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Phosphate homeostasis is central to diverse physiologic processes
including energy homeostasis, formation of lipid bilayers, and
bone formation. Reduced phosphate levels due to excessive renal
loss cause hypophosphatemic rickets, a disease characterized by
prominent bone defects; conversely, hyperphosphatemia, a major
complication of renal failure, is accompanied by parathyroid hy-
perplasia, hyperparathyroidism, and osteodystrophy. Here, we
define a syndrome featuring both hypophosphatemic rickets and
hyperparathyroidism due to parathyroid hyperplasia as well as
other skeletal abnormalities. We show that this disease is due to a
de novo translocation with a breakpoint adjacent to a-Klotho,
which encodes a B-glucuronidase, and is implicated in aging
and regulation of FGF signaling. Plasma a-Klotho levels and -
glucuronidase activity are markedly increased in the affected
patient; unexpectedly, the circulating FGF23 level is also markedly
elevated. These findings suggest that the elevated a-Klotho level
mimics aspects of the normal response to hyperphosphatemia and
implicate a-Klotho in the selective regulation of phosphate levels
and in the regulation of parathyroid mass and function; they also
have implications for the pathogenesis and treatment of renal
osteodystrophy in patients with kidney failure.
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he maintenance of normal phosphate homeostasis is critical

for diverse biochemical processes in vivo. Its importance is
illustrated by disorders featuring hypophosphatemia due to
excessive renal phosphate loss. Affected patients develop rickets,
a disorder in which abnormal mineralization of bone and growth
plate cartilage results in diminished bone strength, deformity,
short stature, and bone pain. Rapidly growing bones of the lower
extremities generally show the most striking abnormalities (1).
Conversely, high phosphate levels may also have adverse phys-
iologic effects. These are most pronounced in patients with
chronic kidney disease (CKD) who develop hyperphosphatemia
due to impaired renal clearance. These patients develop hyper-
parathyroidism and renal osteodystrophy.

The kidney plays a predominant role in the regulation of
serum phosphorus levels. The vast majority of phosphate reab-
sorption occurs in the proximal tubule and is mediated by the
sodium—-phosphate cotransporter type IIa (NaPi-Ila), with ad-
ditional contributions from the related protein NaPi-IIc (2, 3).
Parathyroid hormone (PTH) has been considered the major
regulator of NaPi-Ila and NaPi-Ilc density in the proximal
tubular cell apical membrane (3, 4), promoting the rapid removal
of NaPi-ITa from the membrane and its subsequent degradation
(5). In addition, high phosphate levels are known to promote
proliferation of parathyroid cells and enhance PTH secretion
and mRNA stability; these effects have been speculated to be
mediated by means of reduced serum Ca’* levels, but the
mechanism is uncertain (6-9).

www.pnas.org/cgi/doi/10.1073/pnas.0712361105

More recently, FGF23 and its receptor have been recognized
to play fundamental roles in phosphate homeostasis. Homozy-
gous loss of function mutations in FGF23 result in increased
serum phosphate levels, due to increased NaPi-ITa abundance;
conversely, mutations in FGF23 that increase its level by reduc-
ing degradation result in hypophosphatemia (10-12). Mutations
in other genes, such as the zinc-dependent endopeptidase PHEX
also result in increased FGF23 levels, renal phosphate wasting,
and rickets; this is the cause of X-linked hypophosphatemic
rickets (XLH) (13-15).

In mice, genetic deficiency for a-Klotho, a protein bearing
B-glucuronidase activity that is found in both transmembrane
and soluble forms, has received considerable attention for its
effect to reduce life span. Among the phenotypes of these mice
are hyperphosphatemia, enhanced renal phosphate reabsorp-
tion, and growth retardation, phenotypes similar to those seen
with FGF23 deficiency. They also have elevated serum 1,25-
dihydroxyvitamin D levels due to increased expression of renal
25-hydroxyvitamin D-1-a-hydroxylase (10, 16-18). Recent stud-
ies have implicated a-Klotho in facilitating FGF receptor acti-
vation by FGF23 (19, 20) and in calcium homeostasis with in vitro
evidence of regulation of TRPVS in the renal distal convoluted
tubule and of PTH secretion (21, 22). The role of a-Klotho in
phosphate homeostasis in vivo and its mechanism of effect has
been unclear. We describe a new human disease featuring
hypophosphatemic rickets with marked parathyroid hyperplasia
and demonstrate that it is caused by a mutation that results in
increased levels of circulating a-Klotho.

