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ypophosphatasia is a rare inherited disorder ~ The underlying genetic defect
characterized by a wide spectrum of defectsin ~ and its role in hypophosphatasia

_ mineralized tissues. ffhe di'sea§e isusuallyin-  and Iaboratory diagnosis
herited as an autosomal recessive trait with a prevalence

of approximately 1/100,000 live births.! The clinical HyPophc?sphatasia is Cags.ed by a (?Iefect in the gene-
manifestations are highly variable, ranging from anal- ~ encoding, tissue ponspemflc alka‘lme phosph{atase
most total lack of skeletal formation to the premature (TNSALP ), which is also known as liver / l?one/ kldngy
loss of the permanent anterior teeth. The scarcity of alkalme.phospha'tase (L/B/‘K ALP).? This Enzyme 1s
hypophosphatasia patients and the diversity of their ~ Present in most tissues anq in blood serum,’ ‘f"{th 0s-
symptoms create special challenges for the clinician, teoblasts'showmg the hlghest level of activity.*?
who is unlikely to benefit from broad experience with ~ TNSALP is encoded by a single gene located near the

the disease. These difficulties are compounded by ba-  tip Of the short arm of chromosome 1.°” The gene com-
sic science researchers who require standardized and ~ PT1Ses more than 50,000'basg pairs of P}O\IA‘ Its RNA
thorough clinical descriptions of affected individuals. ~ Message is 2339 nucleotides in length.” * The protein,

It is now possible to characterize the precise mutation(s) following remov'al of a 17 amino acid signal. peptide,
at the root of this disorder. To successfully relate the ~ contains 507 amino ac?lds.. Hypoph(.)sphata.SIa occurs
underlying biochemical deficit to its clinical sequelae, when a single nucleotide in the coding region for the

it is necessary to document the complete range of physi- ~ Protein is mutated, causing one of the 507 amino acids
cal signs and symptoms of the hypophosphatasia pa- 0 change. . o

tient. We anticipate that the next 5 to 10 years will see TNSALP functions principally as a phosphomo-
tremendous progress in identifying mutations under- ~ Noesterase.2In humans the enzyme cleaves phosphate

lying childhood hypophosphatasia. As scientists go on from three known substrates: pyridoxal-5'-phosphate

to clone and characterize these mutations, the pediatric (PLP), pyrophosphate (PPi), and phosphoethanolamine
dentist must assume an expanded role in diagnosis, (PEA). The chemical structures of these substrates are

clinical description, tissue collection, and referral to ap- PYOVided. in Fig 1. TiSS“'e nonspecific alkfxline phos-
propriate genetics or research institutions. Our objec- phatase is anchored at its carboxyl-terminus to the
tives in this report are threefold: plasma membrane by a phosphatidylinositol-glycan

moiety."” Its tetrameric structure is oriented so that the
active sites face the extracellular environment. This
protein also is present in serum as a functional dimer

1. To review the basic and clinical science of
hypophosphatasia

2. To heighten awareness among pediat-
ric dentists of opportunities to contrib-
ute to scientific investigations directed ﬁ
toward characterizing the physiologi- o He o (i T

cal outcomes of specific mutations un- —O—TOHZC o Ho_ﬂ,_o_cﬂz_cuz_,mz ot g—poy-
derlying hypophosphatasia s O | | |

o- o- o-
3. To propose a strategy for conducting cH, Phosphoethanolamine (PEA) Pyrophosphate (PPi)
a thorough clinical examination on
hypophosphatasia patients whose
mutation(s) may subsequently be char-  Fig 1. TNSALP substrates: pyridoxal-5'-phosphate, phosphoethano-
acterized. lamine, and pyrophosphate.

Pyridoxal 5'-phosphate (PLP}
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following cleavage of its membrane attachment by a
specific phospholipase.™ A reduction in serum alkaline
phosphatase activity along with elevated serum and
urine levels of TNSALP substrates forms the basis for
laboratory tests to diagnose hypophosphatasia as well
as unaffected carriers of the disease.

