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Abstract. Human renal dysplasia is a collection of disorders in
which kidneys begin to form but then fail to differentiate into
normal nephrons and collecting ducts. Dysplasia is the principal cause of childhood end-stage renal failure. Two main
theories have been considered in its pathogenesis: A primary
failure of ureteric bud activity and a disruption produced by
fetal urinary flow impairment. Recent studies have documented deregulation of gene expression in human dysplasia,

correlating with perturbed cell turnover and maturation. Mutations of nephrogenesis genes have been defined in multiorgan
dysmorphic disorders in which renal dysplasia can feature,
including Fraser, renal cysts and diabetes, and Kallmann syndromes. Here, it is possible to begin to understand the normal
nephrogenic function of the wild-type proteins and understand
how mutations might cause aberrant organogenesis.

Congenital anomalies of the kidney and urinary tract
(CAKUT) account for one third of all anomalies detected by
routine fetal ultrasonography (1). A recent UK audit of childhood end-stage renal failure reported that CAKUT was the
cause in ~40% of 882 individuals (2). Acquired glomerulonephritis and congenital nephrotic syndromes, respectively, accounted for just 18% and 8% of cases, with other diseases
being rare (nephronophthisis, 5%; cystinosis, 3%; polycystic
kidney diseases [PKD], 3%). With improvements in dialysis
and transplantation, a new cohort of children with severe
CAKUT is surviving to adulthood (3,4). The spectrum of
diseases encompassed by the term “CAKUT” is wide, including kidney anomalies such as aplasia, hypoplasia, multicystic
dysplastic kidneys, ureteric anomalies such as megaureter,
ureteropelvic junction obstruction, ureterovesical junction obstruction or incompetence, duplex kidneys/ureters, and anomalies of the bladder and urethra (5). Approximately half of the
CAKUT cases associated with end-stage renal failure in children have patent urinary tracts, whereas the rest have obstructive nephropathy (2). The latter are mainly boys with bladder
outflow obstruction (BOO) and posterior urethral valves (2,6).
Some renal functional impairment may be superimposed postnatally from bacterial pyelonephritis and/or persistent urinary
flow impairment causing renal atrophy and fibrosis. However,
the primary “hit” in CAKUT is clearly a developmental one,

and the main renal pathology is renal dysplasia (RD). In her
landmark book Normal and Abnormal Development of the
Kidney published in 1972 (7), Edith Potter emphasized that one
must understand normal development to generate realistic hypotheses on the pathogenesis of congenital malformations.
Here, we summarize normal human kidney development, using
Potter’s work (7) as a basis but also incorporating recent
summaries (8,9).
The metanephric human kidney precursor forms 28 d after
fertilization when ureteric bud (UB) branches from the mesonephric duct (MD). In the next few days, renal mesenchyme
(RM) condenses from intermediate mesoderm around the UB
tip, or ampulla. Ultimately, the UB lineage will form urothelium, from the renal pelvis to bladder trigone, and collecting
ducts. Some RM cells undergo an epithelial conversion,
through aggregation and lumen formation to form nephrons,
whereas others form interstitial fibroblasts. The first 6 to 10
UB branch generations remodel, forming the pelvis and calyces, whereas the final 6 to 9 generations form collecting ducts.
In humans, early UB divisions are not associated with nephrogenesis. The first nephrons are formed at 8 wk. As the ampullae divide between 8 and 15 wk, one branch continues to be
associated with the already-attached nephron, whereas the
other induces a new nephron. Although UB branching decelerates after 15 wk, nephrons are induced up to 32 to 36 wk.
Between 15 and 20 wk, four to seven nephrons are serially
induced by each nondividing ampulla; each nephron is transiently attached to an ampulla but then shifts its linkage to the
connecting piece of the next-formed nephron. This results in
“arcades” of nephrons. From 20 until 32 to 36 wk, elongating
ampullae induce nephrons in series. Potter (7) noted that formation of a nephron always occurred near an ampulla, and
Grobstein’s studies in the 1950s demonstrated that murine RM
did not form nephrons in organ culture when the UB was
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physically removed (10). It is now clear that RM and UB
induction and differentiation depend on mutual interactions
mediated by growth factors and matrix molecules, with transcription factors controlling expression of these genes (11).
Potter estimated that a human kidney contained 35 ⫻ 104
nephrons at 20 wk gestation and 82 ⫻ 104 at 40 wk (7). More
recent human studies suggest, however, that the majority of
nephrons form in the final third of gestation and that final
nephron number can be highly variable: Mean numbers range
between 64 ⫻ 104 and 130 ⫻ 104 (12,13). Part of this variation,
however, may be explained by different techniques used to
assess glomerular number (13,14).

Human RD—Kidney Development Gone Wrong
Potter classified cystic kidneys into four categories on the
basis of microdissection studies (7): Types I (autosomal recessive PKD) and III (mostly autosomal dominant PKD) do not
feature RD. Potter divided RD malformations into types II and
IV. Type II were termed multicystic dysplastic kidneys
(MCDK) when they contain large cysts or aplastic when small.
The dysplastic histology, however, is similar in both subtypes.
It comprises lack of normal tissues (nephrogenic zone, glomeruli, and collecting ducts) combined with presence of primitive
tubules surrounded by stroma, smooth muscle collars, metaplastic cartilage, dysmorphic nerves and vessels, and erythropoietic cells (Figure 1, A through D) (7,15–17). Clearly, these
appearances fit into the CAKUT category, although probably
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representing the more severe end of the spectrum as they
reached the pathologist. Potter thought that dysplastic tubules
terminating in cysts represented early UB branches that would
normally have formed the pelvis and calyces. Because she
failed to observe significant numbers of normal glomeruli in
type II kidneys, Potter reasoned that these organs could not
produce urine and hence ruled out urinary flow impairment as
a potential cause of RD. She therefore suggested that these
malformations result from a primary defect of ampullary function, i.e., the UB formed but normal branching and RM induction failed thereafter. Potter type IV malformations are invariably associated with urinary tract obstruction, usually BOO (7).
Kidneys contain subcapsular cysts, each comprising a dilated
Bowman’s capsule and a primitive proximal tubule (Figure
1E); hence, cysts derive from forming nephrons (“S-shaped
bodies”). Potter postulated that UB branching is initially normal in type IV malformations, with at least some filtering
glomeruli generated. Only nascent nephrons became cystic
because they were nearest to ampullae and experienced a
“pressure (that) extends in a retrograde manner” from the
obstructed lower tract; earlier nephrons located at the other end
of arcades faced less “backpressure” and remained intact.
Potter reasoned that a sudden, severe, obstructive event would
rapidly ablate the RM, resulting in one layer of cysts, whereas
a mild obstruction might allow RM to generate several generations of cysts.
Recent reports cast doubt on Potter’s contention that all type

