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When Half Is Not Enough: Gene Expression
and Dosage in the 22ql1 Deletion Syndrome

D. W. MEECHAN, T. M. MAYNARD, D. GOPALAKRISHNA, Y. WU, AND A.-S. LAMANTIA

Department of Cell & Molecular Physiology, UNC Neuroscience Center, & Silvio M. Conte Center for
Research in Mental Diseases, University of North Carolina—Chapel Hill, Chapel Hill, NC, USA

The 22ql1 Deletion Syndrome (22q11DS, also known as DiGeorge or Velo-Cardio-Facial Syndrome) has a
variable constellation of phenotypes including life-threatening cardiac malformations, craniofacial, limb, and
digit anomalies, a high incidence of learning, language, and behavioral disorders, and increased vulnerability
for psychiatric diseases, including schizophrenia. There is still little clear understanding of how heterozygous
microdeletion of approximately 30—50 genes on chromosome 22 leads to this diverse spectrum of phenotypes,
especially in the brain. Three possibilities exist: 1) 22q11DS may reflect haploinsufficiency, homozygous loss
of function, or heterozygous gain of function of a single gene within the deleted region; 2) 22q11DS may result
from haploinsufficiency, homozygous loss of function, or heterozygous gain of function of a few genes in the
deleted region acting at distinct phenotypically compromised sites; 3) 22q11DS may reflect combinatorial effects
of reduced dosage of multiple genes acting in concert at all phenotypically compromised sites. Here, we consider
evidence for each of these possibilities. Our review of the literature, as well as interpretation of work from our
laboratory, favors the third possibility: 22q11DS reflects diminished expression of multiple 22q11 genes acting
on common cellular processes during brain as well as heart, face, and limb development, and subsequently in
the adolescent and adult brain.
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22q11DS: ANEUPLOIDY AND DISEASE

Deletion or duplication of large chromosomal do-
mains, which occurs sporadically during oogenesis or
spermatogenesis, most frequently results in a nonvi-
able offspring. In human populations, however, there
are two notable exceptions to this general rule: 22q11
Deletion Syndrome has an estimated frequency of 1
in 3,000—4,000 live births, and Trisomy 21, even
more frequent, occurs in approximately 1 in 1,000
live births (17,53). Both of these fairly common an-
euploid disorders result in a broad spectrum of phe-
notypes that include morphogenetic as well as behav-
ioral and cognitive anomalies (2,14,75). Despite the
relatively high incidence of these syndromes and the

challenges they present for affected individuals, there
is little clear understanding of how loss or gain of
multiple genes at the chromosomal level—and result-
ing expression changes—results in disrupted devel-
opment or function for limbs, faces, hearts, or brains,
the primary sites of change in both Down Syndrome
and 22q11DS. For 22q11DS, some insight may be
gained by examining the expression patterns and lev-
els of the relatively limited set of deleted 22ql1
genes (30-50, as opposed to approximately 500 in
Down Syndrome) and their relation to 22q11DS phe-
notypes.

There has been extensive genetic and genomic
characterization of 22q11DS since the deleted geno-
type and syndrome phenotypes were securely corre-
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lated in the early 1990s (10,21,79). 22q11DS results
from a minimum deletion of approximately 30 con-
tiguous genes in a 1.5-MB region of chromosome 22;
however, 22q11DS is more often accompanied by a
larger deletion of 3 MB that includes approximately
50 genes (81). Surprisingly, no robust or consistent
phenotypes distinguish the 1.5-MB from the 3-MB
deletion (11,43). In fact, the hallmark of 22q11DS
genotype/phenotype association studies is the lack of
consistent phenotypes: some individuals can have a
full set of cardiovascular, morphogenetic, behavioral,
and psychiatric anomalies, while others have few, if
any, obvious dysmorphologies or behavioral difficul-
ties (16,55,73). This frustrating lack of clear geno-
type/phenotype correlation in 22q11DS patients sug-
gests several hypotheses: additional genomic or
environmental lesions—including mutations in re-
maining 22ql1 alleles, modifier genes, or some sort
of gestational stress—may be necessary to reach di-
verse phenotypic thresholds in 22q11DS. Alterna-
tively, the core 22q11DS phenotypes may reflect con-
sequences of diminished expression of several genes
in the deleted region. While these hypotheses are not
mutually exclusive, they indicate distinct ways of
thinking about 22q11DS: in one case, gene dosage is
not the essential variable, while in the other, dosage
is key to understanding pathogenesis.