Pyridoxal-5"-phosphate (PLP) is a derivative of B,
that functions as a coenzyme with enzymes that de-
grade glycogen. It also participates in a wide range of
transformations on amino acids including transamina-
tions, decarboxylations, deaminations, racemizations,
and aldol cleavages.’ PLP is unable to traverse the
plasma membrane while phosphorylated. TNSALP
may act as an ectoenzyme to dephosphorylate PLP,
facilitating its entry into cells.!

Pyrophosphate (PPi) is a potent inhibitor of biomin-
eralization.” TNSALP removes this inhibitor and gen-
erates phosphate, a component of calcium hydroxya-
patite. Pyrophosphate is a byproduct of many
biosynthetic reactions. Cleavage of PPi can drive such
a reaction forward by removing a reaction product.’
An increased concentration of PPi can be detected in
the urine and serum?® ' of individuals with reduced
ALP activity.

Phosphoethanolamine (PEA) is incorporated into
membranes as phosphatidylethanolamine (plasmalo-
gen) or phosphatidylethanolamine
(cephalin) whose structures are pro-
vided in Fig 2.2 Plasmalogens consti-

PLP, PPi, and PEA are intermediates in diverse, and
apparently unrelated, biochemical pathways. The si-
multaneous loss of capacity to metabolize all three sub-
strates could perturb widespread molecular processes.
Sorting out the chain of events that begins with a spe-
cific TNSALP catalytic deficit and ends with a clinical
outcome such as premature tooth loss, rickets, or cran-
iostenosis is daunting, but is precisely what must be
accomplished to characterize hypophosphatasia at the
molecular level. In special circumstances, it may be pos-
sible to isolate the downstream effects of a loss of
TNSALP function with respect to a single substrate.

An isolated case of pseudohypophosphatasia has
been reported.” The patient presented with
hypophosphatasia-like symptoms in the absence of re-
duced TNSALP activity. Subsequent investigations de-
termined that the TNSALP of this patient had lost ac-
tivity for pyridoxal-5'-phosphate only while the activity
with other substrates was normal.?® ? Therefore
hypophosphatasia was the correct diagnosis. The al-
tered amino acid residue may participate in PLP bind-
ing but has not been characterized.

Ten-point mutations that lead to perinatal or infan-
tile hypophosphatasia have been reported and are listed
in the Table. The most severe forms of hypo-
phosphatasia are recessive and usually are lethal at or

TABLE. MUTATIONS UNDERLYING PERINATAL AND INFANTILE HYPOPHOSPHATASIA

tute as much as 10% of the phospholip-  Onset Survival TNSALP Mutation  Substitutions Reference
ids of brain and muscle cells. An
increased concentration of PEA can be Perinatal Died at birth G1177t0 A Gly317to Asp 47
detected in the urine®® and serum'®of ~ Perinatal Died at birth G388t C Arg 54 to Pro 38
individuals with reduced ALP activity. A 79 to C Gln 190 to Pro
The three substrates accumulate in  Infantile Died at3months G711to A Ala162to Thr 51
%a\ltéir;f; ‘2"1]3; ?f ?l:ef;((:it(l)vjo?gi:eif Infantile Died at 6 months C387toT Arg 54 to Cys 38
’ k A 1057 to C Asp 277 to Ala
with clinical hypophosphatflsm.. El- Infantile Died at8 months G747to A Glul74toLys 38
evated levels can be detected in either A 1309 to T Asp 361 to Val
the serum or urine and provide a ) )
method to identify unaffected carriers Infantile Pneumonia & C274t0 T Ala 16 to Val 38
(heterozyaotes), or to confirm a diagno. rickets at 6 months T 1482 to C Tyr 419 to His
. V8 g . agn but near normal
sis of hypophosphatasia when clinical at 9 vears old
manifestations are present.? y
Tl’
0 (|:H2—-0—-CH=CH——R1 TI) THZ——O—C—-—R,
R—C——0—CH R—C—0—CH ¢}