Figure 1. Histology of human
renal dysplasia (RD). A
through E are stained with hematoxylin and eosin; A
through D are from postnatal
samples with severe histologic RD, and E is from a
midgestation fetus with bladder outflow obstruction. (A)
RD is characterized by dysplastic tubules (dt) surrounded by stroma (ds). (B)
Dysplastic cysts (dc) in multicystic dysplastic kidneys.
(C) Dysplastic tubules (arrows) surrounded by fibromuscular collars. (D) Metaplastic cartilage (cart). (E)
Cystic subcapsular glomeruli
(arrowheads), with relative
preservation of deeper, more
mature, glomeruli (arrow).
Bar ⫽ 40 m in A, C, and D,
and 200 m in B and E.
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II malformations lack significant functional nephrons and thus
represent an absolute primary failure of UB function. Matsell
et al. (18) studied mid-trimester MCDK, reporting that disorganized tissues coexisted with relatively normal structures,
including maturing glomeruli (which could be cystic, as in type
IV malformations) and proximal tubules. Shibata et al. (19)
made three-dimensional reconstructions of MCDK between 19
and 35 wk gestation, reporting that some cysts contained
glomerular tufts. The two studies are consistent with the idea
that some nephrons do form in fetuses with type II malformations. Coupled with the observation that nonpatent ureters are
characteristic of MCDK, perhaps representing a failure of
ureteric canalization that normally occurs by 8 wk gestation
(20), one can speculate that the final RD phenotype might be
triggered by impairment of urine flow. It is important to note
that the effects of experimental obstruction differ in fetal
versus postnatal kidneys; in the latter, nephrons do not form
prominent cysts, correlating with the greater length and limited
compliance of a mature versus a fetal nephron tubule. When
fetal sheep kidneys are experimentally obstructed in midgestaion, severe RD is generated when the obstruction is prolonged (21). Similar models in fetal sheep and monkeys emphasize that formation of subcapsular cysts, some of which
contain tufts of podocytes, are an early event after obstruction
(22–24). The animal studies confirm that urinary flow impairment can generate type IV kidneys and also suggest that more
profound grades of dysplasia might result from early obstruction. Conversely, RD kidneys generated in these experiments
lack the dramatic “overgrowth” of human MCDK, which can
be so pronounced that the dysplastic kidneys occupy most of
the abdominal cavity and metaplastic cartilage is not formed.
This suggests that additional factors, rather than just flow
impairment, are operating in human disease. Furthermore,
lower urinary tract obstruction does not occur in all cases of
severe human RD (17) and therefore cannot be the only factor
in pathogenesis.

RD Is a Dynamic Disorder
That MCDK do contain some normal-looking structures
early in gestation is consistent with the concept that the phenotype of these organs is not fixed. Indeed, serial ultrasonography before and after birth demonstrates that MCDK can
enlarge and then involute to an “aplastic” phenotype (25).
Hiroaka et al. (26) described a similar tendency to involute in
patients born with small noncystic kidneys that had minimal
function as assessed by 99mTechnetium-dimercaptosuccinic
acid renograms; these organs were presumably dysplastic, although histology was unavailable. Involution may represent an
imbalance of programmed cell death and growth by proliferation because apoptosis in human RD is more prominent than in
time-matched normal organs, especially in stroma around dysplastic tubules (27–29). By contrast, proliferation is prominent
in dysplastic cyst epithelia (30,31). Disordered proliferation
and death occur in malformations of other organs, for example,
correlating with biliary duct dysmorphology in Meckel syndrome (32). PAX2 and BCL2 are cell survival genes (33,34)
normally expressed as nephron precursors differentiate from
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RM (30); both are expressed in cystic RD epithelia but not in
surrounding stroma, where cells die or undergo metaplasia to a
smooth muscle–like phenotype (27,30) (Figure 2). TGF-␤1 is
overexpressed in human RD epithelia (35) (Figure 2). Yang
from our group (35) created a human RD epithelial line expressing PAX2 and BCL2, and the addition of TGF-␤1 induced a transition to a smooth muscle–like phenotype. On the
basis of these experiments, we generated a working model of
dysplasia integrating dysregulation of PAX2 and TGF-␤1 with
altered patterns of apoptosis/proliferation and aberrant differentiation (35). This model is highly simplified but does emphasize that common biologic pathways lead to CAKUT irrespective of underlying cause, as well as reiterating the ongoing
dynamic processes within dysplastic organs. Other growth
factors (e.g., fibroblast growth factors [FGF], hepatocyte
growth factor, IGF II, TNF-␣) are expressed in human RD
(36), but their functional significance in this context is unknown. Cell turnover is also altered in animal models of
congenital obstructive nephropathy and uropathy (22,24,37–
39). As examples, ovine fetal BOO causes apoptotic cell depletion in urinary bladder lamina propria, whereas hypertrophy
and hyperplasia predominate in detrusor muscle (37), and
neonatal mouse ureteric obstruction causes necrotic death in
hypoxic proximal tubules, whereas collecting tubule cells are
stretched and undergo apoptosis (39). Certain mutant mice
with CAKUT-like phenotypes also have altered urinary tract
cell turnover, e.g., increased proliferation and death occur
sequentially in metanephrogenesis in glycipan-3– deficient
mice (40), and angiotensin II type 2 receptor (AT2)-deficient
mice (41) show altered cell remodeling around the forming
ureter. Another example, involving the Fraser syndrome gene,
FRAS1, is discussed later. Animal CAKUT models generated
by urinary obstruction also exhibit deregulated expression of
PAX2, BCL2, and TGF-␤1 (22,36,37,42).