22q11DS IN MEN AND MICE I: INDIVIDUAL
CANDIDATE GENES AND 22q11 PHENOTYPES

Analysis of 22q11DS was greatly facilitated by se-
quencing of human chromosome 22—the first human
chromosome to be completely sequenced (18)—plus
parallel genomic sequencing in the mouse (23,47,70),
where a region of mmChr.16 is nearly completely ho-
mologous to the 1.5-MB minimally critical deleted
region (Fig. 1). Based upon the identification of the
full set of transcribed genes in the human 1.5-MB
minimally critical deleted region (as well as the
larger 3-MB deleted region), several candidate genes
were proposed to explain the 22q11DS phenotypic
spectrum (12,22,95). The developmental dimensions
of the syndrome—particularly the morphogenetic ab-
normalities—Ied many investigators to focus on sev-
eral putative DNA binding or transcription factors in-
cluding the histone chaperone protein HIRA and the
T-box family transcriptional regulator TBX1 [re-
viewed by (64)]. Initial expression studies in animals
confirmed both Hira and ThxI as viable candidate
genes (12,20,74,92). Both are expressed around mid-
gestation (embryonic day 10 in a mouse) in apparent
neural crest-derived tissues in the developing aortic
arches, as well as in branchial arches and limbs—
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embryonic structures where disrupted development
can generate cardiovascular, craniofacial, and digit
anomalies seen in 22q11DS. In contrast, other initial
candidate genes, including UfdIL, have proven more
difficult to validate, despite suggestions of a func-
tional role in cardiovascular malformations similar to
those in 22q11DS (77,90,94,95). In addition, two
genes in the 3-MB typically deleted region—Pcgap,
a putative transcriptional regulator, and Crkl, a modu-
lator of Ras signaling—have been suggested as con-
tributors to the 22ql11 phenotypic spectrum, perhaps
as modulators of genes in the minimal critical deleted
region. These genes may indeed be 22q11DS modifi-
ers; nevertheless, neither their deletion nor dimin-
ished expression is essential for the core 22q11DS
phenotypes. Thus, we focus here on genes in the min-
imal critical deleted region because most evidence in-
dicates that they play a primary role in 22q11DS.

A great deal of genetic analysis in mice has fo-
cused on Thx! as the primary causal gene for the full
spectrum of 22ql11DS phenotypes. There is little
doubt that homozygous or heterozygous loss of Thx/
function can lead to cardiovascular anomalies (36,44,
57); indeed, mutations in several members of the Thx
gene family are known to disrupt cardiovascular, cra-
niofacial, and limb development (68). Moreover, het-
erozygous Thxl mutants may have mild behavioral
deficits, perhaps related to human behavioral patholo-
gies that accompany 22q11DS (66). Nevertheless, it
remains unclear whether diminished 7bxI dosage
without broader 22ql1 deletion generates the full
range of 22q11DS phenotypes, including craniofacial
as well as behavioral phenotypes. Human genetic
analysis of TBX1, as well as several other candidate
genes, has been equivocal at best. In samples of
22q11DS patients with cardiovascular malformations,
no clear examples of specific homozygous loss of
TBX1 function have been identified (29). Individuals
with neither the 1.5- or 3-MB deletion have been di-
agnosed clinically with VCFS/DiGeorge Syndrome
(93)—potentially ideal to evaluate the singular role
of TBXI. Five of these individuals had TBXI point
mutations as well as significant DiGeorge clinical
phenotypes; however, eight additional phenotypic
nondeleted individuals had no TBX/ mutations. A
similar analysis of a single family in which VCFS
was diagnosed in a mother and her offspring identi-
fied a TBX1 loss of function mutation; however, there
is significant phenotypic variability in these three
family members. Finally, in patients with cardiovas-
cular malformations, but without 22ql1 deletion,
TBX1 has not emerged as a causal mutation based on
analysis of polymorphic alleles (13,72,88).

