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Previously, we found that the cause of autosomal dominant selective tooth agenesis in one family is a mis-
sense mutation resulting in an arginine-to-proline substitution in the homeodomain of MSX1. To determine
whether the tooth agenesis phenotype may result from haploinsufficiency or a dominant-negative mechanism,
we have performed biochemical and functional analyses of the mutant protein Msx1(R31P). We show that
Msx1(R31P) has perturbed structure and reduced thermostability compared with wild-type Msx1. As a con-
sequence, the biochemical activities of Msx1(R31P) are severely impaired, since it exhibits little or no ability
to interact with DNA or other protein factors or to function in transcriptional repression. We also show that
Msx1(R31P) is inactive in vivo, since it does not display the activities of wild-type MsxI in assays of ectopic
expression in the limb. Furthermore, Msx1(R31P) does not antagonize the activity of wild-type Msx1 in any of
these assays. Because Msx1(R31P) appears to be inactive and does not affect the action of wild-type Msx1, we
propose that the phenotype of affected individuals with selective tooth agenesis is due to haploinsufficiency.

Tooth agenesis, or missing teeth, is one of the most common
developmental anomalies in humans (12). Agenesis of one or
more teeth is reported to occur in as many as 9% of the
population, excluding third molar (wisdom tooth) agenesis,
which is more prevalent (12). Inherited tooth agenesis is likely
to be caused by an impairment of one or more of the molecular
processes that regulate tooth formation. As with many other
organs, tooth development involves sequential and reciprocal
signaling processes between epithelial and mesenchymal cell
layers that are orchestrated by a hierarchy of genes encoding
secreted growth factors, extracellular matrix components,
and transcriptional regulators (26-29). Because the regulatory
genes required for tooth formation are common components
of signaling cascades involved in development of other embry-
onic structures and because of its relative simplicity, the tooth
is an excellent model for studying the molecular processes that
underlie organogenesis.

Among the transcriptional regulatory genes required for
tooth formation, the Msx/ homeobox gene is highly expressed
in the dental mesenchyme (17, 19, 20) and is essential for tooth
development, since targeted gene disruption results in arrested
tooth formation at an early stage in MsxI/~ mice (6, 23). In
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addition to its expression in the tooth primordia, Msx! expres-
sion is prominent in regions of epithelial-mesenchymal inter-
actions in several other embryonic structures, including other
craniofacial structures and the limb (reviewed in reference 7).
These findings have led to the hypothesis that Msx is an
important component in the signaling events that occur be-
tween epithelial and mesenchymal tissues.

Previously, we reported that a missense mutation in the hu-
man MSXI gene causes selective tooth agenesis of secondary
dentition in one family (30). This mutation results in a protein,
MSX1(R31P), that contains an arginine-to-proline substitution
at position 31 within the homeodomain. Since this trait is au-
tosomal dominant, the resulting phenotype may be due to hap-
loinsufficiency, a dominant-negative activity, or a novel activity
of MSX1(R31P). To distinguish among these possibilities, we
have now investigated the consequences of the R31P substitu-
tion on the structure of the resulting protein, as well as on its
biochemical and biological activities. We present evidence that
the missense mutation in MSX/ is likely to cause selective
tooth agenesis through haploinsufficiency. Our findings high-
light the importance of dosage for mediating the biological
actions of MSX1, as well as the significance of a detailed under-
standing of the consequences of missense mutations for inter-
preting the molecular bases of genetic disease.

