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Rare mutations in MEF2A have been proposed as a cause of coronary artery
disease (CAD) and myocardial infarction (MI). In this issue of the JCI,
Pennacchio and colleagues report sequencing MEF2A in 300 patients with
premature CAD and in controls. Only 1 CAD patient was found to carry a
missense mutation not found in controls. The specific 21-bp deletion in
MEF2A previously proposed as causal for CAD and/or MI was observed in
unaffected individuals and did not segregate with CAD in families (see the
related article beginning on page 1016). These results do not support the
hypothesis that mutations in MEF2A are a cause of CAD and/or MI but do
illustrate general principles regarding the difficulty of connecting genetic

variation to common diseases.

Known risk factors explain only a small
fraction of interindividual risk of coro-
nary artery disease (CAD). An important
clue to understanding the etiology of
CAD is its substantial heritability, which
demonstrates that variation in DNA
sequence influences risk (1). It was recent-
ly proposed that mutations in MEF2A,
which encodes a member of the myocyte
enhancer factor-2 (MEF2) family of tran-
scription factors, are a cause of CAD and
myocardial infarction (MI) (2), a finding
that, if true, would provide an important
and previously unsuspected insight into
the pathogenesis of this clinically impor-
tant disease. In this issue of the JCI, how-
ever, Pennacchio and colleagues report
that rare missense changes in MEF2A are
not observed at a substantial frequency in
patients with early-onset CAD (3). More
critically, they discovered that a specific
21-bp deletion in MEF2A — originally
claimed to be the causal mutation in the
index family — is also present in unaffect-
ed individuals, where it does not coseg-
regate with CAD. How can we reconcile
these results; what do they tell us about
the proposed role of MEF2A in CAD; and
what general principles do they highlight
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about the challenges in reliably implicat-
ing genetic variants in human disease?

The study in this issue of the JCI was
prompted by an earlier article published
in Science (2) that described a large fam-
ily with 21 members, 13 of whom were
affected with a composite endpoint of
CAD and/or MI: patients in whom ste-
nosis has been detected upon catheteriza-
tion or who have undergone a revascu-
larization procedure or experienced past
MI. Because 13 of 21 family members
were affected, the authors hypothesized
that in this family, CAD and/or MI was
an autosomal-dominant, single-gene dis-
order. When the data were analyzed based
on this assumption, significant evidence
was obtained for linkage to chromosome
15926 (logarithm of the odds [LOD]
score, 4.19), implicating a region that at
a minimum contains 93 genes.

The authors of the earlier study analyzed
only 1 of these 93 positional candidate
genes, MEF2A, because it is expressed in
the vasculature of embryonic mice (2). A
21-bp in-frame deletion was identified in
one of the affected individuals from the
family. The 21-bp deletion also segregated
with disease in this family; however, this
variant in MEF2A was identified precisely
because it resided in a large region that is
tightly linked to CAD and/or MI in this
family, so its cosegregation with disease
status is expected and provides little new
information. In this initial report, the
21-bp deletion was absentin 119 unrelated
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individuals with normal angiograms, and
was found to alter the ability of the MEF2A
protein to activate transcription in vitro.

The same group published a second article
(4) in which they screened the MEF2A gene
in 207 individuals with CAD and 191 con-
trols. They found 3 different single nucleo-
tide protein polymorphisms in a total of 4
CAD patients and none in controls. Pro-
teins carrying these changes altered MEF2A
transactivation activity in vitro. Based on
these data, the authors concluded that each
of these variants of MEF2A is a cause of
CAD and/or MI and estimated from these
data that approximately 2% of people with
CAD carry such mutations.

Pennacchio and colleagues (3) now
report the resequencing of the MEF2A
coding region in 300 patients with pre-
mature CAD and in a control group of
elderly unaffected individuals. Of the
MEF2A missense variants identified in
CAD patients, only a single variant was
not also present in controls. This mis-
sense variant was located in an amino
acid that is not conserved across species,
which suggests that this amino acid is not
crucial for MEF2A function, although this
was not evaluated experimentally.

More importantly, the 21-bp deletion
that Wang et al. had claimed to be the
causal mutation (2) was observed in a
clinically unaffected control subject rather
than in a patient with CAD (3). In the fam-
ily of this control, the 21-bp deletion was
found in 3 more elderly people without
CAD, and was absent from 2 patients who
did have CAD. An additional 1,500 people
without clinically apparent CAD were
screened for the 21-bp deletion, which
was identified in 2 families. None of the
individuals carrying the 21-bp deletion in
MEF2A had clinically apparent CAD or
other cardiovascular diseases.