Beyond these caveats for TBX/ alone as the “heart
gene” in 22q11DS, several neurobiological observa-



22q11 DELETION SYNDROME 301

| Key: @ves ONo SND | F.ﬂl

- M/E inductive sites

Developing brain

Adult brain

o

iminished expression
S 2 e e 09 o L
i : e &0 @ O

Figure 1. Human 22q11 deletion, and expression profiles of 22q11 genes in mice. First panel: The 1.5-MB minimal critical deleted region
associated with 22q11DS. The top diagram shows human 22q11 genes in centromere (left) to telomere (right) order. Below, the homologous
region of mmChr.16 shows orthologues in the mouse genome, as well as partial inversions that distinguish the murine region. The murine
genome lacks three transcripts (Clctl, Dvlil, and the noncoding Dgcr5), and also lacks the low copy repeat cassettes (LCRs) that include
duplicate copies of Prodh and Dgcr6 found in the human genome. In subsequent panels, circles indicate each mmChr.16 gene, in register
with the diagram in the lower part of the first panel. Second to fifth panels: Representative images of 22q11 gene expression at each stage,
and summary diagrams of expression profiles of mouse 22q11 orthologues. Second panel: The subset of contiguous orthologues (22/26)
expressed selectively or specifically at midgestation at all sites of nonaxial mesenchymal/epithelial (M/E) induction compromised in
22q11DS (aortic arches and heart, branchial arches, limb buds, and forebrain). In the image at left, an E10.5 embryo is shown in which an
antibody against Comt has labeled limb buds, aortic arches and heart, branchial arches, and the frontonasal mass/forebrain. Third panel: The
same genes expressed in the fetal, neonatal, and adolescent brain. In the image at left, expression of two 22ql1 genes, UfdIl and Comt, is
detected immunohistochemically in the embryonic cerebral cortex (E16: cp, cortical plate; iz, intermediate zone; vz, ventricular zone). Fourth
panel: The same genes remain expressed in the adult brain. In the image at left, Septin5 (also known as Cdcrel) is localized immunohisto-
chemically in Purkinje cells of the adult cerebellum, which have been double-labeled for calretinin (CalRet: m,molecular layer; P, Purkinje
cell layer; ge, granule cell layer of the cerebellum). Fifth panel: mRNA expression of at least 11 22q11 orthologues, assessed by quantitative
PCR, is diminished by 50% at M/E sites as well as in the fetal, neonatal, and adolescent brain. Protein expression for a subset of five of
these 11 genes is also diminished, with the exception of that for UfdI! (see text). Neither we nor others have evaluated the remaining 15
orthologues (gray circles). The image at left shows cerebellar expression of Prodh2 in the adult wild-type and large deletion cerebellum.
First to fourth panels based upon Maynard et al. (51); fifth panel after Meechan et al. (56).