MATERIALS AND METHODS

Plasmid construction and protein expression. Most studies were performed
with the murine MsxI cDNA, which shares 94% similarity with human MSX7
(100% identity within the homeodomain) (7). The MsxI and MsxI(R31A) plas-
mids used for in vitro transcription and translation [pGEM7zf(+)-Msx1(1-297)
and pGEM7zf(+)-Msx1(1-297):R196A] and the expression plasmids used for
transient transfection [pCB6*-Msx1(1-297) and pCB6"-Msx1(1-297):R196A]
were described previously (5, 33, 34). Note that MsxI(R31A) refers to Msx1-D
from a previous report (33). To construct MsxI(R31P), we introduced, by PCR-
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FIG. 1. Expression of Msx1 proteins. (A) Sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis demonstrates the purity of the recombinant Msx1
homeodomain polypeptides MsxIHD, Msx1HD(R31P), and MsxIHD(R31A).
Each protein (2.5 pg) was separated on a 15% polyacrylamide gel and visualized
by staining with Coomassie brilliant blue. (B) Western blot assay demonstrates
the equivalent expression of the indicated Msx1 proteins in infected CEFs. Cell
lysates were prepared from CEFs that were not infected (NA) or that were
infected with a retrovirus expressing Msx1, Msx1(R31P), or Msx1(R31A). The
lysates were separated on a 10% polyacrylamide gel, and the Msx1 proteins,
which were Myc tagged, were detected with a monoclonal antibody against the
Myc epitope. Note that the R31P substitution results in a more slowly migrating
protein. Molecular mass standards (shown in panel A by the marker lane and in
panel B by dashes) are phosphorylase B (100 kDa), bovine serum albumin (77
kDa), ovalbumin (48.2 kDa), carbonic anhydrase (33.8 kDa), soybean trypsin
inhibitor (28.6 kDa), and lysozyme (20.5 kDa).

mediated site-directed mutagenesis, a substitution to replace arginine 196 (ho-
meodomain position 31) with proline. The product was subcloned into the
BamHI and HindIII sites of plasmids pGEM7zf(+) (Promega) and pCB6+ for
use in in vitro transcription and translation and mammalian expression, respec-
tively. The Msx1HD plasmid, used for production of the recombinant homeo-
domain polypeptide, was described previously [pDS56-Msx1(157-233)] (3).
Msx1HD(R31P) and Msx]HD(R31A) were obtained by PCR amplification of the
respective sequences encoding amino acids 157 to 233 and subcloned into the
BamHI and HindIII sites of plasmid pDS56. The recombinant homeodomain
polypeptides, made as hexahistidine fusion proteins, were expressed in Esche-
richia coli and purified by nickel affinity chromatography as described previously
(3). Note that this purification procedure renders virtually homogeneous protein
preparations (Fig. 1A). Procedures for DNA binding, glutathione S-transferase
(GST) interaction, and transient-transfection assays have been described else-
where (3, 5, 33, 34). The complete sequences of all Msx1, MsxI(R31P), and Msx1
(R31A) constructs were verified by using Sequenase version 2.0 (U.S. Biochemi-
cals). MsxI(R31P) and MsxI(R314) are comparable to MsxI in all respects,
except for the relevant substitutions.

Retroviral infection. For construction of retroviral expression vectors, a Myc
epitope was introduced at the 5’ end of the coding region of MsxI, MsxI(R31P),
and MsxI(R314) by PCR amplification. We have previously found that the
N-terminal Myc tag, which facilitates detection, does not affect the activity of
Msx1 in various assays (data not shown). The resulting PCR products were first
cloned into the BamHI and HindIII sites of the SLAX13 shuttle vector (14) and
then subcloned as Clal fragments into the corresponding site of the replication-
competent avian retroviral vectors RCASBP(A) and RCASBP(B) (see Fig. 7A)
(9, 14). For comparison, chicken MsxI(GMsx1) and the corresponding MsxIR31P
mutant (without the Myc epitope) were subcloned into the Ncol and HindIII
sites of SLAX13 and subcloned into RCASBP(A). A control retrovirus express-
ing human alkaline phosphatase (AP) in RCASBP(B) was described in reference
9. For production of high-titer virus (~10® to 10° CFU/ml), supernatants from
virus-infected chicken embryo fibroblasts (CEFs) were concentrated as described
previously (9). Note that the retroviruses express similar levels of Msx1, Msxl1
(R31P), and Msx1(R31A) (Fig. 1B), and all three proteins were localized to the
nucleus (data not shown). Virus was injected into stage 10 or stage 17 chicken
embryos in the area fated to become the right wing as described previously (11).
Embryos were staged according to the method of Hamburger and Hamilton (13).
Wings were dissected at stages 36 to 39, stained with Alcian blue or green, and
cleared with KOH-glycerol as described previously (11). Dissected wings were
imaged by video capture; the bone lengths were measured, and other parameters
of the phenotype (feather germ formation and altered morphology) were scored.
The ratios of infected (right wing) to uninfected (left wing) bone lengths from the
same embryos were calculated for the humerus, radius, ulna, and the longest
digit (digit III). The mean bone length indices of MsxI-infected embryos were
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compared to the 99% confidence interval for the mean bone length indices of
control [AP- and MsxI(R31P)-infected] embryos.