Results

Case Report. A 13-month old girl was evaluated because of poor
linear growth and increasing head size. She was the product of
an uncomplicated 38-week gestation, was fed standard infant
formula, and the parents were not vegetarians or participants in
dietary fads. There was no history of intestinal malabsorption.
Physical examination revealed a pleasant and alert infant who
refused to stand. A prominent forehead, large open anterior
fontanel, and knobby appearance of the wrists were present. The
legs were moderately bowed, and hypertrophic physes were
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Table 1. Biochemical values in index case at presentation, age 7, and age 22

Parameter Age 13 mo Age 7 yr Age 22 yr Normal range
Serum PO42-, mg/dI 2.1 2.5 1.2 4-7 (child)
2.4-4.1 (adult)
Serum Ca2*, mg/dl 9.4 10.9 10.4 9.0-10.5
Serum alkaline phosphatase, units/liter 630 358 134 74-397 (child)
30-114 (adult)
Serum PTH 1,233 pg/ml N/A N/A 50-330 pg/ml
N/A 81 nlEg/ml 33 nlEg/ml <25 nlEg/ml
Serum 1,25(0OH),-vitamin D, pg/ml 59 33.3 29 20-60
Serum 25-OH-vitamin D, ng/ml 98 233 25 10-50
Urinary calcium/creatinine ratio, 0.25 0.26 0.19 <0.6 (0-18 mo)
mg/mg <0.22 (adult)
TmP/GFR, mg/dl| 1.3 N/A 0.8 >3.5

N/A, not applicable.

evident along the anterior ribs (rachitic rosary). Radiographs of
the knees and wrists demonstrated florid rachitic changes of the
growth plates.

The patient was assumed to have a nutritional form of rickets
and was treated with 12,000 units per day of vitamin D, however,
there was no clinical or radiographic response after several
weeks. Laboratory investigations at this time revealed marked
hypophosphatemia, with a serum phosphate of 2.1 mg/dl (nor-
mal 4.0-7.0). Total serum calcium was 9.4 mg/dl (normal,
9.6-11.6). Serum alkaline phosphatase activity was 630 units/
liter (elevated). The serum parathyroid hormone (PTH) level
was elevated, 1,233 pg/ml by C-terminal PTH assay (normal
range 50-330). Other biochemical values were normal [Table 1
and supporting information (SI) Table 2]. The renal fractional
excretion of phosphate was 30% (normal <15% and should be
even lower in the setting of hypophosphatemia). The serum
phosphorus threshold for renal phosphate wasting [i.e., the
tubular threshold maximum corrected for glomerular filtration
rate, or TmP/GFR (1)] was 1.3 mg/dl (normal >3.5 mg/dl),
confirming inappropriate renal phosphate wasting. There was no
detectable calcium in a random urine collection. Serum 25-OH-
vitamin D was 98 ng/ml (elevated, reflecting the recent phar-
macologic vitamin D intake) and the 1,25(OH),-vitamin D was
59 pg/ml (normal, but inappropriately so in the setting of
hypophosphatemia and high 25-OH-vitamin D levels). The
clinical and biochemical features were consistent with hypophos-
phatemic rickets due to inappropriate renal phosphate losses,
and therapy was changed to 1,25(OH),-vitamin D with oral
phosphate salt supplementation. Upon this treatment, her bone
pain improved, and she began to walk shortly before her 2nd
birthday. Radiographic examination demonstrated improvement
of the epiphyseal lesions noted before therapy. Phosphate levels
remained slightly below normal and were never elevated.

After several years of 1,25(OH),-vitamin D and phosphate
treatment, it became evident that serum PTH levels were
increasing. By age 7, the patient developed hypercalcemia, at
which time she was referred to Yale Pediatric Endocrinology. At
this time, her bow defect had corrected, and she had normal leg
alignment. Specific features that were distinct from, or more
pronounced than, those typical of the relatively common disor-
der XLH included macrocephaly, prominent frontal bossing, and
dysplasia of the nasal bones, with exaggerated midfacial protru-
sion. Laboratory values revealed persistent hypophosphatemia
(3.2 mg/dl) now with hypercalcemia (10.9 mg/dl, nl <10.5 mg/dl)
and hyperparathyroidism (PTH level 81 nlEq/ml by midmol-
ecule assay nl < 25). Urinary calcium/creatinine ratio (mg/mg)
was 0.26. Hypercalcemia persisted despite further adjustments in
the medical regimen, and surgical exploration of the neck was
performed, revealing four-gland parathyroid hyperplasia; 3.5

3456 | www.pnas.org/cgi/doi/10.1073/pnas.0712361105

glands were removed, with PTH values falling to 14-16 nlEq/ml.
Histology revealed benign multigland hyperplasia (Fig. 14 and
SI Fig. 6).