tions suggest that 22q11 genes beyond TBX! contrib-
ute to additional 22q11DS phenotypes. TBXI has not
been identified as a risk gene, independent of 22q11
deletion, for affective disorders (schizophrenia, bipo-
lar disorder, major depression), unlike at least three
other 22q11 genes: PRODH, proline dehydrogenase,
a mitochondrial enzyme (41,45); COMT, catechol-o-
methyl-transferase, a catabolic enzyme for catechola-

mines (19,82); and ZDHHCS, a protein of unknown
function, related to yeast palmitoyl transferase (60).
Finally, a recent behavioral study in mice suggests
that behavioral anomalies consistent with altered
cognitive function (and thus as close to modeling
“schizophrenic” symptoms as may be achieved in
mice) are seen only in mice carrying the full hetero-
zygous deletion in the homologous region of mm-
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Chr.16; neither heterozygous nor homozygous 7bxI
mutants had these deficits (46). Thus, while 7BXI re-
mains a viable contributor, it is unlikely that this gene
alone, or any other single gene in the 1.5-MB deleted
region, can explain the 22q11DS phenotypic spectrum.

22q11DS IN MEN AND MICE II: CONTIGUOUS
GENES AND 22q11DS PHENOTYPES

It is also possible that 22q11DS is a contiguous
gene syndrome—in which individual deleted genes
each yield one aspect of the full set of phenotypes,
thus reflecting their action at specific sites [e.g., Wil-
liams Syndrome, reviewed by (59)]. It seems possible
that either spatially or temporally discrete expression
of one 22q11 gene might be correlated with each phe-
notypic change seen at the apparently disparate sites
affected in 22q11DS: the heart, the face, the limbs,
and the brain. Expression analysis indicates that the
contiguous gene hypothesis is unlikely to be a viable
explanation of 22q11DS. Initial expression studies
(22,48,49,84,92,95) suggested a general tendency for
22ql1 genes to be expressed at multiple sites, rather
than one site of phenotypic change (Fig. 1). These
sites include the aortic aches, branchial arches, limb
buds, frontonasal mass and embryonic brain. All
these sites of 22q11DS phenotypes are also sites of
neural crest mediated mesenchymal/epithelial (M/E)
induction during midgestation [reviewed by (40,50)].
Our systematic evaluation of 32 mouse 22ql1 ortho-
logues confirmed a selective pattern of expression at
M/E inductive sites for most 22q11 genes: 22 of 26
contiguous mouse orthologues on mmChr.16 are ex-
pressed at these sites (51) (Fig. 1) as are five other
22q11 orthologues found at disparate locations in the
mouse genome, and at least two orthologues from the
3-MB region: Pcgap and Crkl. Moreover, few 22ql1
genes, if any, are uniquely expressed during a partic-
ular stage of development or in a particular tissue or
cell class—beyond a tendency for 22q11 genes to be
expressed in neurons rather than glia in the CNS (Fig.
1). The two exceptions to this rule are 770 (a gene
of unknown function) restricted to a subset of Layer
V cells in the adult cerebral cortex (see below, Fig.
2), and Slc25al (a mitochondrial citrate transporter
also known as Ctp) whose expression is limited to a
subset of cells in the adult globus pallidus (see below,
Fig. 2). Finally, regionally restricted phenotypes (e.g.,
specific anomalies in the face, heart, limb, or brain
alone) have not been correlated with mutation or loss
of function of specific 22q11 genes—with the possi-
ble exception of the 4th aortic arch phenotype for
Tbxl mutant mice (36,44,57). Thus, regionally re-
stricted action of individual 22q11 genes at discrete
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phenotypically compromised sites is unlikely to ex-
plain the 22q11DS phenotypic spectrum.

22q11DS IN MEN AND MICE III: COINCIDENT
EXPRESSION AND COOPERATIVE ACTION

Apparently, neither haploinsufficiency of a single
gene nor the independent action of contiguous genes
at distinct sites can explain the complex, variable
phenotypic spectrum associated with 22q11DS. Two
key issues need to be considered to develop a viable
alternative to these attractive, but apparently untena-
ble, hypotheses. First, 22q11DS is most likely to be
a disorder of gene dosage: some subset of 22qll
genes must be unable to sustain normal development
or function when they are expressed at 50% or less
of their normal level at phenotypically compromised
sites. Second, 22q11DS phenotypes reflect normal
synergy between subsets of 22q11 genes, perhaps in-
fluenced by modifiers that are disrupted when normal
expression levels are not maintained.