CD. Circular dichroism (CD) measurements were performed with an Aviv
model 62 DS spectropolarimeter fitted with a thermally regulated cell holder in
0.1-cm (far-UV spectra) or 1.0-cm (near-UV spectra) rectangular cuvettes. The
midpoint temperatures (7,,s) of the unfolding transitions were determined by
fitting the change in ellipticity at 208 nm to the equations k = exp{[AH/(RT)]
[(T/T,,) — 1]}, y = k/(1 + k), and f = [(u — [)y] + 1, where k is the equilibrium
constant of folding at any temperature (7), 7,, is the midpoint temperature of
the folding transition, and f is the fraction folded at any temperature. 7 and 7,
are in degrees kelvin, converted to degrees celsius in Fig. 3. R is the gas constant,
and AH is the enthalpy of folding, u represents the ellipticity values where the
protein is completely folded, and / is the ellipticity value where the protein is
completely unfolded. To calculate the T,,, values, initial values of AH, u,/, and T,
are estimated. The CD data are then fit to f by using the Levenberg-Marquardt
algorithm (21) implemented in SigmaPlot. The percentage of a-helicity was
calculated from the ellipticity at 222 nm with the equation %bhelix = 100[6(Ob-
served) — 0(Coil)]/[6(Helix) — 6(Coil)], where 6(Helix) = —40,000 (1 — 2.5/n)
+ 1007 and 6(Coil) = 640 — 45T. 6(Helix) and 6(Coil) are the values for 100%
a-helix and 100% random coil respectively, expressed in degrees times centime-
ter squared per decimole, T is the temperature in degrees celsius, and 7 is the
number of residues in the chain (24).

RESULTS AND DISCUSSION

Functional domains of Msx1. The murine MsxI gene en-
codes a highly conserved DNA binding protein that functions
as a transcriptional repressor through its interactions with gen-
eral transcription factors, such as the TATA binding protein
(TBP), and other homeoproteins, including members of the
DIx family (4, 5, 31, 33, 34). Of several conserved functional
domains of Msx1, the homeodomain in particular is essential
for DNA binding, transcriptional repression, interactions with
TBP and DIx, and protein stability (Fig. 2) (3, 4, 8, 25, 33, 34).
Therefore, the R31P substitution may affect any, or all, of these
biochemical activities of Msx1.

In considering the possible consequences of the R31P sub-
stitution, we noted that this mutation occurs within helix II of
the homeodomain, which makes an important contribution to
protein stability (Fig. 2) (8, 25). Moreover, proline residues are
rarely found at position 31 in homeodomain sequences (2),
which is not surprising given the known propensity of prolines
to disrupt a-helices (22). Therefore, the R31P substitution may
affect the activity of Msx1 as a consequence of introducing a
proline residue within helix II, which may be distinct from
effects due to the loss of the basic arginine side chain. To
distinguish between these possibilities, we have compared the
activities of Msx1(R31P) to that of Msx1 and also to that of an
Msx1 polypeptide containing a substitution of arginine 31 by

Stabilization
DNA binding [ L]
Repression —— ]
TBP Interaction —
DIx Interaction — ] eeT—