UB Ectopia and RD
Kidney development is integrated with lower urinary tract
morphogenesis (9). At 28 d gestation, coincident with UB
formation, the urogenital sinus separates from the cloaca and
fuses with the MD. In the next week, the MD below the UB
dilates and this common excretory duct is absorbed into the
sinus to generate the bladder trigone, with the distal end of the
UB forming the ureteric orifice. Between 5 and 7 wk, the ureter
becomes occluded; recanalization begins in the middle of the
ureter, and by 8 wk, the structure is patent (20). An abnormal
ureteric insertion into the lower tract is associated with some
forms of human CAKUT (43,44). It was postulated that a more
posterior UB branch point from the MD would result in a more
laterally placed and incompetent ureteric-vesical junction, with
vesicoureteric reflux; conversely, more anterior UB origin
would result in an ectopic ureter terminating either in the
bladder in an obstructing membrane (ureterocele) or in the
urethra, vagina, or vas deferens. Ectopic ureters could be
associated with RD, resulting either from fetal urinary obstruction or from a primary failure of UB to fully engage intermediate mesoderm. In some cases, double-ectopic UB might
form, to generate duplex ureters and kidneys (45). This story
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Figure 2. Gene expression in
human RD. A through D are
from normal midgestation
kidneys, and E through H are
from postnatal organs with
histologically severe RD.
Sections were immunostained
for PAX2, BCL2, TGF-␤1
and ␣-smooth muscle actin
(␣-SMA) and counterstained
with hematoxylin. (A) PAX2
in ureteric bud (UB) branch
tips (u) and condensing mesenchyme (cm). (B) BCL2 in
condensing renal mesenchyme (RM). (C) Minimal
TGF-␤1 in nephrogenic cortex. (D) ␣-SMA in a few RM
cells. (E) PAX2 in dysplastic
tubules (dt); dysplastic stroma
(ds) did not express this transcription factor. (F) BCL2 in
dysplastic
tubules.
(G)
TGF-␤1 upregulated in dysplastic epithelia. (H) ␣-SMA
in cells around dysplastic tubules. Bar ⫽ 40 m in A
through D; 80 m in E, G,
and H; and 160 m in F.
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has received a novel “molecular twist,” with experiments using
genetically engineered mice. UB ectopia with RD-like lesions
occurs in mice with ablation of AT2 (46), FOXC1 transcription
factor (47), and bone morphogenetic protein (BMP) 4 growth
factor (48) genes. Ichikawa et al. (49) provided schemes of
how the activity of these genes might control UB formation,
elongation, and kidney development.
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Potter (7) wrote that “the type II kidney appears never to be
genetic or chromosomal in origin”; we know that this statement
is not correct. Although most cases of RD are sporadic, kindreds have been described with more than one affected member. Sometimes, these families have multiorgan syndromes,
discussed below; in other cases, the anomaly is restricted to
CAKUT. MCDK can occasionally be familial (25,50), and
kindreds are reported in which some individuals have renal
aplasia, or “absent kidneys,” whereas others have large dysplastic organs (51,52); some of this phenotypic heterogeneity
might be explained by the tendency of RD toward involution.
Nishimura et al. (41) reported an association with a polymorphism of AT2 in US and European patients with diverse urinary
tract malformations, including MCDK. The polymorphism resulted in decreased expression of AT2, a receptor that stimulates apoptosis. However, Hiraoka et al. (53) could not replicate a significant association in a Japanese population, and
neither study used the robust genetic strategy of transmission
dysequilibrium (54) to follow segregation of alleles from parents to affected children. Another report (55), which did use
transmission dysequilibrium to track the polymorphism from
mother to child, failed to implicate AT2 in primary vesicoureteric reflux, a disease that can be associated with RD (17).
Although the genetic bases of isolated human RD are unclear,
progress has been made in the more rare, “syndromic” cases in
which the renal malformation is part of a multiorgan syndrome.
In fact, Potter had noted that approximately half of the type II
RD malformations that she studied were accompanied by
anomalies of heart, central nervous system, anus, or uterus (7).
Tens of such syndromes exist (9,56); here, we highlight three
of them, and a number of others are shown in Table 1.

has sequence similarity to ECM3, a component of extracellular
matrix fibers that reorganize in sea urchin gastrulation (60);
both have an extracellular region similar to chondroitin sulfate
proteoglycan NG2, CALX-␤ domains, a transmembrane domain, and a short intracellular domain. NG2 core proteoglycan
binds FGF2, perhaps acting as a reservoir or facilitating binding to cell surface receptors; the molecule also binds collagens.
FRAS1 additionally has N-terminal chordin and furin domains,
providing further possibilities for signaling functions, because
chordin domains modulate BMP actions, and furin domains
modulate TGF-␤–related protein activities. Neonatal and postnatal renal phenotypes of Fras1 null mutant mice mimic anomalies in FS patients. Usually, mutant mouse kidneys are absent
or small, with blind-ending ureters, although they are occasionally grossly cystic (58,59). In normal mice, MD expresses
Fras1 transcripts, and Fras1 immunolocalizes to the basal UB
surface (58,59). In bl/bl mice, UB and RM are present at the
inception of metanephrogenesis, but the UB generally fails to
branch more than once, and RM does not form nephrons;
instead, the kidney shrinks, with many pyknotic RM nuclei,
reminiscent of human RD kidney involution (58). Blisters in
FS mice occur after dermal separation from skin basement
membrane, and Fras1 immunolocalizes to the basal surface of
normal skin basement membrane; dermal collagen VI immunostaining is diminished in null-mutant mice (58,59). Thus, it
is feasible that human FS external malformations (e.g., cryptophthalmos, syndactyly) might arise as disruptions secondary
to skin fragility. This argument cannot easily be applied to
explain FS metanephric malformations; indeed, no physical
separation is seen between mutant UB and RM. Instead, aberrant metanephric development in FS probably represents a
breakdown of reciprocal inductive events, mediated by growth
factors or matrix molecules, between UB and RM (10) and that
the normal Fras1 protein somehow mediates these actions. In
another multiorgan disorder with RD, the Simpson-GolabiBehmel syndrome, GPC3 is mutated. The wild-type protein
glypican-3 is a heparan sulfate proteoglycan (HSPG) modulating kidney growth activities of BMP7, FGF7, and endostatin, a
collagen XVIII cleavage product (61,62); perhaps FRAS1 has
similar activities in the metanephros.

Fraser Syndrome

Renal Cysts and Diabetes Syndrome

Fraser syndrome (FS) is autosomal recessive; occurs in
1:10,000 births; and presents with cryptophthalmos, syndactyly, ambiguous genitalia, and CAKUT. Of 117 cases (57), half
had absent kidneys or RD. Approximately half of FS cases are
stillborn or die in infancy, and kidney disease contributes to
morbidity. It had been speculated that FS was a human equivalent of murine blebbing (bl) mutants. We recently identified
loss-of-function mutations in a novel gene, FRAS1, in a subset
of FS patients and reported that the murine homologue, Fras1,
was mutated in bl mice (58). A targeted Fras1 null mutation
was found to have a blebbed phenotype and confirmed that
bl/bl embryos lacked Fras1 protein (59). Clues regarding the
metanephric roles of Fras1 can be gained from the precise type
and timing of the defects seen, the expression of Fras1 transcripts and protein, and the structural domains present. FRAS1

Renal cysts and diabetes syndrome (RCAD) is a caused by
mutations of the transcription factor gene hepatocyte nuclear
factor 1␤ (HNF1b) (63– 67). The key features are diabetes and
also renal malformations of diverse phenotypes; the incidence
of this recently defined syndrome has not yet been estimated.
RD that can be cystic, hypoplastic kidneys (organs have fewer
nephrons than normal), and polycystic/glomerulocytic kidneys
all have been reported, as has solitary congenital function
kidney. Lower urinary tract obstruction has not been demonstrated with any of these phenotypes. The diagnosis should be
suspected in an individual who has CAKUT and glucose intolerance, especially when a first-degree relative has either
disorder. Another clue, in women, is the occurrence of uterine
malformations (65). Human HNF1␤ heterozygous mutations
can occur de novo and/or be inherited in a dominant manner.