Several observations support the relevance of these
two concepts to understanding 22q11DS. In mice,
there is apparent synergy between at least two 22q11
genes: Prodh2 and Comt for behavioral phenotypes
and pharmacological sensitivity to psychoactive
drugs (65). In addition, Prodh mutant mice display
transcriptional upregulation of Comt in the frontal
cortex. Similarly, reduced expression of Dgcr6 can
modulate Hira and TbxI expression in the aortic
arches as well as lead to cardiovascular phenotypes
that resemble those in 22q11DS (32), thus suggesting
further interactions between 22qll genes. Finally,
our recent study of expression levels of a large subset
of 22ql1 genes in mice heterozygously deleted for
the full set of contiguous 22q11 orthologues [the so-
called “large-deletion” mouse (57)] indicates that ex-
pression levels of multiple genes are reduced by ap-
proximately 50%, both at the message and protein
level, with little apparent dosage compensation at
phenotypically compromised sites in the embryo as
well as the maturing and adult brain (56) (Fig. 1).
The only exception, thus far, is apparent translational
dosage compensation for UfdIL. This accords well
with other data indicating that organismal viability
requires diploid UfdIL expression levels (38), as well
as lack of evidence for phenotypes associated with
UfdIL polymorphisms independent of 22qll dele-
tion. These observations, as well as the continued ab-
sence of strong evidence for consistent 22q1 1-related
phenotypes in patients with single 22q11 gene poly-
morphisms (25,26,76,91) rather than deletions, ac-
cords well with the apparent cooperative nature of
dosage-diminished gene action in 22q11DS.
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Figure 2. Functional subsets of 22q11 genes. First panel: Eighteen 22q11 genes and murine orthologues have highly conserved E-box binding
motifs in their putative upstream regulatory regions. These E-boxes are thought to bind Snail transcription factors, whose expression patterns
are coincident with those of 22ql1 genes in the neural crest-associated mesenchyme found at sites of M/E induction compromised in
22q11DS. In the image at left, expression of Snail2 and Prodh2 is apparently coincident in the mesenchyme of the maxillary process of
E10.5 embryos. Second panel: Five 22q11 genes are thought to be associated with cell cycle control. At least one of these genes, Ranbpl,
is robustly expressed in the ventricular (v) and intermediate zone (iz) of the developing forebrain (E16)—the site of mitotically active neural
precursors shown labeled after a brief pulse of the thymidine analog bromodeoxyuridine (BrdU; 2 h before sacrifice on E14.5). Ranbp] is
not seen in the cortical plate (cp), the site of postmitotic cortical neurons. Third panel: Six 22ql1 genes have apparent mitochondrial
localization sequences, suggesting that their expression may be limited to this organelle. The micrographs show coincident localization of
two established mitochondrial genes, Slc25al and Txnrd2, visualized using GFP fusion proteins, with an antibody against mitochondrial
core complex II protein UQCRC2 (CII) in transfected NIH 3T3 cells. Fourth panel: Two of the putative mitochondrial genes, 7/0 and
Slc25al have highly specific, limited expression patterns, in layer V of the adult neocortex (far left) and the globus pallidus, respectively.
First panel from Meechan et al. (56) and Ghopalikrishna et al., unpublished observations; second panel from Meechan et al., unpublished
observations and Maynard et al. (51); third panel from Maynard et al. unpublished observations; fourth panel from Wu, unpublished observa-
tions.

COOPERATIVE GENE FUNCTION, pate in common cellular processes. Our analysis sug-

COMMON CELLULAR TARGETS, gests at least three functional sets of 22qll genes

AND 22q11 PHENOTYPES may have specific phenotypic consequences at dis-
tinct stages of development.