FIG. 2. Functional domains of Msx1. Schematic diagram of Msx1 showing
the regions conserved among Msx proteins: the Msx homology regions I to III
(MHRI to -III), the extended homeodomain (EHD), and the homeodomain (7).
MHRI and MHRII contribute to transcriptional repression, whereas MHRIII
promotes protein stability (4). Contributions made by the homeodomain subdi-
visions (the N-terminal arm [NT Arm] and helices I, II, and III) to protein
stability, DNA binding specificity, transcriptional repression, and protein inter-
actions are indicated by bars (8, 25, 33, 34). Note that the R31P substitution
occurs in helix II, which is primarily important for protein stability.
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FIG. 3. CD analysis demonstrates altered structure and reduced stability of
Msx1HD(R31P) relative to Msx1HD and Msx1HD(R31A). CD spectra were col-
lected by using the purified Msx1 homeodomain polypeptides (Fig. 1A) MsxIHD
(@), MsxIHD(R31P) (w), and MsxIHD(R31A) (A). (A) Far-UV CD spectra
(200 to 250 nm) show that the a-helical content of MsxIHD(R31P) (56%) is less
than that of Msx1HD (65%), whereas MsxIHD(R31A) (71%) has greater a-heli-
cal content. This is consistent with the known helix-disrupting propensity of pro-
line and the helix-promoting propensity of alanine (22). (B) Near-UV CD spec-
tra (250 to 320 nm) show that MsxIHD(R31P) has reduced absorbance in the
characteristic tyrosine and phenylalanine regions (260 and 280 nm, respectively),
whereas the tryptophan peak (290 nm) is similar for all three proteins. (C) 7,
curves show that Msx1HD(R31P) has a lower 7, (33°C) than Msx1HD (53°C) or
Msx1HD(R31A) (58°C). The fraction of folded protein was calculated from the
far-UV CD spectra at 208 nm, taken between 0 and 80°C; a similar profile was
obtained at 222 nm (data not shown). In panels A, B, and C, protein concentra-
tions were determined by A,gg (€550 = 7,000 cm™ /M ™! in the presence of 6 M
guanidine-HCI (8) and were adjusted to 0.06 mg/ml (A and C) or 0.6 mg/ml (B).
All data were collected in 10 mM potassium phosphate buffer (pH 7.0) in trip-
licate with a step size of 0.25 nm. In panels A and B, spectra were recorded at 20°C;
for clarity, only five data points are shown. CD analysis was performed three
times with two independent protein preparations; representative data are shown.
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FIG. 4. Msx1R31P has reduced DNA binding activity, compared with that of
Msx1 or Msx1(R31A), and is temperature sensitive. (A) A gel retardation assay
was performed at 20°C with proteins obtained by in vitro transcription and
translation (1 or 2 pl, indicated by the triangle) and with the DNA sites shown;
these sites were described in reference 3. The lanes labeled NA contain the
unprogrammed reticulocyte lysate (2 wl). The upper arrow indicates the position
of the specific Msx1-DNA complex; the lower arrow indicates a nonspecific
complex present in the unprogrammed lysate. (B) The gel retardation assay was
performed with recombinant protein (5, 10, or 20 ng, indicated by the triangle)
and the Msx1 consensus DNA site (CTAATTGG) (3). Protein-DNA complexes
were formed at 20 or at 37°C, as shown. The lanes labeled NA contain no added
protein; the arrow indicates the position of the MsxIHD-DNA complex. Note
that Msx1HD(R31A) binds to DNA more avidly than Msx1HD, which is pre-
sumably a consequence of its enhanced stability (Fig. 3). For panels A and B,
assays were performed a minimum of three times; representative data are shown.

alanine [Msx1(R31A)], since alanine is a neutral amino acid
that is known to promote, rather than destabilize, a-helix for-
mation (22).

Msx1HD(R31P) has altered structure and reduced stabil-
ity relative to Msx1HD and Msx1HD(R31A). To determine
whether the R31P substitution affects the structure of Msxl1,
we performed CD analysis using homeodomain polypeptides
corresponding to the wild-type sequence [Msx1HD], the R31P
substitution [MsxIHD(R31P)], or the R31A substitution
[MsxIHD(R31A)] (Fig. 1A). CD analysis in the far-UV range
provides a quantitative measurement of the a-helical content
of proteins (1), which is particularly useful for homeodomains,
since they are primarily a-helical in structure (10). CD analysis
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FIG. 5. Msx1(R31P) interacts inefficiently with DIx2 and TBP. The GST
interaction assay was performed with 5 pg of GST, GST-DIx2, or GST-TBP and
358-labeled Msx1, Msx1(R31P), or Msx1(R31A), as shown. Immobilized proteins
were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
visualized by autoradiography (arrow). The input lane contains 20% (1 wl) of the
total 33S-labeled protein (5 ul) used in the interaction assays. The dashes show
the positions of the molecular mass standards (bovine serum albumin, 77 kDa;
carbonic anhydrase, 33.8 kDa). Assays were performed a minimum of three
times; representative data are shown.

in the near-UV range measures the aromatic amino acid side
chain conformations and provides an indirect measurement
of protein conformation (1). As shown by their far-UV CD
spectra, all three homeodomain polypeptides form a-helices
at 20°C (Fig. 3A). However, Msx]1HD(R31P) has reduced
a-helical content (56%) relative to Msx1HD (65%), whereas
Msx1HD(R31A) has increased a-helical content (71%). The
near-UV CD spectra show that the protein conformation of
Msx1HD(R31P) is altered relative to those of Msx1HD and
Msx1HD(R31A) (Fig. 3B). In particular, the characteristic
tryptophan peak (at 290 nm) is similar for all three polypep-
tides, whereas the tyrosine (280 nm) and phenylalanine (260
nm) peaks are reduced for Msx1HD(R31P) relative to those
for Msx1HD and Msx1HD(R31A) (Fig. 3B). The single tryp-
tophan residue in the Msx1 homeodomain is located in helix
III, whereas tyrosine and phenylalanine residues are found in
helices I and 11, indicating a local unfolding in the vicinity of
the proline substitution.

