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Review article

Forkhead genes and human disease
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Abstract. Forkhead, or Fox-box genes, code for winged helix transcription factors that
make up a multi-gene family. Two human genetic diseases have recently been associ-
ated with loss of function of one allele of different Fox-box genes: Axenfeld-Rieger
anomaly of the anterior eye chamber associated with haploinsufficiency of FOXC1 and
lymphedema-distichiasis associated with haploinsufficiency of FOXC2. Earlier, both
genes had been studied intensively for their transcription patterns and for the pheno-
types of knockouts. These studies are reviewed and related to the phenotypes found in
the two human disorders. i
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The forkhead homology is a 100-amino acid motif that was first identified as a re-
glon of similarity between the product of the homeotic Drosophila gene forkhead
and hepatocyte nuclear factor (HNF3) (WEIGEL, JACKLE 1990). The unifying fea-
re of this family of transcription factors is the shared 100-amino acid
> DNA-binding domain known as a “FOX”, for forkhead box, domain (KAESTNER
¢ al. 2000). The X-ray crystallography of the complex of HNF3 with its

NA-binding target has led to an understanding of the structure of this
DNA~binding motif (CLARK et al. 1993); a variant of the helix-turn-helix motif
Made up of three a-helices and two characteristic large loops, or “wings” (Fig-
| ¥ 1). Thus, the Fox-box domain has also been termed a “winged helix”
| DNA-binding domain.
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Outside the DNA-binding domain, Fox-box transcription factors can be quite
different. Variation in the DNA-binding domain allows the clustering of chordate
Fox-box sequences into 15 sub-classes based on the phylogenetic tree program,
Clustal W (KAESTNER et al. 2000). Thus, studies comparing various forkhead
genes in development or disease must take into account, not only the non-Fox-box
sequence but also the subclass for the Fox-box domain.

Figure 1. Structure of winged-helix (structure determined in association with DNA) after
CLARK et al. 1993. “Tubes”: 3 alpha-helices (H1-H3); “tapes”: B-structure; single lines (dotted
under H1) open structure of amino acid chain forming wings 1 and 2.

This paper reviews studies of two genes: 1) forkhead-like 7 (FK4L7) in man
and MF1 in mice, now known as FOXCI and Foxcl, respectively and 2) MFH [n
man and mice, known as FOXC?2 and Foxc2, respectively.

Studies of forkhead genes in yeast have amplified the importance of these cO%
served DNA-binding domains in transcription and identified a role in gene silenc-
ing. This work was first reported in Genetics (HOLLENHORST et al. 2000) and
subsequently confirmed in Nature (ZHU et al. 2000). The roles of forkh"'a,d
homologue 1 (FKHI) and forkhead homologue 2 (FKH2) in transcriptional *
lencing and pseudohyphal growth were explored. Although these two genes had
the same DNA-binding domain (proven by a Fox-box switch between the tw0 pror
teins) (HOLLENHORST et al. 2000), they differ in that FKH2 has an additional 300
C-terminal amino acids. The two proteins were found to be redundant in contro*
ling psuedohyphal growth, while having opposite effects on gene silencing. FKH
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has a positive role in silencing while FKH2 has a negative role (HOLLENHORST et
al. 2000). The different effects on transcriptional silencing were reflected in dif-
ferences in the expression of CLB2, a G2/M-phase cyclin. Deletion of FKH]1
caused an increase in rate of progression through the G2/M-phases of the cell cy-
cle while the FKH?2 deletion strain progressed more slowly through the cell cycle.
These differences were reflected in elevated levels of CLB2 mRNA in the former
case and decreased levels in the latter (HOLLENHORST et al. 2000). A microarray
analysis confirmed these and many other gene changes, most of them in a CLB2
cluster (a group of genes including CLB2 whose transcription peaks early in mito-
sis) in double FKH1/FKH?2 deletions (ZHU et al. 2000). The role of FKH2 was
specifically demonstrated using chromatin immunoprecipitation/polymerase
chain reaction assays to 1dentify a positive regulator, Ndd1, in association with
FKH2 (KORANDA et al. 2000). In addition, a negative effect on cell-cycle regula-
tion of AFX-like forkhead transcription factors has been demonstrated in mam-
malian cells (MEDEMA et al. 2000). This Fox-box transcription factor inhibited
the cyclin cdk2 complex and the endogenous PI(3)K/PKB signaling pathway —
through increased expression of p274°! (MEDEMA et al. 2000).