Determining the combinatorial contribution of at The first group of genes is unified by potential par-
least 30 (1.5-MB deletion) and potentially 50 (3-MB allel transcriptional regulation (Fig. 2). There are 18
deletion) genes to the broad range of 22q11DS phe- 22ql1 genes, as well as their murine orthologues,
notypes seems a daunting, or even impossible, chal- with E-box motifs in highly conserved upstream reg-
lenge. Some traction may be gained by evaluating ulatory regions. The degree of conservation of these
functionally related subsets of 22q11 genes and thus putative E-boxes and flanking sequences varies be-
discerning where these genes might normally act in tween 100% and 65% between mouse and human
concert to orchestrate specific cellular, physiological, (56), a degree of conservation consistent with their
or morphogenetic processes. Such functional groups identity as regulatory sites. We found that at least one
of 22ql1 genes might further illuminate when and of these apparent E-boxes binds Snail, consistent
where combined diminished dosage leads to emer- with potential regulation by Snail transcription fac-
gent phenotypes. We have used bioinformatics as tors [(56) and unpublished observations]. Moreover,
well as cell biological methods to assess whether the each E-box-containing gene is coincidently expressed
transcription of subsets or 22qll genes is coordi- in the embryo at sites of 22ql11DS phenotypic

nately regulated, and whether groups of genes partici- changes—specifically nonaxial neural crest-derived
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mesenchymal cells that participate in M/E induction
and morphogenesis in the forebrain, branchial arches,
heart, and limbs (40,51,56). Snaill and Snail2 are
also expressed selectively and coincidently at these
sites (37,56,80). These E-box motifs may also pro-
vide regulatory binding sites for other bHLH tran-
scription factors associated with the neural crest, in-
cluding Twist and Handl/2, which have more limited
expression patterns at some M/E inductive sites. It
remains to be determined whether these or other neu-
ral crest-associated transcriptional regulators are ei-
ther upstream modulators or downstream targets of
22ql1 genes. The significance of shared regulatory
motifs and coincident expression patterns depends
upon the role of Snail transcription factors, or other
neural crest regulators, in controlling gene expres-
sion, epithelial-to-mesenchymal transitions, and neu-
ral crest differentiation (61,62,78). It is possible that
selective expression of 22ql1 genes in neural crest-
derived mesenchyme reflects in part concerted regu-
lation by Snail transcription factors. If this is the case,
Snail polymorphisms (or polymorphisms in genes
that regulate Snail action) might modulate 22q11DS
phenotypes, providing a potential basis for some of
the phenotypic variability seen in 22q11DS (83,85).

The second subset of 22q11 genes comprises five
that may modulate the cell cycle (Fig. 2). These
genes are the small GTPase binding protein Ranbpl
(15); the mini-chromosome maintenance complex as-
sociating Cdc451 (33); the septin Sept5/Cdcrel (54),
which is homologous to a protein involved in yeast
cytokinesis; Hira, a DNA/histone chaperone protein
(31); and Ufdlil, which regulates ubiquitination, par-
ticularly during mitosis (3). Ufd1l in large deletion
mice, however, is apparently translationally dosage
compensated [see above and (56)]. Some of these
genes are expressed in ventricular or subventricular
regions of the developing forebrain neuroepithelium
(50,51) (Fig. 1), and thus are at least in the right place
to contribute to modulation of the cell cycle in mitoti-
cally active neural precursors. Moreover, expression
of at least two of these genes—Ranbpl and Hira—is
significantly increased during peak neurogenesis in
the embryonic brain (50). Finally, these genes may
interact quantitatively with additional cell cycle regu-
lators, thus leading to aberrant regulation that can be
further modulated by mutations in cell cycle genes
beyond the 22ql1 minimal critical deleted region.
Accordingly, it is possible that combined diminished
dosage might impact cell numbers via differences in
proliferation or cell death, or alter the influence of
the cell cycle on differentiation and cellular diversity
(8,9,52), perhaps without a significant change in cell
numbers (56).