The patient’s skeletal condition remained stable coincident
with normocalcemia and hypophosphatemia until she redevel-
oped hypercalcemia at age 19. PTH levels were once again
elevated (120-170 nlEq/ml), and repeat parathyroid surgery was
performed. The one-half gland remnant had enlarged, and
~75% of this remnant was again removed surgically, with
histopathology again revealing hyperplasia (Fig. 1B). PTH levels
fell to 3 nlEq/ml after surgery and hypophosphatemia persisted.

The patient’s course has been relatively uncomplicated since
that time. She has had intermittent headaches, and was found to
have Arnold-Chiari 1 malformation, which has also been de-
scribed in patients with XLH (23). She is now 23 years of age and
has achieved an adult height of 4 feet, 11-1/2 inches (151 cm).
Her leg alignment has remained normal. Her last PTH level was
mildly elevated at 33 nlEq/ml (normal <25). She is functioning
well as a college student.

Direct DNA sequencing of the coding regions and intron—
exon splice sites of Phex, FGF23, DMPI, and FGFRI in the
patient revealed only wild-type sequences, providing no evi-
dence that mutation in these genes account for her clinical
syndrome.

To search for a potential genetic explanation of the patient’s
syndrome, cytogenetic analysis was performed and revealed a
single abnormality, a balanced translocation between chromo-
somes 9 and 13: t(9,13)(q21.13;q13.1) (Fig. 2). Normal karyo-
types were present in both parents (who were also phenotypically
normal), and genotyping confirmed biological parentage, re-

Fig. 1.
removed at the initial surgery revealed enlargement of the gland with pres-
ervation of normal trabecular architecture consistent with hyperplasia. (Orig-
inal magnification, < 10). The other three glands showed similar histology. (B)
Hyperplastic parathyroid remnant partially removed at the second surgery;
findings again were consistent with parathyroid hyperplasia. (Hematoxylin—
eosin stain.)

Parathyroid hyperplasia in index case. (A) A parathyroid gland
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Fig.2. A09;13translocation inthe index case with hypophosphatemicrickets.
Representative metaphase chromosomes are shown. The patient has a bal-
anced translocation with breakpoints at 9921.13 and 139q13.1.

vealing that the patient’s translocation is de novo. Her unique
phenotype occurring in the setting of a de novo chromosomal
translocation implicates the translocation in the pathogenesis of
the syndrome.

To map the translocation breakpoint in this patient, YAC
clones spanning chromosome 13 were used to identify YACs on
opposite sides of the breakpoint by fluorescent in situ hybrid-
ization (FISH). YACs RP11-817H3 and RP11-911F6, which lie
~16 Mb apart, define the interval containing the chromosome
13 breakpoint. BAC clones with known positions between the
flanking YACs were then mapped by FISH. BACs CTD-
2336F15 and RP11-59E16, separated by 300 kb, each hybridize
to two chromosomes: At one site of hybridization the fluorescent
signals are concordant, marking the normal chromosome 13; the
other sites are discordant, with one marking the derivative
chromosome harboring proximal 13q, and the other marking the
derivative chromosome harboring distal 13q (Fig. 34). In the
interval between these clones, we identified a BAC clone
CTD-2369B11, which spans the breakpoint. This single clone
hybridizes to three chromosomes, two sites that are concordant
with a BAC that marks proximal chromosome 13 (one on the
intact chromosome 13, one with derivative proximal chromo-

A

YAC-817H3

CTD-2336F15

TD-2369B11

RP11-59E16

RP11-99B12

YAC RP11-911F6

Fig. 3.

some 13), and a third site that marks the derivative chromosome
containing distal chromosome 13. Flanking BACs to either side
hybridize to only the proximal or the distal derivative of chro-
mosome 13 (Fig. 3).