The role of forkhead genes in cell cycle regulation in mammals is supported by
the involvement of forkhead fusion genes in cancer. Chimeric proteins involving
forkhead genes have been implicated in leukemia and rhabdomyosarcoma.
The MLL gene involved in myologenous leukemia has been fused with AFX
(BORKHARDT et al. 1997), and AF6q21 (HILLION et al. 1997), two forkhead
senes, in translocations found in acute leukemic patients. The FKHR forkhead
8ene has been fused with PAX3 (GALILI et al. 1993) or PAX7 (DAVIS etal. 1994)
Inalveolar rhabdomyosarcoma. The PAX3-FKHR fusion protein has been shown
o activate a myogenic program when the fusion gene was transfected into NIH
3T3 cells and trhe resultant pattern of gene transcription studied by microarray
, (KHAN ctal. 1999). The fusion breakpoints are in the FOX box at very similar lo-
| C@lions in al] these fusion proteins.
| Because of the interest in the role of forkhead transcription factors in develop-
. ent, there have been multiple studies of the expression of Foxc! and Foxc2 in
- carly embryos. KAESTNER et al. (1996) studied the expression of Foxc2 during
| Touse embryogenesis. Using the mouse TATA-box-binding protein chain as an
Internal contro] in RNA nuclease protection assays, they found an over 2000-fold
Molar excess of Foxc2 mRNA in total day 11.5 embryos with molar ratios ranging
- Mthe hundreds for later embryos and in adult tissues, including brain, muscle,

Cart, fat, kidney, lung, liver, uterus, and ovaries (TATA-box-binding protein is
10ta g00d contro] in the latter two tissues). Their in situ hybridizations, however,
Mowed even earlier expression (not attempted in total embryos by RNA nuclease
| P Otection) in the embryonic mesoderm of day 7.5 embryos, both anterior and pos-
"eior to the node, but not including the extra-embryonic mesoderm. As develop-
"ent continued, Foxc2 transcripts were detected in somites, mesoderm, head, and
“Mocardium a day 8.25. By day 10.5, expression was very strong in the somites
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and in the dorsal aorta (KAESTNER et al. 1996). Foxc2 expression in the head re-
gion was particularly strong in the cartilaginous condensation around the optic
vesicle and the skull underlying the midbrain and hindbrain (LIDA et al. 1997).
This mesenchyme gives rise to palatal processes and the outer layer of the optic
vesicle. The mandibular component of the first branchial arch also showed strong
expression of Foxc2. At day 11.5, Foxc2 expression was prominent surrounding
the optic cup, including the prospective sclerotic coat of the eyeball (LIDA et al.
1997).

Studies on Foxcl expression were facilitated by the use of a knockout which

replaced the coding region of the gene with a 3-galactosidase recorder (KUME et
al. 1998). Expression at day 9.5 was in the pharyngeal arch and the cardiac endo-
thelium. At day 10.5, Foxcl expression includes the mesenchyme of the aortic
arches but not the epithelia (WINNIER et al. 1999, KUME et al. 1998). From day
11.5 onward, Foxcl was expressed in the mesenchyme surrounding the aorta and
pulmonary arteries and in the mesenchyme of the semilunar valves. At birth,
Foxcl is expressed in the smooth muscle of the pulmonary trunk and the aortic
arch and continues to be expressed here and also in the endocardium, smooth mus-
cle and endothelium of coronary vessels (WINNIER et al. 1999).