The third subset comprises six genes, known or
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believed to be limited to mitochondria based upon
inferred amino acid mitochondrial localization motifs
(Fig. 2). These include Sic25al (Ctp), Thior2, and
Prodh2, established mitochondrial proteins (4,6,63),
plus Mrpl40/Nlvcf, T10, and Zdhhc8. The presumably
selective expression and activity of each in mitochon-
dria, as well as reduced expression that occurs fol-
lowing 22q11 deletion (56), could lead to a combined
deleterious effect on bioenergetic functions or cellu-
lar metabolism. In the embryo, such effects could al-
ter inductive signaling, cell migration, apoptosis, or
metabolism, thus compromising morphogenesis and
differentiation. In the developing and mature brain,
modest changes in mitochondrial function could im-
pact synapse formation and maintenance. Indeed, ex-
pression levels of two of these genes—Prodh2 and
Zdhhc8—rteach a peak during the most robust phase
of CNS synaptogenesis and remain highly expressed
in the adult brain (56). Diminished expression in the
adult brain following 22ql1 deletion may enhance
vulnerability to stress-related and other neurodegen-
erative insults, thus further increasing susceptibility
for behavioral and psychiatric disease in 22q11DS
(5,34). Intriguingly, this set of putative mitochondrial
genes includes the only two that we have found to
have highly restricted expression patterns in the adult
brain: 710 in large apparent pyramidal cells in Layer
V of the cerebral cortex, and CTP in the globus pal-
lidus, the site of some of the most tonically and pre-
sumably metabolically active neurons in the brain
(Fig. 2). Moreover, this subset includes two of three
genes—Prodh2 and Zdhhc8 (but not Comt)—for
which polymorphisms have been independently asso-
ciated with schizophrenia and other affective disor-
ders in some samples of non-22ql1-deleted patient
populations (35,41,45,60).

WHEN IS HALF NOT ENOUGH?
DOSAGE CHANGES, CONCERTED ACTION,
AND 22q11DS PHENOTYPES

The genomic lesion in 22q11DS as well as details
of 22ql1 gene expression and function indicate that
changes in gene dosage for multiple genes (i.e., most
or not all genes in the minimal critical deleted region)
are the essential contributor to 22q11 phenotypes. It
remains difficult, however, to assess dosage-sensitive
functions of 30 or more genes. It is unlikely that
22q11DS phenotypes reflect altered expression of
genes flanking the deleted region due to local chro-
mosomal instability. Expression levels of adjacent
genes neither diminish nor increase as a result of de-
letion of the entire region (either the “large deletion
mouse,” the Dfl mouse, or the “small deletion
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mouse”) (39,42,56,57,69). Nevertheless, loci beyond
22ql1 may modify 22q11DS phenotypes, and thus
explain the high degree of phenotypic variability.
This sort of modulation, however, further complicates
the association of 22q11 genes with specific aspects
of the phenotypic spectrum. A few candidate modifi-
ers, many related to major signaling pathways at sites
of M/E induction, have been suggested (1,7,24,86,
87). At least one of these modifiers, sonic hedgehog,
can modulate expression of a 22qll gene: ThxlI;
another, Fgf8, is apparently regulated by Tbhxl. Ad-
ditional candidates, however, must be interpreted
cautiously because coincident phenotypes do not nec-
essarily suggest genetic interaction. The essential re-
quirement, not yet fully satisfied in many published
studies, is that putative modifiers either disrupt 22q11
gene dosage or have regulatory influences on shared
downstream targets.