Genetics of Human RD
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Table 1. Genetics of human CAKUT occurring in isolation or as part of a syndrome
Apert syndrome (FGFR2 mutation, growth factor receptor): hydronephrosis and duplicated renal pelvis with premature
fusion of cranial sutures and digital anomalies
Bardet Biedl syndrome (several loci/genes implicated - includes a chaperonin and a centrosomal protein): renal dysplasia and
calyceal malformations with retinopathy, digit anomalies, obesity, diabetes, and male hypogonadism
Beckwith-Wiedemann syndrome (in a minority of patients, p57KIP2 mutation - cell cycle gene): widespread somatic
overgrowth with large kidneys, cysts, and dysplasia
Branchio-oto-renal syndrome (EYA1 mutation, transcription factor–like protein): renal agenesis and dysplasia with deafness
and branchial arch defects such as neck fistulae
CAKUT (congenital anomalies of the kidney and urinary tract) syndrome (AT2 polymorphism, growth factor receptor):
diverse, nonsyndromic, renal and lower urinary tract malformations
Campomelic dysplasia (SOX9 mutation, transcription factor): diverse renal and skeletal malformations
Carnitine palmitoyltransferase II deficiency (gene for this enzyme is mutated): renal dysplasia
CHARGE association (genetic basis unknown): coloboma, heart malformation, choanal atresia, retardation, genital and ear
anomalies; diverse urinary tract malforations can occur
Denys Drash syndrome (WT1 mutation, transcription/splicing factor): mesangial cell sclerosis and calyceal defects
Di George syndrome (microdeletion at 22q11, probably several genes involved): renal agenesis, dysplasia, vesicoureteric
reflux, with heart and branchial arch defects
Duplex kidney and ureter (loci and genes unknown): nonsyndromic familial cases are recognized
Glutaric aciduria type II (glutaryl-CoA dehydrogenase mutation): cystic and dysplastic disease
Hypoparathyroidism, sensorineural deafness and renal anomalies (HDR) syndrome (GATA3 mutation, transcription factor):
renal agenesis, dysplasia, and vesicoureteric reflux
Fanconi anaemia (six mutant genes reported, involved DNA repair): renal agenesis, ectopic/horseshoe kidney, anemia, and
limb malformations
Fraser syndrome (FRAS1 mutation, putative cell adhesion molecule): renal agenesis and dysplasia, digit and ocular
malformations
Kallmann’s syndrome (X-linked form, KAL1 mutation, cell adhesion molecule; autosomal form, FGFR1 mutation, growth
factor receptor): renal agenesis and dysplasia in X-linked form
Meckel syndrome (loci at 11q and 17q, genes unknown): cystic renal dysplasia, central nervous system and digital
malformations
Nail-patella syndrome (LMX1B mutation, transcription factor): malformation of the glomerulus and renal agenesis
Oral facial digital syndrome type 1 (OFD1 mutation, centrosomal protein): glomerular cysts with facial and digital anomalies
Renal-coloboma syndrome (PAX2 mutation, transcription factor): renal hypoplasia and vesicoureteric reflux
Renal cysts and diabetes syndrome (HNF1␤ mutation, transcription factor): renal dysplasia, cysts, and hypoplasia
Simpson-Golabi-Behmel syndrome (GPC3 mutation, proteoglycan): renal overgrowth, cysts, and dysplasia
Smith-Lemli-Opitz syndrome (␦ (7)-dehydrocholesterol reductase mutation, cholesterol biosynthesis): renal cysts and
dysplasia
Townes-Brockes syndrome (SALL1 mutation, transcription factor): renal dysplasia and lower urinary tract malformations
Urofacial (Ochoa) syndrome (locus on 10q, gene undefined): congenital obstructive bladder and kidney malformation with
abnormal facial expression
Urogenital adysplasia syndrome (some cases have HNF1␤ mutation): renal dysplasia and uterine anomalies
VACTERL association (basis unknown apart from one report of mitochondrial gene mutation): vertebral, cardiac,
tracheoesophageal, renal, radial, and other limb anomalies
Vesicoureteric reflux (genetically heterogeneous, one locus on chromosome 1 but gene undefined): nonsyndromic familial
cases with no secondary cause (e.g., urinary flow impariment) are recognized
von Hippel Lindau disease (VHL mutation, tumor suppressor gene): renal and pancreatic cysts, renal tumors
WAGR syndrome (WT1 and PAX6 contiguous gene defect, transciption factors): Wilms’ tumor, aniridia, genital and renal
malformations, mental retardation
Zellweger syndrome (peroxisomal protein mutation): cystic dysplastic kidneys

HNF1␤ transcripts can be detected in several embryonic humans organs in which mesenchymal/epithelial interactions occur (e.g., stomach, lung, pancreas, kidney), with prominent
expression in fetal medullary collecting ducts but not in the UB
ampullary tips (66); this suggests that the gene is active in the

ureteric lineage, perhaps as a “maturation factor” rather than a
“branching factor.” In mice, the gene is expressed in MD, UB
derivatives, forming nephrons, and the paramesonephric ducts
that will differentiate into the uterus and the fallopian tubes
(68). HNF1␤ modulates transcription of Ksp-cadherin, a gene
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that is expressed in a similar distribution to HNF1␤ within the
developing urinary tract (69,70); the nephrogenic function of
this adhesion molecule, however, is unknown. HNF1␤ null
mutant mice die in early embryogenesis (71) and are uninformative for studying renal organogenesis. In the future, a null
mutation targeted to the developing urinary tract will need to
be created to study nephrogenesis; indeed, HNF1␤ inactivation
in developing liver demonstrates a role in bile duct morphogenesis (72). The embryonic excretory system of Xenopus is an
alternative model with which to study gene function (73,74); in
fact, HNF1␤ is expressed in the embryonic region destined to
form the pronephric kidney, even before overt morphologic
differentiation (75). Using Xenopus, it has been possible to
overexpress wild-type and mutant HNF1␤ human genes to
study the effects on pronephric growth. In HNF1␤ mutants
retaining DNA binding, dimerization, and transactivation activities, the pronephros generated was smaller than normal
(74). In contrast, overexpression of mutants lacking these properties generally resulted in embryonic frog kidneys that were
large (74). Hence, the mutated proteins that lack DNA binding
seem likely to interact with regulatory components (currently
unknown). At present, there is no simple correlation between
specific HNF1␤ mutations and human kidney phenotypes (e.g.,
RD, glomerulocystic kidney, hypoplasia), and the severity and
the type of CAKUT can vary even within one kindred.