The role of these forkhead genes in development was further explored with
knockouts using embryonic stem cell technology. Some Foxc2 homozygous em-
bryos died in utero and other sat birth with heart defects (LIDA et al. 1997). Al
most all of the Foxc2 embryos had interruptions, coarctation or tubular hypoplasia
of the aortic arch. All newborns had complete cleft secondary palate. There were
abnormalities of the skull, including abnormal formation of the optic canal, ab-
sence of the posterior wall of the foramen ovale, and fusion of the malleus and
incus, primarily defects of neural crest origin (LIDA et al. 1997). Axial skeletal
anomalies with short vertebral bodies, spina bifida, and spina bifida occulta were
found.

The Foxcl knockout replicated the spontaneous mutation in Foxcl, congenita1
hydrocephalus, a long-studied mouse mutation (GRUNEBERG 1943, GREEN
1970). The homozygous knockouts died shortly after birth with hydrocephalus,
cardiac anomalies and skeletal defects (KUME et al. 1998). The frequency of aor-
tic arch interruption, coarctation, or narrowing was much lower than in F oxc2 mu-
tants and the death at birth is thought to result from an inability to breathe
secondary to absence of the sternum (GRUNEBERG 1943). The Foxcl homoZzy
gous knockout is also characterized by severe abnormalities of the eye with absent
anterior chamber (KIDSON et al. 1999). Eye defects in heterozygous Foxc/ defi-
ciency were also seen on some genetic backgrounds (HONG et al. 1999).

The interactions of Foxcl and Foxc2 in cardiac development were shown by
creating double heterozygotes for the two knockouts (WINNIER et al. 1999). Be-
cause single heterozygotes were thought to be completely recessive (without de-
tectable abnormalities) finding such severe cardiac abnormalities In double
heterozygotes strongly implicated the interaction of Foxcl and Foxc2. Thus,
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Foxcl and Foxc2 proteins, which have nearly identical DNA binding sequences,
must have similar functions in the cells in which they are co-expressed and can
only partially compensate for each other. In the double mutant, the threshold for
genes downstream from them must be below an essential level to prevent the car-
diac defects (WINNIER et al. 1999). Alternatively, expression in differing cell
types with signaling between them, might not reach critical thresholds.

The role of Sonic hedgehog in signalling and Foxc2 transcription was explored
by FURUMOTO et al. (1999). They found that patterns of Pax/ and Foxc2 expres-
sion in ventral lateral sclerotomes were very similar at days 9.5, 10.5 and 11.5 of
the mouse gestation. Using Danforth’s short-tail mouse mutant which has an ab-
sent notochord, they showed the importance of the notochord in controlling this
expression by finding markedly decreased Foxc2 expression in this mutant
(FURUMOTO et al. 1999). Using a chicken model of notochord induction, they
showed that this failure could be corrected with Sonic hedgehog expressing cells.
FURUMOTO et al. (1999) made double heterozygotes of the Pax/ knockout and
the Foxc2 knockout and found that they were normal, whereas the double homo-
zygous knockouts had missing dorsal medial structures of the vertebrae, causing
spinabifida, with subcutaneous myelomeningocele; vertebral bodies and
intervertebral discs were absent. However, there were no effects of the double
knockout of Pax! and Foxc2 on the neurocranium (FURUMOTO et al. 1999).
They further explored the mechanism of this failure by showing decreased mitosis
in the ventral sclerotome of the double knockout mice.

Foxcl and Foxc2 have also been shown to play important roles in kidney de-
velopment (KUME et al. 2000). At day 10.5, Foxcl is transcribed in
the mesonephric mesenchyme, and although Foxc?2 transcripts are lower initially,
higher levels are found at day 10.5 around the ureter bud (KUME et al. 2000). Ho-
mozygous Foxcl knockout mice had hydronephrosis and hydroureter on some ge-
netic backgrounds, other genetic backgrounds showed very low penetrance with
only 2% of homozygotes showing kidney abnormalities. Taking advantage of
these differences in genetic backgrounds, KUME et al. (2000) made the double
compound heterozygote Foxcl ™, Foxc2*" on the genetic background with a low
frequency of kidney defects in Foxc1™™ mice. This demonstrated the interaction of
the two genes with one-third showing hypoplastic kidneys and two-thirds having
asingle hydroureter. Thus, Foxcl and Foxc2 have overlapping roles in renal de-
velopment as well as in cardiac development.