To examine directly whether the R31P substitution affects
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protein stability, we determined the 7,,s of Msx1HD, Msx1HD
(R31P), and Msx1HD(R31A) (Fig. 3C). The T,, refers to the
temperature at which 50% of the protein is folded and is
calculated from the far-UV CD spectra taken between 0 and
80°C. This analysis revealed that Msx1(R31P) is significantly
less stable (7,, = 33°C) than Msx1HD and Msx1HD(R31A)
(T,, = 53 and 58°C, respectively) (Fig. 3C). We note that the
T, of Msx1HD(R31P) is lower than the physiological temper-
ature, suggesting that a considerable fraction of the Msx1HD
(R31P) protein may be in a partially unfolded state in vivo.

Msx1R31P has reduced activity in biochemical functions
that require the homeodomain. We next examined the conse-
quences of the R31P substitution on biochemical activities of
Msx1 mediated by the homeodomain. To compare the DNA
binding activities of Msx1, Msx1(R31P), and Msx1(R31A), we
performed gel retardation assays using full-length proteins ob-
tained by in vitro translation (Fig. 4A). As shown in Fig. 4A
and as previously described (3), Msx1 interacts with its con-
sensus DNA site (e.g., CTAATTGG) and certain variations of
this site (e.g., CTAATTAG), but not with sites that have sub-
stitutions of critical nucleotides within the consensus site (e.g.,
CTAATGGA and CTACTTGG) (Fig. 4A). Whereas the bind-
ing profile of Msx1(R31A) is essentially identical to that of
Msx1, Msx1(R31P) does not interact significantly with any of
these DNA sites (Fig. 4A) or with several other DNA sites
tested (data not shown).

To examine the relationship between loss of DNA binding
and reduced stability of Msx1(R31P), we compared the binding
activities of Msx1HD, Msx1HD(R31P), and Msx1HD(R31A)
at temperatures below (20°C) and above (37°C) the T7,,, of
Msx1HD(R31P) (Fig. 4B). We used the recombinant homeo-
domain polypeptides, since Msx1HD(R31P) interacts better
with DNA than full-length Msx1(R31P) (compare Fig. 4A and
B). We found that the DNA binding activities of Msx1HD
and Msx1HD(R31A) were not altered at the temperatures
examined (Fig. 4B). In contrast, the DNA binding activity of
Msx1HD(R31P) was significantly reduced at 37°C compared to
that at 20°C (Fig. 4B). Taken together, these findings indicate
that the impaired DNA binding activity of Msx1(R31P) is a
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FIG. 6. Msx1(R31P) lacks transcriptional repressor activity and does not influence the transcriptional repressor activity of Msx1. Transient-transfection assays were
performed with C2C12 cells by using expression plasmids encoding the indicated proteins and a luciferase reporter plasmid containing an Msx1-responsive element (the
WIP element [15]). In panel A, the amounts of each expression plasmid were 62.5, 125, or 250 ng (indicated by triangles). In panel B, each sample contained 125 ng
of the Msx1 expression plasmid (indicated by the bar) alone or in combination with 125 or 250 ng of the Msx1, Msx1(R31P), and Msx1(R31A) expression plasmids
(indicated by triangles). Data are represented as fold luciferase activity; a representative assay is shown with error bars indicating the difference between duplicates.

Assays were performed a minimum of three times; representative data are shown.
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consequence of its reduced stability rather than the loss of the
arginine side chain.

The Msx1 homeodomain also mediates functional interac-
tions with various protein factors, including DIx2 and TBP
(Fig. 2) (33, 34). Therefore, we tested the ability of Msxl
(R31P) to associate with these proteins in GST interaction
assays (Fig. 5). In contrast to the strong interaction observed
with Msx1 and Msx1(R31A), Msx1(R31P) exhibited a weak
interaction with DIx2 and TBP (Fig. 5). Since residues in helix
II do not contribute directly to these protein-protein interac-
tions (Fig. 2) (33, 4), we infer that the reduced ability of Msx1
(R31P) to bind to DIx2 and TBP is also due to its structural
perturbation and/or reduced stability.