Kallmann Syndrome
Kallmann syndrome (KS) is characterized by the association
of hypogonadotrophic hypogonadism and anosmia. It affects
1:8,000 male and 1:40,000 female individuals, and X-linked,
autosomal dominant, and autosomal recessive inheritance is
described (76). Renal aplasia, generally unilateral, occurs in
40% of patients (77), but MCDK is also reported (78). The
X-linked form results from mutations of KAL1, which encodes
the extracellular matrix protein anosmin-1. KAL1 transcripts
occur in the human metanephros and olfactory bulb from 45 d
gestation (79), and these sites are consistent with organs affected in KS. Anosmin-1 immunolocalizes to basement membrane of human UB branches (80). With increased understanding of anosmin-1 structure and function in different organisms,
these observations can start to be synthesized into potential
mechanisms of maldevelopment. Anosmin-1 is a modular protein consisting of an N-terminal cysteine-rich region, a whey
acidic protein–like 4 disulfide core motif (WAP), four contiguous fibronectin-like type III (FnIII) domains, and a histidinerich C-terminus. Similar WAP- and FnIII-encoding domains
occur in predicted KAL proteins in birds, fish, flies, and
worms. In the absence of a rodent model, KAL1 function has
been investigated in C. elegans (81,82): Worm Kal1 mutants
have defects in ventral closure and male tail formation, partially rescued by the human gene, suggesting conservation of
function across species, and neuronal targeting studies implicate FnIII domains in control of axon branching and both FnIII
and WAP domains in axon misrouting. The FnIII domains are
predicted to be involved in anosmin-1–HSPG interactions (83),
and heparan-6-O-sulfotransferase, an enzyme required for the
formation of cell membrane–associated HSPG, was identified
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as a modifier of KAL1-induced axonal defects in C. elegans.
HSPG are not only important in neural development, particularly in neurite outgrowth and migration, but they also have
critical roles in nephrogenesis: Mice homozygous for a gene
trap mutation in heparan sulfate 2-sulfotransferase, for example, fail to initiate normal metanephrogenesis (84), as do mutants lacking glial cell line– derived neurotrophic factor or its
receptors, and signaling via this pathway also requires HSPG
(85). It is intriguing that loss of function mutations in FGFR1
have recently been reported in dominantly inherited KS, and
binding of HSPG to FGF and its receptors is also required for
FGF signaling (86).

Conclusion
Early studies of human RD defined the anatomy and histology of affected kidneys and urinary tracts, leading to hypotheses of pathogenesis featuring UB primary dysfunction and/or
ectopia and also fetal urinary obstruction. More recent clinical
observations showed that the external appearance of an RD
kidney can evolve pre- and postnatally, and this most likely
correlates with phases of excessive growth followed by apoptotic involution. Animal experiments of fetal urinary tract
obstruction generate some but not all anatomic features of
human RD, and not all human RD kidneys are associated with
obstruction. Histologic studies of human RD have found disordered expression of diverse growth factor, cell survival, and
transcription factor genes, and some of these patterns correlate
with disordered cell turnover and maturation. In some cases of
RD, mutations of genes expressed in normal metanephrogenesis have been defined in multiorgan malformation syndromes.
Although these observations are important, considerably more
work is required to understand how any one of these mutations
causes the metanephric rudiment to grow into a dysplastic
kidney.

Acknowledgments
This study was supported by National Kidney Research Fund
Project Grant R18/1/2000 (PJDW and ASW) and Wellcome Trust
Functional Genomics grant (ASW).

References
1. Noia G, Masini L, De Santis M, Caruso A: The impact of
invasive procedures on prognostic, diagnostic and therapeutic
aspects of urinary tract anomalies. In: Neonatal Nephrology in
Progress, edited by Cataldi L, Fanos V, Simeoni U, Lecce, Italy,
Agora, 1996, pp 67– 84
2. Lewis MA, Shaw J: Report from the paediatric renal registry. In:
The UK Renal Registry: The Fifth Annual Report, edited by
Ansell D, Burden R, Feest T, Newman D, Roderick P, Will E,
Williams AJ, Bristol, UK, The Renal Association, 2002, pp
253–273
3. Humar A, Arrazola L, Mauer M, Matas AJ, Najarian JS: Kidney
transplantation in young children: Should there be a minimum
age? Pediatr Nephrol 16: 941–945, 2001
4. Rees L: Management of the infant with end-stage renal failure.
Nephrol Dial Transplant 17: 1564 –1567, 2002
5. Ichikawa I, Kuwayama F, Pope JC 4th, Stephens FD, Miyazaki
Y: Paradigm shift from classic anatomic theories to contempo-

J Am Soc Nephrol 15: 998–1007, 2004

6.

7.
8.

9.

10.
11.

12.

13.

14.
15.
16.

17.

18.

19.

20.

21.
22.

23.