Human disorders involving FOX-box genes include Axenfeld-Rieger anomaly
(ARA). This term refers to abnormal development of the anterior eye chamber
Which may result from posterior embryotoxon with or without iris stromal atro-
Phy. Mild forms of this anomaly occur in “normal” individuals and in association
With various syndromes. Its importance rests in the increased likelihood of glau-
‘Oma. Axenfeld-Rieger syndrome (MIM 180500) is an autosomal dominant syn-
drome in which Axenfeld-Rieger anomaly is associated with a particular facial
Ppearance and hypodontia.
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A gene responsible for Axenfeld-Rieger syndrome (ARS) has been mapped to
4925 and cloned as RIEG (now called PITX2) (SEMINA et al. 1996). The locus re-
sponsible for ARA without the extraocular manifestations of ARS appears not to
map to 4q25. In a family of 13 in which 7 members were affected with ARA, link-
age analysis showed significant linkage to 6p25 (GOULD et al. 1997). Recently,
a candidate gene mapping to 6p25 — the forkhead transcription factor gene FOXCI
— has been found to be responsible for Axenfeld-Rieger anomaly and iris
hypoplasia in patients with chromosomal anomalies involving 6p25 (NISHIMURA
et al. 1998) and for ARS in other patients (MIRZAYANS et al. 2000). One of
the two patients identified in the study had an unbalanced translocation, resulting

in loss of the 6p25— pter region. It was confirmed in the study by NISHIMURA et
al. (1998) that this patient only possessed one copy of the FOXCI gene and, as no
mutations were detected, it was inferred that haploinsufficiency alone could ac-
count for the ARA phenotype. Surprisingly, duplication of FOXC1 has also been
associated with iris hypoptasia and glaucoma in one family (LEHMANN et al.
2000). However the breakpoints were not mapped and could disrupt some other
gene(s). For instance, haplosufficiency of the nearby gene, AP-2a, which is in-
volved in eye development (WEST-MAYS et al. 1999), may also be important
(DAVIES et al. 1999) and could be the second 6p25 gene implicated in ARA
(MEARS et al. 1998).
Lymphedema-distichiasis (LD) (MIM 153400) is an autosomal dominant dis-
order that may present with lymphedema of the lower limbs with variable age of
‘onset and abnormal eyelashes (distichiasis, second eyelashes growing from
the meibomian glands) that may produce corneal abrasions (FALLS, KERTESZ
1964, NEEL, SCHULL 1954). Other complications may include cardiac defects,
cleft palate and extradural cysts (FALLS, KERTESZ 1964, ROBINOW et al. 1970,
GOLDSTEIN et al. 1964, SCHWARTZ et al. 1980, CORBETT et al. 1982), suggesting
a gene defect with pleiotropic effects acting during development. We previously
reported neonatal lymphedema similar to that found in Turner syndrome associ-
ated with t(Y;16)(q12;q24.3) (ERICKSON et al. 1995). Our search for a causative
gene at the translocation breakpoints began with the Y chromosome, where we did
not find a candidate gene (DRURY et al 1998). Our focus shifted to the chromo-
some 16 breakpoint when MANGION et al. (1999) reported mapping a gene for LD
to a 16cM region at 16q24.3. By FISH, we determined that our breakpoint was
within this critical region and further narrowed the breakpoint to a 20 kb interva_l-
Because the translocation did not interrupt a reading frame, we considered candi-
date genes in the immediate region that might be inactivated by position effect
We identified inactivating mutations (a nonsense and a frameshift mutation) I
the FOXC2 (MFH-1) gene in two unrelated families with lymphedema-
-distichiasis (FANG et al. 2000).
Both mutations found in the two families described would be predicted to trun-
cate and inactivate one allele of FOXC2 in affected patients. The results are con-
sistent with an autosomal dominant mode of inheritance due [©
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haploinsufficiency. This mechanism of mutation and mode of inheritance is
known to result in variable phenotypes in a number of human genetic disorders,
especially when found in a developmental gene with pleiotropic effects. This
likely accounts for the variable phenotype found in lymphedema-distichiasis syn-
drome. We hypothesized that the translocation in our index case inactivates
the FOXC2 gene and, perhaps other genes in the region by position effect such as
those observed with PAX6 and SOX9 inactivation in humans (KLEINJAN, van
HEYNINGEN 1998). SOX9 inactivation from breakpoints as far as 850 kb has been
observed. Our breakpoint is approximately 120 kb 3’ to the FOXC2 gene. Because
the FKH6 gene maps between the two, it could also be inactivated and have
phenotypic effects in this patient.