The biological actions of Msx1 are presumed to be mediated
through its function as a transcriptional repressor, and the
homeodomain is known to be essential for this activity (4, 5, 31,
33). Therefore, we examined whether Msx1(R31P) is capable
of functioning as a transcriptional repressor in transient-trans-
fection assays (Fig. 6). As we have found previously (15, 33),
Msx1 and Msx1(R31A) exhibited potent repressor activity on
an Msxl1-responsive reporter in transfection assays (Fig. 6A).
In contrast, Msx1(R31P) had no transcriptional repressor
activity through this Msx1-responsive reporter (Fig. 6A) or
through various other reporters (data not shown).

Although Msx1(R31P) is not transcriptionally active, it may
influence the repressor activity of Msx1. To test this possibility,
we performed mixing experiments by using a constant amount
of the Msx1 expression plasmid and increasing amounts of
additional Msx1, Msx1(R31P), or Msx1(R31A) (Fig. 6B). A
comparable level of repression was observed with equivalent
amounts of additional Msx1 or Msx1(R31A) (Fig. 6B). In con-
trast, Msx1(R31P) did not modify the repressor activity of
Msx1 significantly (Fig. 6B). In other mixing experiments, we
have observed that Msx1(R31P) neither increased nor de-
creased the DNA binding activity of wild-type Msx1 in gel
retardation assays (data not shown). Taken together, these bio-
chemical studies demonstrate that Msx1(R31P) (i) has little or
no activity on its own, (ii) does not perturb the actions of
wild-type Msx1, and (iii) has no apparent novel activities.

Ectopic expression of Msx1, but not Msx1(R31P), alters
chicken embryonic limb morphology. To address whether
these in vitro studies may also reflect the biological properties
of Msx1(R31P), we misexpressed Msx1, Msx1(R31P), or Msx1
(R31A) in embryonic chicken limb buds by using retroviral
infection (Fig. 7). Clearly, there are differences between tooth
and limb development that are exemplified by the expression
pattern and function of MsxI in these tissues. In particular,
Msx1 expression is more dynamic in the developing tooth than
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in the limb, and the functional consequences of targeted gene
disruption of MsxI and the R31P mutation are evident in the
tooth, but not in the limb (7, 23, 30). On the other hand, limb
development is similar to tooth formation in that both require
sequential and reciprocal signaling processes between epithe-
lial and mesenchymal cell layers, and Msx] expression in the
limb and tooth mesenchyme is an important component in
these signaling events (7). Therefore, the chicken limb bud
assay provides a means of comparing the biological activities of
MsxI and MsxI(R31P), whose functions in the tooth may be
more specialized.

Within the developing chicken limb bud, expression of en-
dogenous Msx! (GMsxI) is restricted to the outer margin of
the mesoderm, termed the progress zone, which is in close
proximity to the overlying ectoderm (Fig. 7B). We infected the
prospective right forelimb with the MsxI-expressing retrovi-
ruses at the onset of limb bud outgrowth at stage 17 (13) and
examined the consequences of this ectopic expression at later
stages of limb development (stages 24 to 37) (Fig. 7). Ectopic
expression of Msx! throughout the wing (Fig. 7C) resulted in a
reduction in the size of the wing on the infected side compared
with the control, uninfected, wing (Fig. 7D and Table 1). In
particular, the skeletal elements (humerus, radius, ulna, and
digits) were reduced by an average of 10 to 20% in infected
wings compared with uninfected, control wings (Table 1). We
observed a reduction in the size and number of the feather
buds in the infected wings compared with the control wings
(Table 1). For the MsxI-infected wings, the mean infected/un-
infected (right/left) ratio of length of the various skeletal ele-
ments was statistically different from the same ratio for control
wings (P < 0.01 for all skeletal elements measured). A similar
phenotype was produced by infecting the prospective forelimb
field with retroviruses expressing GMsx! at an earlier develop-
mental stage (stage 10) (Fig. 7H). Since these wings were ex-
amined at a later stage (stage 39), the feather bud defect is
more evident. These alterations of the skeletal elements and
feather buds are likely to be a consequence of changes in the
expression patterns of Msx1-responsive genes, as well as direct
effects of Msx1 on cellular proliferation and differentiation
(1a).