Analysis of most mouse single mutants of 22ql1
orthologues, with the exception of Tbx/ heterozygous
null mice, indicates that diminished dosage of indi-
vidual genes has few discernible phenotypic conse-
quences (27,28,60,65,67,74). Thus, understanding the
consequences of diminished dosage of functional
subsets of 22q11 genes provides a novel opportunity
to evaluate how diminished expression of multiple
genes might compromise specific cell functions that
underlie the 22q11DS phenotypic spectrum. Dimin-
ished expression of these genes most likely occurs on
a “per cell” basis (although not necessarily by 50%
in every cell) (56) across widely distributed cellular
populations in affected tissues, especially in the
brain. Limited expression patterns of others, like 770
or Slc25al, indicate that critical populations of fore-
brain neurons—in this instance layer 5 cortical cells
and cells in the basal ganglia—might be focally com-
promised by diminished dosage. Thus, expression
changes following 22q11 deletion might lead to vari-
able threshold effects for specific cell classes at dis-
tinct times. Such changes may yield phenotypic
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change in subsets of neurons while sparing others.
This may reflect differentiation or transcriptional
state of some cells, as well as variably diminished
expression levels of some 22q11 genes on a cell-by-
cell basis.

Our observations define apparent functional sub-
sets of 22q11 genes, and we suggest that these sub-
sets compromise distinct phases of neural develop-
ment, potentially leading to anomalous circuit
differentiation and, consequently, vulnerability for
behavioral and psychiatric disorders, including
schizophrenia. Our preliminary observations indicate
that several 22ql11 genes with highly conserved E-
box motifs—including Arvcf, Wdvcf, and Cldn5, all
of which are expressed at M/E inductive sites during
early gestation—are dramatically regulated by induc-
tive signaling molecules including retinoic acid, sonic
hedgehog, Fgfs, and Bmps. Dosage changes for this
subset of 22ql1 genes, perhaps modulated by Snail,
Twist, or other neural crest-associated regulatory fac-
tors, might compromise signaling capacity of the
mesenchyme and subsequent morphogenetic interac-
tions at M/E sites compromised in 22q11DS (Fig. 3).
Intriguingly, clinical observation suggests that limb
and craniofacial anomalies are significantly more fre-
quent in schizophrenic patients (presumably not all
22q11 deleted), suggesting possible phenotypic con-
vergence (30,89). Subsequently, during neural devel-
opment, at least two of five putative cell cycle genes
are maximally expressed during mid to late gestation,
coincident with peak neurogenesis and cell migration,
while two of six mitochondrial genes reach maximal
expression during early postnatal life, coincident with
peak synaptogenesis (56). Dosage changes of these
22q11 genes may compromise critical sequential de-
velopmental processes, due to convergent modulation
of nodal cellular mechanisms: cell cycle kinetics dur-
ing neurogenesis and migration; mitochondrial integ-
rity, bioenergetics, and cell survival during synapto-
genesis (Fig. 3). Once again, independent evidence

mitochondrial :i':f;‘;ﬂ
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Function
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Figure 3. A schematic of major phases of neural development, and the potential impact of dosage changes for functionally related subsets
of 22q11 genes. At each stage, diminished dosage of several related 22q11 genes might compromise essential cellular processes: M/E
signaling during induction and patterning; cell cycle kinetics during neurogenesis and migration; mitochondrial function, metabolism, and
cell survival during synaptogenesis. Moreover, ongoing diminished expression of specific 22q11 genes in subsets of mature neurons might
further compromise circuit function in the brains of 22q11DS, enhancing vulnerability for psychotic disorders including schizophrenia.
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suggests that several behavioral and psychiatric dis-
eases may reflect slight anomalies in neurogenesis
and migration (71) or synapse addition and elimina-
tion (58). Accordingly, dosage-dependent changes at
distinct times might lead to cumulative morphogene-
tic, neurogenic, and connectivity changes that estab-
lish forebrain circuits with increased vulnerability for
schizophrenia. Thus, it may be possible to recognize
when, and where, half is not enough, and begin to
connect the consequences of the 22q11DS genomic
lesion—diminished gene dosage—with its complex
and variable phenotypic expression.
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