rary cell biological views of CAKUT. Kidney Int 61: 889 – 898,
2002
Woolf AS, Thiruchelvam N: Congenital obstructive uropathy—
Its origin and contribution to end-stage renal failure in children.
Adv Ren Replace Ther 8: 157–163, 2001
Potter EL: Normal and Abnormal Development of the Kidney,
Chicago, Year Book Medical Publishers, 1972, pp 1–305
Risdon RA, Woolf AS: Development of the kidney. In: Heptinstall’s Pathology of the Kidney, 5th Ed, edited by Jennette JC,
Olson JL, Schwartz MM, Silva FG, Philadelphia, LippincottRaven, 1998 pp 67– 84
Woolf AS, Welham SJM, Hermann MM, Winyard PJD: Maldevelopment of the human kidney and lower urinary tract: An
overview. In: The Kidney: From Normal Development to Congenital Disease, edited by Vize PD, Woolf AS, Bard JBL, St.
Louis, Elsevier Science/Academic Press, 2003, pp 377–393
Grobstein C: Mechanisms of organotypic tissue interaction. Natl
Cancer Inst Monogr 26: 279 –299, 1967
Carroll TJ, McMahon AP: Overview: The molecular basis of
kidney development. In: The Kidney: From Normal Development
to Congenital Disease, edited by Vize PD, Woolf AS, Bard JBL,
St. Louis, Elsevier Science/Academic Press, 2003, 343–376
Hinchliffe SA, Sargent PH, Howard CV, Chan YF, Hutton JL,
Rushton DI, van Velzen D: Human intra-uterine renal growth
expressed in absolute number of glomeruli assessed by ‘Disector’ method and Cavalieri principle. Lab Invest 64: 777–784,
1991
Merlet-Benichou C, Gilbert T, Vilar J, Moreau E, Freund N,
Lelievre-Pegorier M: Nephron number: Variability is the rule.
Causes and consequences. Lab Invest 79: 515–527, 1999
Pesce C: Glomerular number and size: Facts and artefacts. Anat
Rec 251: 66 –71, 1998
Risdon RA: Renal dysplasia. I. Clinico-pathological study of 76
cases. J Clin Pathol 24: 57–71, 1971
Bernstein J: The morphogenesis of renal parenchymal development (renal dysplasia). Pediatr Clin North Am 18: 395– 407,
1971
Risdon RA, Yeung CK, Ransley P: Reflux nephropathy in children submitted to nephrectomy: A clinicopathological study.
Clin Nephrol 40: 308 –314, 1993
Matsell DG, Bennett T, Goodyer P, Goodyer C, Han VK: The
pathogenesis of multicystic dysplastic kidney disease: Insights
from the study of fetal kidneys. Lab Invest 74: 883– 893, 1996
Shibata S, Shigeta M, Shu Y, Watanabe T, Nagata M: Initial
pathological events in renal dysplasia with urinary tract obstruction in utero. Virchows Arch 439: 560 –570, 2001
Ruano-Gil D, Coca-Payeras A, Tejedo-Mateu A: Obstruction
and normal recanalization of the ureter in the human embryo. Its
relation to congenital ureteric obstruction. Eur Urol 1: 287–293,
1975
Peters CA, Carr MC, Lais A, Retik AB, Mandell J: The response
of the fetal kidney to obstruction. J Urol 148: 503–509, 1992
Attar R, Quinn F, Winyard PJD, Mouriquand PDE, Foxall P,
Hanson MA, Woolf AS: Short-term urinary flow impairment
deregulates PAX2 and PCNA expression and cell survival in
fetal sheep kidneys. Am J Pathol 152: 1225–1235, 1998
Nyirady P, Thiruchelvam N, Fry CH, Godley ML, Winyard PJD,
Peebles DM, Woolf AS, Cuckow PM: Effects of in utero bladder
outflow obstruction on fetal sheep detrusor contractility, compliance and innervation. J Urol 168: 1615–1620, 2002

Human Renal Dysplasia

1005

24. Matsell DG, Mok A, Tarantal AF: Altered primate glomerular
development due to in utero urinary tract obstruction. Kidney Int
1263–1269, 2002
25. Belk RA, Thomas DFM, Mueller RF, Godbole P, Markham AF,
Weston MJ: A familial study and the natural history of prenatally
detected unilateral multicystic dysplastic kidney. J Urol 167:
666 – 669, 2002
26. Hiraoka M, Tsukahara H, Ohshima Y, Kasuga K, Ishihara Y,
Mayumi M: Renal aplasia is the predominant cause of congenital
solitary kidneys. Kidney Int 61: 1840 –1844, 2002
27. Winyard PJD, Nauta J, Lirenman DS, Hardman P, Sams VR,
Risdon AR, Woolf AS: Deregulation of cell survival in cystic
and dysplastic renal development. Kidney Int 49: 135–146, 1996
28. Granata C, Wang Y, Puri P, Tanaka K, O’Briain DS: Decreased
bcl-2 expression in segmental renal dysplasia suggests a role in
its morphogenesis. Br J Urol 80: 140 –144, 1997
29. Poucell-Hatton S, Huang M, Bannykh S, Benirschke K, Masliah
E: Fetal obstructive uropathy: Patterns of renal pathology. Pediatr Dev Pathol 3: 223–231, 2000
30. Winyard PJD, Risdon RA, Sams VR, Dressler GR, Woolf AS:
The PAX2 transcription factor is expressed in cystic and hyperproliferative dysplastic epithelia in human kidney malformations.
J Clin Invest 98: 451– 459, 1996
31. Omori S, Fukuzawa R, Hida M, Awazu M: Expression of mitogen-activated protein kinases in human renal dysplasia. Kidney
Int 61: 899 –906, 2002
32. Sergi C, Kahl P, Otto HF: Contribution of apoptosis and apoptosis-related proteins to the malformation of the primitive intrahepatic biliary system in Meckel syndrome. Am J Pathol 156:
1589 –1598, 2000
33. Sorenson CM, Rogers SA, Korsmeyer SJ, Hammerman MR:
Fulminant metanephric apoptosis and abnormal kidney development in bcl-2-deficient mice. Am J Physiol 268: F73–F81, 1995
34. Torban E, Eccles MR, Favor J, Goodyer PR: PAX2 suppresses
apoptosis in renal collecting duct cells. Am J Pathol 157: 833–
842, 2000
35. Yang SP, Woolf AS, Yuan HT, Scott RJ, Risdon RA, O’Hare
MJ, Winyard PJD: Potential biological role of transforming
growth factor ␤1 in human congenital kidney malformations.
Am J Pathol 157: 1633–1647, 2000
36. Woolf AS, Winyard PJD: Gene expression and cell turnover in
human renal dysplasia. Histol Histopathol 15: 159 –166, 2000
37. Thiruchelvam N, Nyirady P, Peebles DM, Fry CH, Cuckow PM,
Woolf AS: Urinary outflow obstruction increases apoptosis and
deregulates Bcl-2 and Bax expression in the fetal ovine bladder.
Am J Pathol 162: 1271–1282, 2003
38. Liapis H, Yu H, Steinhardt GF: Cell proliferation, apoptosis,
Bcl-2 and Bax expression in obstructed opossum early metanephroi. J Urol 164: 511–517, 2000
39. Cachat F, Lange-Sperandio B, Chng AY, Kiley SC, Thornhill
BA, Forbes MS, Chevalier RL: Ureteral obstruction in neonatal
mice elicits segment-specific tubular cell responses leading to
nephron loss. Kidney Int 63: 564 –575, 2003
40. Cano-Gauci DF, Song HH, Yang H, McKerlie C, Choo B, Shi
W, Pullano R, Piscione TD, Grisaru S, Soon S, Sedlackova L,
Tanswell AK, Mak TW, Yeger H, Lockwood GA, Rosenblum
ND, Filmus J: Glycipan-3-deficient mice exhibit developmental
overgrowth and some of the abnormalities typical of SimpsonGolabi-Behmel syndrome. J Cell Biol 146: 255–264, 1999
41. Nishimura H, Yerkes E, Hohefellner K, Miyazaki Y, Ma J,
Huntley TE, Yoshida H, Ichiki T, Threadgill D, Phillips JA,
Hogan BML, Fogo A, Brock JW, Inagami T, Ichikawa I: Role of