In contrast to the defects observed with retroviruses express-
ing MsxI or Msx1(R31A), infection with the MsxI(R31P)-ex-
pressing retrovirus in the prospective forelimb did not produce
any significant alteration in the size or shape of the infected
wings (Fig. 7D to F, H, and I and Table 1). In fact, the wings
infected with either the mouse or chicken Msx1(R31P)-express-
ing retroviruses were indistinguishable from the uninfected

FIG. 7. Ectopic expression of Msx1, but not Msx1(R31P), alters chicken embryonic limb morphology. (A) The replication-competent retroviral vector RCASBP (9,
14) provides a vehicle with which to introduce Msx1, MsxI1(R31P), or Msx1(R31A) into the limb and to drive their expression. Note that the murine genes are Myc tagged,
but the chicken genes are not (see Materials and Methods). The retroviruses that contain the murine Msx] sequences allow for detection of the exogenous genes as
distinguished from the endogenous chicken gene (GMsxI) by in situ hybridization. (B) Whole-mount in situ hybridization shows expression of endogenous GMsx! at
stage 26 in the embryonic limb buds, where it is confined primarily to the distal mesenchyme (progress zone; arrows). At this stage, GMsx1 is also expressed in the dorsal
neural tube (white arrowhead) and branchial arches (not shown). (C) Whole-mount in situ hybridization shows ectopic expression of murine Msx! in the forelimb bud
at stage 26 following retroviral infection at stage 17. Exogenous MsxI is expressed throughout the forelimb, but not the hindlimb, on the infected side (black arrows)
and not in the forelimb of the uninfected (control) side (white arrowhead) or in other regions of endogenous GMsx1 expression. A similar pattern of ectopic expression
was observed for GMsxI and GMsx1(R31P) (data not shown). Whole-mount in situ hybridization was performed with a chicken (B) or murine (C) Msx!/ antisense
riboprobe as described in reference 34. (D to F) Ectopic expression of Msx! (D) or MsxI(R31A) (F), but not MsxI(R31P) (E), in the forelimb produces a smaller wing
on the infected side (upper right) relative to the wing on the uninfected side (control, lower left). (G) Ectopic expression of Msx! together with MsxI(R31P) produces
a smaller wing comparable to that seen with ectopic expression of MsxI alone. (H to I) Ectopic expression of GMsx! (H), but not GMsx1(R31P) (1), in the forelimb
produces a smaller wing and smaller feathers on the infected side relative to the uninfected one (control). In panels D to I, infection was achieved by injection of
high-titer virus (10¥ CFU/ml) into the region of the prospective forelimb (right side) at stage 10 (H and I) or stage 17 (D to G); embryos were staged according to the
method of Hamburger and Hamilton (13). Infection was generally restricted to the site of injection (Fig. 7C); however, blood-borne virus sometimes led to ectopic
expression in the heart (not shown). Two retroviral vectors encoding alternative viral envelope proteins were used [RCASBP(A) and RCASBP(B)]. Ectopic expression
of MsxI by using either retroviral vector produced equivalent results. In panel G, coinfection of Msx/ and MsxI(R31P) was achieved with a 1:1 mixture of
MsxI-RCASBP(A) and Msx1(R31P)-RCASBP(B). Panels D to I show representative wings (stages 36 to 39) with the ventral surface facing up. Data analysis is provided
in Table 1. R, radius; U, ulna; H, humerus; D, digit III.



6050 HU ET AL.

MoL. CELL. BIOL.

TABLE 1. Effect of retrovirus infection on chicken wing cartilage pattern and feather germ formation

Proportion with:

No. of embryos No. of embryos

Cartilage length index®

Protein expressed Feather

infected with phenotype

Altered

germ defect” morphology” Humerus Radius Ulna Digit IIT
Msx1 54 49 0.61 0.49 0.89 = 0.01 0.88 = 0.01 0.87 £ 0.01 0.83 £ 0.03
Msx1(R31P) 52 44 0.08 0 1.00 = 0.01 1.01 = 0.01 1.00 £ 0.01 1.01 = 0.01
Msx1(R31A) 50 45 0.82 0.60 0.93 = 0.01 0.93 = 0.01 0.91 = 0.01 0.86 = 0.01
AP 6 0 0 0 1.00 = 0.01 1.03 = 0.01 1.00 = 0.01 0.99 = 0.02
Msx1 + AP 11 10 0.80 0.60 0.89 = 0.03 0.86 = 0.04 0.86 = 0.04 0.85 = 0.05
Msx1 + Msx1(R31P) 8 8 0.75 0.50 0.92 = 0.02 0.90 = 0.03 0.91 £ 0.03 0.83 = 0.04

“ Feather germs were significantly reduced in size or absent along the posterior wing margin of the right infected wing compared with the contralateral uninfected

(control) wing.