These findings indicate that the chromosome 13 translocation
breakpoint occurs within the 88 kb spanned by the genomic
segment of CTD-2369B11. To confirm the breakpoint and localize
it more precisely, we sought restriction endonuclease cleavage
products arising from the fusion of chromosome 13 and chromo-
some 9 sequences by Southern blotting (Fig. 4). Systematic screen-
ing using single copy probes across this interval identified a probe
that marked the translocation breakpoint: It hybridized both to the
expected 11.3-kb wild-type EcoRI fragment and a 8.1-kb fragment
unique to the patient and absent in the genomic DNA of controls.
Hybridization of the same probe to HindII-cleaved genomic DNA
revealed the expected wild-type 12.3-kb fragment and an 8.5-kb
fragment. Hybridization to the products of Xbal cleavage yielded
only wild-type fragments. These results together indicate that the
translocation breakpoint lies within the 3.5-kb interval between the
last wild-type chromosome 13 Xbal site and the first anomalous
EcoRI site (Fig. 4).

This translocation interval lies at position 32,435,135—
32,439,970 on chromosome 13 [University of California Santa
Cruz (UCSC) version hgl6, National Center for Biotechnology
Information (NCBI) build 34]. The DNA sequence distal to
the Xbal site reveals a segment of essentially all repetitive
DNA for 15 kb, which thwarted efforts to further refine the
location of the breakpoint. Examination of genes in proximity
to this translocation breakpoint reveals that the gene closest to
the breakpoint is a-Klotho, whose 5’ end lies —49 kb distal to
the breakpoint on chromosome 13. The closest gene proximal
to the breakpoint is APRIN (androgen-induced prostate pro-
liferative shutoff), which lies at least 429 kb proximal to the
breakpoint.

An analogous approach was used to map the chromosome 9
breakpoint. BAC RP11-152112 from chromosome 9 was found to

RP11-52I12

RP11»97813\

Mapping breakpoints by FISH. (A) Mapping the chromosome 13q13.1 breakpoint. The relative position of YAC and BAC clones on chromosome 13 used

in FISH experiments are shown in the schematic at the left, and the location of the inferred translocation breakpoint is indicated by the jagged line. The upper
metaphase chromosome spread shows representative results of FISH using probes on opposite sides of the breakpoint. The hybridizing chromosomes are
enlarged at the right, with a schematic diagram showing the signals coming from the wild-type chromosome 13 (gray) and its two derivatives. The lower spread
shows the result with the spanning BAC (in red) and a distal probe, revealing three hybridization signals from the spanning BAC. (B) Mapping the chromosome
9g21.13 breakpoint. A representative metaphase spread in which the spanning chromosome 9 BAC and a distal marker have been hybridized. Three signals from

the spanning BAC are detected.

Brownstein et al.

PNAS | March4,2008 | vol. 105 | no.9 | 3457

www.manaraa.com

GENETICS



Lo L

P

1\

=y

Downloaded at Palestinian Territory, occupied on November 28, 2021

A i 123 i
! ! 113 TR
' J 8.5 i L
Wit Type Chr 13
> XH H B R X X R_H
!rog
B | 85 |
v | 8.1 ="
: ' 8-5 : 1
(dem3
fn 48 8 x¢ 84
o \
C Xbai D EcoR1 E Hindlll
H+  +/der +/+ +/+ 4/der +/+ ++  +der +/+
csos Al 11.3kb —p» ' z - 123kb—>‘ .
8.1kb =P \ 8.5kb = s
APRIN Klotho
F Chr13 | - \ | >
e

Fig. 4. Confirmation and refinement of translocation breakpoints. (A) A map of a segment of normal chromosome 13 spanning the inferred translocation
breakpointis shown as a solid bar, and the locations of known cleavage sites for Xbal (X), Hindlll (H), and EcoRI (R) are indicated. The sizes in kilobases of restriction
endonuclease cleavage fragments predicted to result from Southern blotting after digestion with each enzyme and hybridization with the indicated probe are
shown. (B) The inferred structure of the derivative chromosome is shown below, with the segment from chromosome 9 shown as a white box, along with the
sizes of the observed restriction endonuclease cleavage fragment. (C-E) The results of Southern blotting of two control subjects (+/+) and the case (+/der) after
digestion with indicated enzymes are shown. EcoRI and Hindlll both yield heterozygous fragments that confirm the translocation; the normal fragments
produced by Xbal delimit the proximal boundary of the translocation breakpoint. (F) Location of translocation breakpoint on chromosome 13. At a larger scale,
the breakpoint is seen to be ~50 kb proximal to the 5’ end of Klotho and 430 kb distal to the 3’ end of APRIN.