Phosphatidalethanolamine (Plasmalogen)

CH,—0——P. ——0——CH,—— CH,—NH,

Phosphatidylethanolamine (Cephalin)

Fig 2. Membrane phospholipids coentaining phosphoenthanolamine. The phosphoenthanolamine side chains are boxed.
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near birth.* While the specific mutations underlying
childhood and adult hypophosphatasia are yet to be
characterized, they are known to involve the TNSALP
gene. The procedures for identifying these mutations
are the same as those that have achieved so much
progress in characterizing the lethal forms.” To achieve
similar advances in our understanding of childhood
and adult hypophosphatasia, it is necessary for clini-
cians to bring their patients to the attention of the re-
search community by making a detailed case study of
their clinical presentation. In the following sections the
signs and symptoms likely to be encountered in a
hypophos-phatasia patient are discussed along with
suggestions for how they can be discerned in a clinical
examination.

The clinical manifestations
of TNSALP mutations

Hypophosphatasia is classified according to the age
when symptoms first appear (for reviews see’*'). Why
clinical manifestations segregate according to age of
onset is unknown. As a general rule the earlier the ap-
pearance of disease the greater the severity. Appar-
ently, diverse point mutations result in heterogeneous
amino acid substitutions in the alkaline phosphatase
protein. The altered proteins display a spectrum of
functional changes that range from complete activity
to complete loss of activity. Mutants displaying no ac-
tivity should affect all alkaline phosphatase-dependent
development and result in extreme symptoms that are
observed earlier. A minor loss of TNSALP function
may affect only processes that are the most alkaline
phosphatase dependent, which happen to occur later
in development. The four clinical varieties of
hypophosphatasia are perinatal, infantile, childhood,
and adult onset.

Perinatal hypophosphatasia occurs in utero with the
infant being stillborn or expiring a few days after birth.
These individuals exhibit dramatic skeletal deformi-
ties.** Diagnosis is based upon radiographic findings.

Infantile hypophosphatasia has similar skeletal de-
formities as the lethal form, only far less severe. Symp-
toms are usually noticed within the first 6 months post-
natal. The infant feeds poorly and fails to gain weight,*
% and may present with a flail chest and pneumonia. Eye
signs include blue sclerae, harlequin orbits, and patho-
logic lid retraction.” Wide fontanelles and cranial su-
tures may be observed, or alternatively the fontanelles
may be obliterated with subsequent craniostenosis.”
The disorder is fatal in about half of the cases.! Child-
hood survivors can range from few symptoms® to pre-
mature fusion of all cranial sutures with prominent scal-
loping of the inner table of the skull, premature tooth
loss, and generalized osteopenia and ossification defects
with bowing deformities of the long bones.*

Childhood hypophosphatasia is often diagnosed first
by the dentist.* The child may have rickets, a small stat-
ure, and a waddling gate. The periodontal ligament
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does not form properly possibly due to a partial or com-
plete lack of cementum formation.” Both parents of
hypophosphatasia children, although clinically unaf-
fected, are likely to exhibit a raised urinary concentra-
tion of pyrophosphate and reduced serum alkaline
phosphatase activity.? Lundgren et al. published an ex-
cellent retrospective study that provides a differential
diagnosis for hypophosphatasia, assesses various pa-
rameters for their reliability in making a diagnosis, and
suggests a diagnostic strategy. Clinical and radiologic
deformities of the legs were the most consistent find-
ing, followed by non-leg bony deformities and the pre-
mature loss of anterior primary teeth. The exfoliated
teeth were fully rooted and displayed cementum apla-
sia. A histological examination of prematurely mobile
primary teeth was recommended as a diagnostic tool.