® The angle made by the ulna and digit I1I of infected wings was often =180°, compared to the angle made by the ulna and digit III of the uninfected contralateral
(control) wing, which was between >90° and <180°. Compare the wings shown in Fig. 7D as an example.
¢ The cartilage length index is the ratio of the length of the infected right element to the length of the uninfected contralateral element and is expressed as the mean =

standard error.

4 Wing size of the MsxI(R31P)-infected embryos was never observed to change, but in a small number of embryos, there was some difference in the size of feather
germs on the right infected wing compared with the contralateral uninfected (control) wing.

¢ AP, human AP.

wings, suggesting that Msx1(R31P) is inactive in vivo as well as
in vitro.

To examine whether MsxI(R31P) affects the activity of MsxI
in vivo, we infected the prospective forelimb with a 1:1 mixture
of MsxI- and MsxI(R31P)-expressing retroviruses. In control
experiments, we verified the efficacy of coinfection by using a
1:1 mixture of the MsxI- and AP-expressing retroviruses, which
produced the MsxI phenotype, as well as AP activity through-
out the limb (Table 1 and data not shown). Coinfection with
the MsxI- and Msx1(R31P)-expressing retroviruses produced a
wing phenotype that is indistinguishable from that produced by
infection with MsxI alone (compare Fig. 7D and G and Table
1). These findings indicate that MsxI(R31P) does not affect the
activity of Msx1 in vivo.

Conclusions. In summary, we have found that Msx1(R31P)
is partially or completely inactive in vitro and in vivo because
of a perturbation of structure and decreased stability that re-
sults from the introduction of a proline residue within helix IT
of the homeodomain. Furthermore, Msx1(R31P) does not ap-
pear to influence the activity of wild-type Msx1, nor does it
display any novel activities in the assays performed. We there-
fore propose that the phenotype in affected individuals with
selective tooth agenesis is due to haploinsufficiency.

These findings raise several interesting questions regarding
the mode of action of MSXI and its particular importance in
tooth morphogenesis. Msx! is expressed throughout the tooth
mesenchyme (17, 19, 20) as well as other embryonic regions
(reviewed in reference 7), and complete loss of MsxI function
in mice results in a failure of tooth development (6, 23). Yet
the missense mutation of MSX7 in humans selectively affects
certain teeth, particularly the second premolars and third mo-
lars (30). Apparently, the reduced dosage of MSXI in other
embryonic regions, and even in other teeth, is tolerated, sug-
gesting that morphogenesis of the affected teeth requires a
greater dosage of MSX1. This idea is supported by the clinical
observation that while individuals affected with selective tooth
agenesis always fail to develop second premolars and third
molars, flanking teeth are more variably affected (30). Alter-
natively, tooth morphogenesis in the affected family may be
particularly susceptible to a reduced MSXI dosage because of
the specific effects of genetic background. It is noteworthy that
mice heterozygous for Msx! exhibit no abnormalities in tooth
development (23). Although the absence of this phenotype
may simply reflect the fact that mice lack premolars, it would

be of interest to examine tooth morphogenesis in heterozygous
mice in different genetic backgrounds.

Interestingly, a missense mutation in human MSX2, which is
the cause of Boston-type craniosynostosis, also results in the
substitution of a single residue within the homeodomain (16).
In this case, substitution of a proline for a histidine renders the
protein more stable than wild-type MSX2, and the resulting
phenotype is believed to occur from a gain-of-function activity
(18, 32). In combination with the present study, these findings
highlight the significance of structural integrity and protein
stability as a means of regulating the activities of proteins such
as MSXI1. Furthermore, this study demonstrates the impor-
tance of a detailed analysis of the biochemical and biological
consequences of missense mutations for understanding the
molecular bases of genetic disease.
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