span the translocation breakpoint (Fig. 3B). The genomic segment
of this BAC, RP11-152I12, is 136 kb in length and contains the 3’
end of one annotated gene, transmembrane protein 2 (TMEM?2),
which was not disrupted as shown by additional FISH experiments
and Southern blotting (data not shown). TMEM2 is located in the A &

autosomal recessive nonsyndromic hearing loss (ARNSHL)-linked &® o\ & ,,,
region on chromosome 9q13-q21, and is exclusively expressed in ca & @Q & C2 C3 C4 C5 C6 C7 o7cs o

the cochlea (24, 25). No other identified gene lies within 200 kb of &
a-Klotho| . h.

the breakpoint.
C1C2 C3 C4C5C6 C7 &' C8 C9

Given the evidence suggesting a role for a-Klotho in phos-
19G - - a—————

FGF23 production (26), FGF23 levels were repeated after with-
drawal of calcitriol for 7 days; the results showed persistent and
unchanged elevation in FGF23 level.

phate homeostasis and the presence of a de novo translocation
breakpoint adjacent to this gene, we investigated whether dys-
regulation of a-Klotho expression might cause the patient’s
phenotype. We measured a-Klotho protein abundance in plasma
by Western blotting using specific antibodies (see Methods). The
results show a markedly greater abundance of «-Klotho in
plasma from the patient compared with that from nine age and
gender-matched control subjects (Fig. 5).

a-Klotho has been shown to have beta-glucuronidase activity,
which is believed to play a role in its activity in vivo; for example,
it increases TRPVS activity by hydrolyzing extracellular N-linked
oliogosaccharides, thereby stabilizing its surface expression (21).
We tested whether altered total plasma B-glucuronidase activity
could be detected in the patient’s serum as described in Methods.
Her plasma contained B-glucuronidase activity that was consis-
tently higher than that of eight age- and gender-matched control
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subjects (mean 5-fold elevation, Fig. 5). This degree of elevation is s i L
>9 SDs removed from the matched control subjects. These findings o 5 o ¢ £ Lhia S
b X X

establish that the patient’s translocation is associated with a marked
increase of circulating levels of a-Klotho and its associated enzy-  Fig. 5. Increased a-Klotho levels and activity in patient with hypophos-
matic activity. phatemic rickets. (A Upper) Western blot of immunoprecipitants from serum

Because multiple hypophosphatemic states are associated with from nine controls and the t9;13 patient for a-Klotho protein. For comparison,
increased levels of FGF23. we considered that a-Klotho might in immunoprecipitants from 100, 10, and 1 pmol/liter recombinant human se-
part act by means of a r’elated mechanism. Indeed, circulating \c,\r,emd a_EIIOthofwere loaded foLq:ant.if;catio.g 02; prOtTinGaLn ounts'h(L.owe;)
FGF23 levels were markedly elevated, >12-fold higher than the estern blot of same sera probed with antibody to IgG heavy chain. (8)

e . B-Glucuronidase activity in plasma of the t9;13 patient and eight age- and
upper limit of normal on multiple tests (> 800 pg/ml, normal <60
pg/ml). Because calcitriol has been shown to directly increase

3458 | www.pnas.org/cgi/doi/10.1073/pnas.0712361105

sex-matched controls. Levels from three independent samples from the case
are compared with levels from eight age- and sex-matched controls.

