phenomenon and immediately raises ques-
tions about the underlying mechanism. The
regulatory properties of MyoD family skeletal

P3-middle
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muscle regulatory factors (MRFs) suggest a
candidate mechanism. Experimentally in-
duced ectopic expression of the MRFs can
dominantly convert various terminally differ-
entiated cells (including primary smooth mus-

cle cells in culture) to a skeletal muscle phe-
notype {11). In the esophageal muscle path-
way, evolution may have capitalized on the
potential of MRFs to drive a direct transition
to skeletal muscle. Because smooth and skel-

Fig. 2. Expression of smooth muscle-specific differentiation genes precedes expression of the MRFs
during esophageal development. Transverse sections through diaphragm-level esophagus of E15 embry-
os (A and B) and P3 mice (C and D) were labeled with MLCK mAb (green) and either myogenin mAb (A, C,
and D) or MyoD mAb (B) (red). In (D), a magnification of (C), arrows denote cells that coexpress nuclear
myogenin and cytoplasmic MLCK. Abbreviations: d, diaphragm; e, esophagus. Scale bars, 50 pm.

Fig. 3. Cell death and proliferation during perinatal
development of the mouse esophagus. Apoptosis
was monitored by TUNEL and propidium iodide
staining. (A through C} Superimposed confocal im-
ages of phase and TUNEL (FITC, green) staining on
7-um transverse sections of paraffin-embedded tis-
sues. Thymus tissue from 4-week-old mice was
used as a positive control (ApopTag Fluorescein Kit
S7110; Oncor). Thymus from untreated mice
showed a moderate density of apoptotic cells (A),
whereas thymus from mice treated with 50 pg of
cortisone acetate (NDC 006-7069-10; Merck) for 12
hours showed the expected large number of clus-
tered pyknotic nuclei (B) (75). In (C), TUNEL labeling
of diaphragm-level P3 mouse esophagus shows four
positive nuclei (arrows), and only one of them is in the
muscularis layer (m). (D) Frozen section of a dia-
phragm-level P3 esophagus colabeled with pro-
pidium iodide (red) and MLCK mADb (green). The py-
knotic cell (arrow) in the muscularis layer does not
express MLCK and thus is not a muscle cell under-
going phenotypic transition. Propidium iodide stain-
ing was done as described (76); tissues were fixed in
4% paraformaldehyde, sectioned, stained for mus-
cle-specific antibodies, and then incubated with 4 pg
of propidium iodide (Sigma) and RNase (100 pg/ml,
DNase free; Sigma) in phosphate-buffered saline for
30min at 37°C. (E and F) Upper esophagus sections
from E18 embryos in vivo labeled with BrdU were
colabeled with BrdU mAb (red) and MLCK mAb
(green); (F) is amagnification of (E). BrdU labeling was
achieved by injecting a female at E18 gestation with
20 pl of 10 mM BrdU (1299964; Boehringer Mann-
heim) per gram of body weight for 4 hours. Scale
bars, 25 pm.
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etal muscle share a general contractile func-
tion, a direct shift from one to the other that
preserves function during the transition might
be an attractive option, especially because this
transition occurs mainly after birth, when
feeding requires esophageal peristalsis. In sup-
port of this idea, there is a second candidate
case for a muscle conversion in the avian eye,
where there is evidence that during embryon-
ic development this muscle expresses smooth
muscle—specific genes as a transition state to
mature skeletal muscle (12). No information
is yet available on MRF expression in the
chick iris muscle, but if the process is similar
to that seen in the esophagus, MRF involve-
ment would be expected.