1006

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Journal of the American Society of Nephrology

the angiotensin type 2 receptor gene in congenital anomalies of
the kidney and urinary tract, CAKUT, of mice and men. Mol Cell
3: 1–10, 1998
Yang SP, Woolf AS, Quinn F, Winyard PJD: Deregulation of
renal transforming growth factor-␤1 after experimental shortterm ureteric obstruction in fetal sheep. Am J Pathol 159: 109 –
117, 2001
Vermillion CD, Heale WF: Position and configuration of the
ureteral orifice and its relationship to renal scarring in adults.
J Urol 109: 579 –584, 1973
Schwartz RD, Stephens FD, Cussen LJ: The pathogenesis of
renal dysplasia. II. The significance of lateral and medial ectopy
of the ureteric orifice. Invest Urol 19: 97–100, 1981
Whitten SM, Wilcox DT: Duplex systems. Prenat Diagn 21:
952–957, 2001
Oshima K, Miyazaki Y, Brock JW 3rd, Adams MC, Ichikawa I,
Pope JC 4th: Angiotensin type II receptor expression and ureteral
budding. J Urol 166: 1848 –1852, 2001
Kume T, Deng K, Hogan BL: Murine forkhead/winged helix
genes Foxc1 (Mf1) and Foxc2 (Mfh1) are required for the early
organogenesis of the kidney and urinary tract. Development 127:
1387–1395, 2000
Miyazaki Y, Oshima K, Fogo A, Hogan BLM, Ichikawa I: Bone
morphogenetic protein 4 regulates the budding site and elongation of the mouse ureter. J Clin Invest 105: 863– 873, 2000
Ichikawa I, Kuwayama F, Pope IV JC, Stephens FD, Miyazaki
Y: Paradigm shift from classic anatomic theories to contemporary cell biological views of CAKUT. Kidney Int 889 – 898,
2002.
Srivastava T, Garola RE, Hellerstein S: Autosomal dominant
inheritance of multicystic dysplastic kidney. Pediatr Nephrol 13:
481– 483, 1999
Roodhooft AM, Birnholz JC, Holmes LB: Familial nature of
congenital absence and severe dysgenesis of both kidneys.
N Engl J Med 24: 1341–1345, 1984
McPherson E, Carey J, Kramer A, Hall JG, Pauli RM, Schimke
RN, Tasin MH: Dominantly inherited renal adysplasia. Am J
Med Genet 26: 863– 872, 1987
Hiraoka M, Taniguchi T, Nakai H, Kino M, Okada Y, Tanizawa
A, Tsukahara H, Ohshima Y, Muramatsu I, Mayumi M: No
evidence for AT2R gene derangement in human urinary tract
anomalies. Kidney Int 59: 1244 –1249, 2001
Bevan S, Popat S, Houlston RS: Relative power of linkage and
transmission disequilibrium test strategies to detect non-HLA
linked coeliac disease susceptibility genes. Gut 45: 668 – 671,
1999
Yoneda A, Cascio S, Green A, Barton D, Puri P: Angiotensin II
type 2 receptor gene is not responsible for familial vesicoureteric
reflux. J Urol 168: 1138 –1141, 2002
McKusick VA: Online Mendelian Inheritance in Man. National
Center for Biotechnology Information. www4.ncbi.nlm.nih.gov/
Omim/
Slavotinek AM, Tifft CJ: Fraser syndrome and cryptophthalmos:
Review of the diagnostic criteria and evidence for phenotypic
modules in complex malformation syndromes. J Med Genet 39:
623– 633, 2002
McGregor L, Makela V, Darling SM, Vrontou S, Chalepakis G,
Roberts C, Smart N, Rutland P, Prescott N, Hopkins J, Bentley
E, Shaw A, Roberts E, Mueller R, Jadeja S, Philip N, Nelson J,
Francannet C, Perez-Aytes A, Megarbane A, Kerr B, Wainwright
B, Woolf AS, Winter RM, Scambler PJ: Fraser syndrome and
mouse blebbed phenotype caused by mutations in FRAS1/Fras1

J Am Soc Nephrol 15: 998–1007, 2004

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

encoding a putative extracellular matrix protein. Nat Genet 34:
203–208, 2003
Vrontou S, Petrou P, Meyer BI, Galanopoulos VK, Imai K,
Yanagi M, Chodhury K, Scambler PJ, Chalpakis G: Fras1 deficiency results in cryptophthalmos, renal agenesis and blebbed
phenotype in mice. Nat Genet 34: 209 –214
Hodor PG, Illies MR, Broadley S, Ettensohn CA: Cell-substrate
interactions during sea urchin gastrulation: Migrating primary
mesenchymal cells interact with and align extracellular matrix
fibres that contain ECM3, a molecule with NG2-like and multiple calcium-binding domains. Dev Biol 222: 181–194, 2000
Grisaru S, Cano-Gauci D, Tee J, Filmus J, Rosenblum ND:
Glypican-3 modulates BMP- and FGF-mediated effects during
renal branching morphogenesis. Dev Biol 231: 31– 46, 2001
Karihaloo A, Karumanchi SA, Barasch J, Jha V, Nikel CH, Yang
J, Grisau S, Bush KT, Nigam S, Rosenblum ND, Sukhatme VP,
Cantley LG: Endostatin regulates morphogenesis of renal epithelial cells and ureteric bud. Proc Natl Acad Sci U S A 98:
12509 –12514, 2001
Lindner TH, Njolstad PR, Horikawa Y, Bostad L, Bell GI, Sovik
O: A novel syndrome of diabetes mellitus, renal dysfunction and
genital malformation associated with a partial deletion of the
pseudo-POU domain of hepatocyte nuclear factor-1␤. Hum Mol
Genet 8: 2001–2008, 1999
Bingham C, Bulman MP, Ellard S, Allen LIS, Lipkin GW, van’t
Hoff WG, Woolf AS, Rizzoni G, Novelli G, Nicholls AJ, Hattersley AT: Mutations in the hepatocyte nuclear factor-1␤ gene
are associated with familial hypoplastic glomerulocystic kidney
disease. Am J Hum Genet 68: 219 –224, 2001
Bingham C, Ellard S, Cole TRP, Jones KE, Allen LIS, Goodship
JA, Goodship THJ, Bakalinova-Pugh D, Russell GI, Woolf AS,
Nicholls AJ, Hattersely AT: Solitary functioning kidney and
diverse genital tract malformations associated with hepatocyte
nuclear factor-1␤ mutations. Kidney Int 61: 1243–1251, 2002
Kolatsi-Joannou M, Bingham C, Ellard S, Bulman MP, Allen
LIS, Hattersley AT, Woolf AS: Hepatocyte nuclear factor 1␤: A
new kindred with renal cysts and diabetes, and gene expression
in normal human development. J Am Soc Nephrol 12: 2175–
2180, 2001
Waller SC, Rees L, Woolf AS, Ellard S, Pearson ER, Hattersley
AT, Bingham C: Severe hyperglycemia after renal transplantation in a pediatric patient with mutation of the hepatocyte nuclear
factor 1␤ gene. Am J Kidney Dis 40: 1325–1330, 2002
Coffinier C, Barra J, Babinet C, Yaniv M: Expression of vHNF/
HNF1␤ homeoprotein gene during mouse organogenesis. Mech
Dev 89: 211–213, 1999
Bai Y, Pontoglio M, Hiesberger T, Sinclair AM, Igarashi P:
Regulation of kidney-specific Ksp-cadherin gene promoter by
the hepatocyte nuclear factor-1␤. Am J Physiol Renal Physiol
283: F839 –F851, 2002
Shao X, Johnson JE, Richardson JA, Hiesberger T, Igarashi P: A
minimal Ksp-cadherin promoter linked to a green fluorescent
protein reporter gene exhibits tissue-specific expression in the
developing kidney and the genitourinary tract. J Am Soc Nephrol
13: 1824 –1836, 2002
Barbacci E, Reber M, Ott M, Breillat C, Huetz F, Cereghini S:
Variant hepatocyte nuclear factor 1 is required for visceral
endoderm specification. Development 126: 4795– 4805, 1999
Coffinier C, Gresh L, Fiette L, Tronche F, Schutz G, Babinet C,
Pontoglio M, Yaniv M, Barra J: Bile system morphogenesis
defects and liver dysfunction upon targeted deletion of HNF1␤.
Development 129: 1829 –1838, 2002