Brownstein et al.
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Discussion

We have described a disorder featuring hypophosphatemic
rickets and hyperparathyroidism due to a translocation that
results in increased levels of a-Klotho. This represents an
example of a mutation that causes an increase in a-Klotho
activity. The inference that the translocation is the cause of the
patient’s syndrome is supported by the de novo appearance of
this translocation in conjunction with the appearance of a rare
syndrome, the marked alteration in a-Klotho levels in associa-
tion with the mutation, and corroborating prior evidence that
genetic deficiency for a-Klotho in mice produce the opposite
phenotype (hyperphosphatemia, elevated circulating 1,25(OH),-
vitamin D levels and low to normal PTH (17)). In addition,
during preparation of this manuscript, a likely loss of function
mutation in a-Klotho was reported that is also associated with
hyperphosphatemia, extending the prior findings from mouse to
human (27). Moreover, emerging evidence indicates that
a-Klotho is critical for FGF23 signaling, a regulator of renal
phosphate handling (19), and also plays a role in modulating
PTH secretion (22). The elevated FGF23 and PTH levels in this
patient provide evidence of a-Klotho’s effects on these pathways
in vivo. We infer that the increased a-Klotho levels seen in this
patient are due to a positional effect of the translocation, a
mechanism well established in model systems such as Drosophila
melanogaster (28, 29) and that plays a role in several human
disease states such as Rieger syndrome (30) and holoprosen-
cephaly (31). Importantly, mice with hypophosphatemia due to
mutation in PHEX, have low Klotho levels, excluding the
possibility that the observed high levels of Klotho in our patient
are simply a secondary consequence of hypophosphatemia (32).

The degree of hypophosphatemia in this patient appeared to
be somewhat more severe than that usually seen in X-linked
hypophosphatemia (33, 34). Moreover, her distinctive facial
features also distinguish her from typical patients with XLH.
Hypophosphatemia was exacerbated by hyperparathyroidism
but always persisted after return of PTH levels to normal after
parathyroidectomy. The parathyroid hyperplasia and hyperpara-
thyroidism in this patient is noteworthy, having thus far required
two surgical procedures. Evidence of hyperparathyroidism pre-
dated phosphate treatment and progressed despite never having
elevated phosphate levels, thereby excluding phosphate therapy
as the cause of her hyperparathyroidism.

The present findings indicate that a primary increase in
a-Klotho level is sufficient to produce hyperparathyroidism and
PTH-independent hypophosphatemia. Regarding the renal
phosphate wasting, a-Klotho has been shown to bind to FGF
receptors and potentiate FGF23 signaling in the kidney (19, 20),
and FGF23 signaling is known to be a major mediator of renal
phosphate wasting. Furthermore, it is of interest that this
patient’s hyperparathyroidism occurs in the presence of hy-
pophosphatemia and not the elevated phosphate levels that
accompany renal failure. Moreover, a-Klotho has been reported
to mediate PTH secretion in vitro through its maintenance of cell
surface Na*/K*-ATPase activity (22); conversely, FGF23 has
recently been shown to inhibit expression of PTH mRNA and
secretion of PTH from parathyroid cells (35). Whether the
elevated FGF23 level seen in our patient is the direct result of
increased a-Klotho (for example, if degradation of FGF23 were
prevented by interaction with «-Klotho) or is part of a negative-
feedback loop responding to hyperparathyroidism is difficult to
discern at present. The observation that FGF23 levels are also
elevated with a-Klotho deficiency (20) suggests complex regu-
lation of this signaling molecule.

Of further clinical relevance, the inhibition of renal phosphate
reabsorption and induction of parathyroid hyperplasia in this
patient resembles the normal physiologic response to chronic
hyperphosphatemia. The concomitant occurrence in this patient

Brownstein et al.

of these two clinical findings despite persistent hypophos-
phatemia is consistent with a constitutive activation of the
normal physiological responses to a high phosphate milieu, but
in the absence of hyperphosphatemia, suggesting a role for
a-Klotho in a physiologic phosphate sensing and response
mechanism. Importantly, because the patient developed para-
thyroid hyperplasia with normal or elevated serum Ca?* levels,
this patient provides evidence that increased a-Klotho activity
induces increased parathyroid mass without induction of hy-
pocalcemia, the mediating step suspected to account for para-
thyroid hyperplasia in hyperphosphatemia. The mechanism(s)
could include direct effects of a-Klotho on the parathyroid
gland, with or without other factors such as reduced 1,25(OH),-
viamin D levels.