The finding of inactivating mutations in one allele of FOXC?2 in two unrelated
families with LD and a likely position effect inactivation in a third individual pro-
vide strong evidence that these are responsible for the disorder. Hereditary
lymphedema is a heterogeneous disorder and mutations in the FLT4, VEGF recep-
tor-3 gene at 5935 have been shown to be one cause of hereditary lymphedema
type I, or Milroy’s disease (KARKKAINEN et al. 2000). Genetic heterogeneity is
clearly present with some evidence for multiple interacting genes in this appar-
ently dominantly inherited disorder (HOLBERG et al. 2000).

Itis interesting to note that Axenfeld-Rieger anomaly has not yet been noted in
lymphedema-distichiasis patients but was noted in Foxc2 knockout heterozygotes
(SMITH et al. 2000). This recent finding is in contrast to the original report that
Foxc2 heterozygous embryos were completely normal (LIDA et al. 1997). Perhaps
the difference could result from variations in genetic background or in the degree
to which the abnormalities were sought. It was also noted that the double
heterozygote Foxcl™/Foxc2™ had a similar range of ocular abnormalities but
with a more severe deficiency of mesenchyme-derived iris stroma (SMITH et al.
2000). The different eye findings reported by these two groups (LIDA et al. 1997
versus SMITH et al. 2000) provides a caveat to the absence of lymphedema also de-
scribed for the heterozygous knockout. Given the short distances in mice that
tl}e extravascular tissue fluid needs to travel before being returned to the central
Clrculation, it is not surprising that mice do not usually manifest lymphedema
(Which, of course, is most frequently in the lower extremities in our two legged
Species). However, it is possible that more careful examination of a larger number
of heterozygous Foxc2 knockouts might detect minor lymphedema in some tis-
Sues. It would also be important to exam fetuses; many human fetuses show
Muchal hygroma that resolves later. Similarly, in utero lymphedema could be only
ransient in Foxc2 heterozygous knockouts.

Forkhead genes have just been implicated in two more developmental disor-
d°r§1 FOXP3 in the immune dysregulation, polyendocrinopathy, enteropathy
X-linked syndrome (IPEX; BENNETT et al. Nature genetics 27:20, 2001) and
FOXL2 in Hephazophimosis/ptosis/epiconthus inresus syndrome (CRISPENI et al.
Nature Genetics 27:159, 2001).
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Note added in proof: Forkhead genes have just been implicated in two more develop-
mental disorders: FOXP3 in the immune dysregulation, polyendocrinopathy, enteropathy
X-linked syndrome (IPEX; BENNETT et al., Nature Genetics, 27: 20, 200 1)and FOXL2in

blepharophimosis/ptosis/epicanthus inversus syndrome (CRISPENI et al., Nature Genet-
1cs, 27: 159, 2001).
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