First, the 21-bp deletion in MEF2A ini-
tially claimed to be a causal mutation by
Wang et al. (2) appears instead to be a rare
polymorphism that does not consistently
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segregate with CAD and/or MI in fami-
lies. Six subjects in 3 families were found
who carried the 21-bp deletion and had
other risk factors for CAD (age, dyslipid-
emia, hypertension, diabetes, and a history
of smoking). None of these individuals
showed evidence of CAD.

It is difficult to create a model in which
the 21-bp deletion is sufficient to cause
CAD and/or MI in one family and yet
shows no association to disease in other
families. The only possibility is that there
could be a genetic or environmental modi-
fier that is absolutely required for its effect.
Because the original evidence of linkage
rested heavily on the assumption of strict
monogenic inheritance, however, and since
relaxing this assumption would likely
make the evidence for linkage much less
significant, invoking an unspecified modi-
fier locus may actually weaken the case for
MEF2A rather than strengthen it.

Second, the frequency of missense
changes in CAD and controls does not
provide an alternative argument in sup-
port of a causal role for MEF2A variation
in CAD and/or MI. The prevalence of
rare, nonsynonymous changes in MEF2A
identified in patients with CAD but not in
healthy controls is very low, approximately
1% in the combined populations of stud-
ies published to date. The current estimate
of the difference in the prevalence of non-
synonymous change between CAD and
control patients (5 of 500 versus 0 of 500,
respectively) does not achieve nominal
significance (P > 0.2), much less the more
stringent levels of significance required
to overcome the relatively low prior prob-
ability that a given candidate gene is causal
(ref. 5; see also refs. 6-8).

Finally, although results of functional
studies of MEF2A variants have suggested
alterations of function in vitro, these do not
prove a role for MEF2A in CAD and/or MI.
Because these in vitro assays have no docu-
mented relationship to CAD and/or MI
in vivo, they are of limited value in assess-
ing the likelihood of an etiological role for
MEF2A mutations in CAD and/or MI.

If the available evidence is not adequate
to conclude that mutations in MEF2A
play a causal role in CAD and/or MI, what
general principles can we take away? First,
evidence from more than one mutation
in a single family is required when mak-
ing a claim of causality. Because a single
observation of a potentially functional
variant (such as an in-frame deletion)
is not an unusual event, multiplicity is
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required. Multiple different mutations,
multiple independent observations of the
same mutations, and/or multiple compel-
ling lines of evidence are required to prove
the link between variation in a gene and
disease. Together these multiple variants
should satisfy one or more of the follow-
ing criteria. (a) Multiple different muta-
tions exist, each of which is evidently
functional and cosegregates with disease
in human patients. (b) Enrichment of a
particular allele in disease cases as com-
pared with controls, with enough observa-
tions to establish statistical significance.
(c) Enrichment in disease cases of differ-
ent rare mutations, where the frequency of
such mutations is ascertained with equal
vigor in controls. The challenge here is
deciding which of the observed changes
should be lumped into the “causal” cate-
gory in the disease cases as compared with
the controls (7). Unless functional studies
are performed, and unless the available
assays bear a validated relationship to
the disease in vivo, it is difficult to know
which observed changes might be causal
and which are clinically neutral variants.
(d) Observation of a de novo mutation
that is present in an affected individual
(but not in his or her biological parents),
which is extraordinarily rare given the low
spontaneous mutation rate in humans.
(e) Compelling effects of a human muta-
tion in a model system, such as an in vivo
mouse model with recapitulation of the
human disease phenotype.

Because MEF2A was only one of approxi-
mately 93 candidate genes at 15926, it is
of course possible that another gene in the
region may yet be found to play a role in
CAD and/or ML It is important to note,
however, that while the initial LOD score
above 4 is considered significant for a
genome-wide linkage study, this result is
only valid under the author’s assumption
that, in a family with 13 of 21 individuals
affected, CAD and/or MI is segregating as a
Mendelian, autosomal-dominant trait (2).
In a common disease such as CAD, it is also
possible that a large family could contain
many affected individuals by chance alone,
thus giving an appearance consistent with
single-gene inheritance.

Detailed characterization of patient phe-
notype can be extremely important in such
studies. The hypothesis of monogenic
inheritance in a family is more compelling
if the affected members share an unusual
phenotype, for example, early onset of
diabetes in maturity-onset diabetes of the
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young (9) or a syndromic form of disease
as is the case in many disorders of blood
pressure and electrolyte metabolism (10).
No such distinctive phenotype was con-
sistently evident in the CAD and/or MI
family originally described (2), in which
many of the affected individuals had a
typical age of onset and clinical presen-
tation of CAD. Under other models of
inheritance, the linkage to 15926 would
likely not be as significant. Similarly, given
other definitions of affected status (steno-
sis detected upon catheterization, a previ-
ous revascularization procedure, or past
MI considered individually, rather than
the composite of all 3), the linkage results
would be different. Since parametric link-
age analysis (in which a specific model of
inheritance is postulated) can be power-
fully influenced by the affectation status
of even 1 or 2 individuals, more intensive
analysis of unaffected family members can
be important to rule out disease that has
not yet manifested clinically.