These findings raise a number of interesting questions for
further investigation. Importantly, they support the presence of
a sophisticated system for the regulation of phosphate homeosta-
sis; the outlines of this pathway are beginning to emerge, but a
number of critical pieces are as yet unknown. a-Klotho and Phex
both affect FGF23 and phosphate levels; whether these gene
products act in series in the same pathway or lie in independent
pathways is presently unknown. Similarly, a-Klotho exists in both
membrane-bound and soluble forms (18); the factor(s) deter-
mining this conversion and its regulation are also unknown. Most
importantly, the mechanism by which altered phosphate levels
are sensed and how the normal response pathway is activated is
unclear. It seems unlikely that this mechanism relies on sensing
of Ca?" levels. It is worth noting that although a-Klotho was
originally identified as an aging gene, it is increasingly clear that
many of its primary effects concern mineral homeostasis.

Finally, these findings have potential implications for the
secondary hyperparathyroidism and renal osteodystrophy that
commonly develops in renal failure. These complications are
believed to be promoted largely via hyperphosphatemia (36, 37).
FGF23 has proven to track with PTH levels in advanced CKD,
consistent either with a feedback role in response to elevated
PTH levels or, alternatively, promoting PTH secretion; the
molecular mechanisms of FGF23’s effects on parathyroid in vivo
have been unclear. Our findings implicate «-Klotho in the renal
and parathyroid response to hyperphosphatemia and suggest
that further elucidation of the details of this pathway may
provide opportunities for selective therapeutic intervention that
would prove efficacious in preventing renal osteodystrophy.

Methods

Human Subjects. The patient and her family members provided informed
consent before enrollment in this study.

Mapping of t9;13 Breakpoint. Genomic DNA was prepared by standard meth-
ods. BAC and YAC DNAs were prepared by using Qiagen kits. Fluorescence in
situ hybridization (FISH) was performed following manufacturer’s instruc-
tions, by using chromosome 9 and 13 probes. Bacterial artificial chromosomes
(BACs) were obtained from the RP11 library (BACPAC Resource Center at the
Children’s Hospital Oakland Research Institute, Oakland, CA) or the CTD
library (Invitrogen). End-sequenced and FISH-verified BACs were selected for
breakpoint mapping using the UCSC Biotechnology Genome Browser and
Database (S| Table 3).

For Southern blotting, DNA was digested with indicated restriction endo-
nucleases, fractionated via electrophoresis on 0.7% agarose gels and trans-
ferred to Hybond N+ filter membranes (Amersham). BAC probes were labeled
with [a-32P]dCTP by random priming or nick translation and hybridized to
filters; after stringent washes, filters were exposed to film and developed.
Restriction enzymes (e.g., EcoRI, BamH]I, Xbal, and Hindlll), and hybridization
probes selected for analysis of the chromosome 13 breakpoint region and its
flanking sequences were based on the July 2003 human reference sequence
(UCSC version hg16, NCBI build 34) produced by the International Human
Genome Sequencing Consortium.

Measurement of Serum a-Klotho Levels. Serum a-Klotho levels were deter-
mined by immunoprecipitation and Western blot analysis. Human plasma and
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the standard samples were immunoprecipitated with anti-a-Klotho antibody
(Mink1)-conjugated resin beads. The eluents were fractionated on 7.5%
polyacrylamide gradient gels by SDS/PAGE and transferred to PVDF mem-
branes. Blots were blocked, incubated with 10 ug/ml anti-a-Klotho (KM2076,
a kind gift of Kyowa Hakko Kogyo Co.), washed, and incubated with anti-rat
1gG secondary antibody. Filters were washed, and chemiluminesence was
performed by using ECL+ (Amersham Pharmacia).

Measurement of a-Klotho B-glucuronidase activity was performed by ad-
aptation of the method of Tohyama et al. (38), which measures the enzymatic
cleavage of asynthetic g-glucuronide. The assay was performedin 100 ul of 0.5
mM 4-methylumbelliferyl (4Mu) B-b-glucuronide (Sigma), 0.1 M sodium ci-
trate buffer (pH 5.5), 0.05 M Nacl, 0.01% Tween 20, and 20 ug of KLFc with 50
wl of fresh serum. Fluorescence intensities were measured with a DNA quan-
tifier (u-Quant; Bio Tek Life Sciences, with K CJunior software) at an excitation
wavelength of 365 nm and an emission wavelength of 455 nm. Hydrolyzed
products were quantified on the basis of 4-methylumbelliferone fluorescence.
Statistical analysis was performed by using SAS software.

Measurement of Serum FGF23. Serum FGF23 levels were determined via
sandwich ELISA. The ELISA for the full-length FGF23 was developed to
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