J Am Soc Nephrol 15: 998–1007, 2004

73. Wild W, von Strandmann EP, Nastos A, Senkel S, Lingott-Frieg
A, Bulman M, Bingham C, Ellard S, Hattersley AT, Ryffel GU:
The mutated human gene encoding hepatocyte nuclear factor 1␤
inhibits kidney formation in developing Xenopus embryos. Proc
Natl Acad Sci U S A 97: 4695– 4700, 2000
74. Bohn S, Thomas H, Turan G, Ellard S, Bingham C, Hattersely
AT, Ryffel GU: Distinct molecular and morphogenetic properties
of mutations in the human HNF1␤ gene that lead to defective
kidney development. J Am Soc Nephrol 14: 2033–2041, 2003
75. Demartis A, Maffei M, Vignali R, Barsacchi G, De Simone V:
Cloning and developmental expression of LFB3/HNF1␤ transcription factor in Xenopus laevis. Mech Dev 47: 19 –28, 1994
76. Hu Y, Tanriverdi F, MacColl GS, Bouloux PM: Kallmann’s
syndrome: Molecular pathogenesis. Int J Biochem Cell Biol 35:
1157–1162, 2003
77. Kirk JMW, Grant DB, Besser GM, Shalet S, Smith CS, White M,
Edwards O, Bouloux PMG: Unilateral renal aplasia in X-linked
Kallmann’s syndrome. Clin Genet 46: 260 –262, 1994
78. Deeb A, Robertson A, McColl G, Bouloux PMG, Winyard PJD,
Woolf AS, Moghal NE, Cheetham TD: X linked Kallmann
syndrome and multicystic dysplastic kidney—A new association.
Nephrol Dial Transplant 16: 1170 –1175, 2001
79. Duke VM, Winyard PJD, Thorogood P, Soothill P, Bouloux PM,
Woolf AS: KAL, a gene mutated in Kallmann’s syndrome, is
expressed in the first trimester of human development. Mol Cell
Endocrinol 110: 73–79, 1995
80. Hardelin JP, Julliard AK, Moniot B, Soussi-Yanicostas N, Verney C, Schwanzel-Fukuda M, Ayer-Le Lievre C, Petit C: Anosmin-1 is a regionally restricted component of basement membranes and interstitial matrices during organogenesis:
Implications for the developmental anomalies on X chromosome-linked Kallmann syndrome. Dev Dyn 215: 26 – 44, 1999

Human Renal Dysplasia

1007

81. Bulow HE, Berry KL, Topper LH, Peles E, Hobert O: Heparan
sulfate proteoglycan-dependent induction of axon branching and
axon misrouting by the Kallmann syndrome gene kal-1. Proc
Natl Acad Sci U S A 99: 6346 – 6351, 2002
82. Rugarli EI, Di Schiavi E, Hilliard MA, Arbucci S, Ghezzi C,
Facciolli A, Coppola G, Ballabio A, Bazzicalupo P: The Kallmann syndrome gene homolog in C. elegans is involved in
epidermal morphogenesis and neurite branching. Development
129: 1283–1294, 2002
83. Robertson A, MacColl GS, Nash JA, Boehm MK, Perkins SJ,
Bouloux PM: Molecular modelling and experimental studies of
mutation and cell-adhesion sites in the fibronectin type III and
whey acidic protein domains of human anosmin-1. Biochem J
357: 647– 659, 2001
84. Bullock SL, Fletcher JM, Beddington RS, Wilson VA: Renal
agenesis in mice homozygous for a gene trap mutation in the
gene encoding heparan sulfate 2-sulfotransferase. Genes Dev 12:
1894 –1906, 1998
85. Barnett MW, Fisher CE, Perona-Wright G, Davies JA: Signalling
by glial cell line-derived neurotrophic factor (GDNF) requires
heparan sulphate glycosaminoglycan. J Cell Sci 115: 4495–
4503, 2002
86. Dode C, Levilliers J, Dupont JM, De Paepe A, Le Du N,
Soussi-Yanicostas N, Coimbra RS, Delmaghani S, CompainNouaille S, Baverel F, Pecheux C, Le Tessier D, Cruaud C,
Delpech M, Speleman F, Vermeulen S, Amalfitano A, Bachelot
Y, Bouchard P, Cabrol S, Carel JC, Delemarre-Van de Waal H,
Goulet-Salmon B, Kottler ML, Richard O, Sanchez-Franco F,
Saura R, Young J, Petit C, Hardelin JP: Loss-of-function mutations in FGFR1 cause autosomal dominant Kallmann syndrome.
Nat Genet 33: 463– 465, 2003

Access to UpToDate on-line is available for additional clinical information
at http://www.jasn.org/