This initial characterization of a smooth
muscle—skeletal muscle transition and its re-
lation to current knowledge about the molec-
ular and developmental determinants of myo-
genesis leaves many questions unanswered.
Although activation of MyoD family regula-
tors may drive the transition, it is unclear
what triggers them to be expressed or which
events lead to the down-regulation of smooth
muscle genes. Similarly, the origin and nature
of the inductive interactions that regulate the
slow rostrocaudal wave of skeletal differentia-
tion are unknown. Finally, the origin of mus-
cle cells in the esophagus has previously re-
ceived little attention, but in light of our
findings, lineage studies to probe the contri-
bution to the esophagus from possible progen-
itors including somitic and lateral mesoderm
should be of interest.
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Crystal Structure of the V, Domain
of a T Cell Antigen Receptor

Barry A. Fields, Bertram Ober, Emilio L. Malchiodi,
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Jin-Kyoo Kim, Xuguang Shao, E. Sally Ward, Roy A. Mariuzza*

The crystal structure of the V_ domain of a T cell antigen receptor (TCR) was determined
at a resolution of 2.2 angstroms. This structure represents an immunoglobulin topology
set different from those previously described. A switch in a polypeptide strand from one
B sheet to the other enables a pair of V_ homodimers to pack together to form a tetramer,
such that the homodimers are parallel to each other and all hypervariable loops face in
one direction. On the basis of the observed mode of V_ association, a model of an («B),
TCR tetramer can be positioned relative to the major histocompatibility complex class I
(aB), tetramer with the third hypervariable loop of V_ over the amino-terminal portion of
the antigenic peptide and the corresponding loop of V,, over its carboxyl-terminal resi-
dues. TCR dimerization that is mediated by the o chain may contribute to the coupling
of antigen recognition to signal transduction during T cell activation.

T lymphocytes recognize a wide variety of
antigens through highly diverse cell-surface
glycoproteins known as TCRs. These mol-
ecules are composed of a and B (or y and 8)
chains that have variable (V) and constant

Fig. 1. Structure of the V_ domain. (A) Ribbon dia-
gram of the homodimer. The monomers are colored
yellow and green; the CDR loops are numbered 1, 2,
and 3. An additional loop that could potentially inter-
act with the peptide-MHC complex is labeled 4 and is
analogous to the fourth hypervariable loop in V. (B)
a-Carbon stereo diagram of a V,, monomer (yellow)
superposed onto the V,, domain (blue) of the 14.3.d
TCR (3). The CDR loops and the ¢'’ strand of V, are

labeled.

(C) regions homologous to those of anti-
bodies (1). However, antibodies recognize
antigen in intact form, whereas TCRs rec-
ognize antigen only as peptide fragments
bound to molecules of the major histocom-
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patibility complex (MHC) (2). The three-
dimensional structure of the extracellular
portion of the B chain of a murine TCR
(V 4.1-],2B4, VBS,Z-JBZ.l) specific for a
hemagglutinin peptide of influenza virus
(HA-110-120) in the context of the MHC
class Il I-E¥ molecule has been solved (3). A
TCR designated 1934.4, which is specific
for the NH,-terminal nonapeptide of mye-
lin basic protein (Acl-9) in association
with [-A" (4), is encoded by the closely
related V,4.2-],4.0, V8.2-J52.3 gene com-
bination (5). Injection into mice of the T
cell clone from which the 1934.4 TCR was
isolated induces experimental autoimmune
encephalomyelitis, a model for human mul-
tiple sclerosis (6). The V,, domain of this
pathogenic TCR has been produced and
crystallized (7, 8); here, we describe its
crystal structure at 2.2 A resolution (9).
The V_ domain exists as a homodimer
both in solution (8) and in the crystal
structure (Fig. 1A). The relative orienta-
tion of the two chains in the homodimer is
almost identical to that in antibody V|V,
dimers, with peptide loops homologous to
the complementarity-determining regions
(CDRs) of antibodies disposed to form
part of the antigen-binding site. Fourteen
residues from each V_ domain contribute
numerous van der Waals contacts and 10
hydrogen bonds across the homodimer in-
terface. Of these, residues Tyr?®, Gln??,
Pro*’, Tyr®, and Phe!® [numbered as in
(10)] are equivalent by homology to those
involved in V|V association (11, 12).
These residues are also highly conserved
in Vg regions (excluding Pro*’, which is
most commonly substituted by Leu),
which indicates that the geometry of TCR
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