Given the effort required for compre-
hensive study of the positional candidate
genes at 15q26, it would be valuable to
observe more families with linkage to
this region, applying a single definition of
affectation status, before embarkingon a
large effort to track down other genes in
this region. It is worth noting that mul-
tiple other studies have searched for link-
age to premature CAD and/or MI, and
have not highlighted linkage to this locus
(1, 11-15), including a large study done
by the authors of the original article on
MEF2A in Science (11).

In conclusion, MEF2A may play an impor-
tant role in cardiovascular biology, and rare
variants in MEF2A may influence its activ-
ity as a transcription factor in vitro, but the
genetic evidence available to date does not
demonstrate that these mutations play a
causal role in CAD and/or MI in humans.
While further scrutiny of MEF2A may help
sort out its role, these studies (2-4) are also
valuable in reminding us that replication
and multiplicity in human genetic research
are critically important; that linkage studies
implicate a region, not a single gene; that
there are limitations in extrapolating from
a functional effect in vitro to a medical con-
sequence in vivo; and that defining a mode
of inheritance and proper definition of phe-
notype for common diseases is a challenge.
As advances in technology make it easier to
collect such data (but no easier to interpret
them!), these principles will be increasingly
important in the years to come.
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The fickle finger of fate
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In this issue of the JCI, Niedermaier and colleagues demonstrate that a
chromosomal inversion in mice results in dysregulation of Sonic hedgehog
(Shh), such that Shh is ectopically expressed in a skeletogenic domain typi-
cally occupied by Indian hedgehog (Ihh) (see the related article beginning
on page 900). This molecular reversal eliminates phalangeal joint spaces,
and consequently, Short digits (Dsh) heterozygotes (Dsh/+) have brachydac-
tyly (shortened digits). Ibb is normally downregulated in regions that will
become the joint space, but in Dsh/+ mice, Shh bypasses this regulatory con-
trol and persists; accordingly, cells maintain their chondrogenic fate and
the developed digits are shorter than normal. The significance of these data
extends far beyond the field of skeletal biology: they hint at the very real
possibility that the endogenous Shh regulatory region contains a repressor
designed to segregate the activity of Shh from Ihh. The existence of such a
repressor provides a window into the distant past, revealing that Shh and
Thh must once have shared responsibilities in establishing tissue boundaries
and orchestrating vertebrate tissue morphogenesis.

Ancient physicians viewed the skeleton as
“the foundation of the rest of the parts of
the body and all the members rest upon
them and are supported, as proceed-
ing from a primary base” (1). Defects in
this structural foundation also serve as
portholes through which the process of
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phogenic protein; Dsh, Short digits; Dsh/+, Dsh heterozy-
gote; Thh, Indian hedgehog; Shh, Sonic hedgehog.
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fetal skeletogenesis can be analyzed. For
example, studies of genetic perturbations
that result in distal limb truncations have
shown that the morphogen Sonic hedge-
hog (Shh) establishes precisely where skel-
etogenic condensations will form in the
tips of the hand- and footplates (2, 3). This
spatial patterning information is further
refined by bone morphogenetic protein
(Bmp) signaling, as shown by the fact that
disruptions in the Bmp signaling pathway
lead to fusions, or syndactyly, of the digits
(4). Once the spatial pattern of the skeleto-
genic condensations is achieved, a closely
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related cousin, Indian hedgehog (Ihh),
takes over and plays an instrumental role
in segregating inner chondrogenic cells
from the flattened, elongated perichondrial
cells at the periphery (5). Ihh secreted from
chondrocytes stimulates the differentiation
of perichondrial cells into osteoblasts (5-7),
mesodermal cells that give rise to bone.

Another critical feature of limb skel-
etogenesis is the creation of the articula-
tions, or joint spaces, between the skeletal
elements. In the fingers, joint spaces are
created when a single, larger skeletogenic
condensation cleaves into 2 or 3 smaller
segments, each of which will give rise to
a phalange (8). Wnt14 is critical in deter-
mining where a joint space will form (9),
but precisely how the cleavage event is
controlled remains uncertain. One thing
is clear, however: when a separation fails
to take place, the phenotypic consequence
is brachydactyly (shortened digits). Thus,
while we have a fairly complete picture of
the range of skeletal malformations that
can occur, how these disruptions are relat-
ed to one another and to the basic program
of skeletogenesis remains unknown.

Reading the bones
In this issue of the JCI, Niedermaier et al.
provide new insights into the process of
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