Adult hypophosphatasia is principally associated
with premature loss of the anterior maxillary and man-
dibular teeth with a history of early primary tooth loss.**
Enamel hypoplasia often is observed with premature
tooth loss due to caries.* Premature fusion of cranial
sutures may result in proptosis with elevated intracra-
nial pressure and brain damage.®® The precipitation of
calcium pyrophosphate in the joints can lead to
chondrocalcinosis or calcium pyrophosphate deposition
disease (or pseudogout).? 4

Relating specific TNSALP mutations
to their clinical outcomes

The role of the research scientist

The research scientist submits a human research
protocol, which includes proposed consent forms and
aresearch plan, to an institutional review board. A grant
application may be sent to appropriate funding agen-
cies such as the March of Dimes or the National Insti-
tute of Health. Upon approval of the protocol, periph-
eral fibroblasts are grown in culture from a skin biopsy
obtained from the hypophosphatasia patient. Total
RNA isisolated from these cells and converted to cDNA
(or copy DNA) by a process known as reverse transcrip-
tion (RT). The cDNA complimentary to the TNSALP
mRNA is then amplified by polymerase chain reaction
(PCR), cloned, and characterized by DNA sequencing.
This DNA sequence is entered into a computer and com-
pared with the published sequence for human TNSALP.
This procedure identifies the precise mutation(s) affect-
ing a proband. The mutation(s) then are linked to the
disease state by allele-specific-oligonucleotide (ASO)
hybridization analysis of PCR-amplified genomic
DNA.# In this procedure, the presence or absence of the
mutant allele is determined for each member of the
pedigree and a statistical analysis is performed to mea-
sure the correlation of the mutation with the disease.
The genomic DNA for this experiment is obtained from
blood samples.

The amino acid sequence of the mutated protein is
deduced from the DNA sequence and compared with
the unmutated or wild-type sequence. The location of
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the amino acid substitution is compared with protein
sequences of a wide range of alkaline phosphatase ho-
mologues and to the three-dimensional structure of E.
coli alkaline phosphatase. The level of conservation of
the substituted amino acid is discerned as well as its
likely effect on protein folding and function. Cultured
cells may be induced by recombinant DNA techniques
to express the mutant protein to directly assay for
changes in enzyme function.

While these investigations provide useful data con-
cerning the biochemical deficit underlying hypophos-
phatasia, investigating the physiology and pathology of
the disorder requires that this information be related
back to the clinical symptoms to associate specific mu-
tations with their downstream physical effects. This
necessitates a thorough clinical investigation usually
conducted by a pediatric dentist and /or a pediatrician.

The role of the pediatric dentist

The clinician is most likely the first member of the
research team to meet the patient and make a diagno-
sis based upon clinical, radiographic, serum and urine
analyses. A routine description of the physical defects
is made. The quality of this description depends on a
prior knowledge of potential symptoms and what tests
are needed to identify them. Even if a research effort is
not being considered at this point, the examination
should be conducted as thoroughly as possible. It may
be at a subsequent recall that the decision is made to
pursue a research strategy, and prior documentation
of findings would enhance the analysis. As medical
technology advances, it is plausible that DNA sequence
characterization of inborn errors of metabolism will be-
come a routine laboratory procedure.

The patient should be informed that it is technologi-
cally feasible to pinpoint the exact mutation at the root
of the disease. This requires locating an interested re-
search group. Blood and urine samples are needed from
each member of the pedigree, and a punch biopsy is
needed from the proband. No promises or allusions
should be made to possible personal benefits to patients
or their families. The results of an investigation would
contribute to a large body of data that may eventually
lead to improved diagnosis and treatment.

A proposed clinical approach to diagnose
and characterize hypophosphatasia

Hypophosphatasia is caused by point mutations in
the tissue nonspecificalkaline phosphatase gene. Differ-
entamino acid substitutions can variably affectenzyme
function, particularly in the case of a multifunctional
proteinsuchas TNSALP. Depending upon theimpact of
the amino acid substitution on enzyme function, the
clinical manifestations are of variable severity, whichis
reflected in the age when symptoms firstappear. Physi-
ological processes that depend on TNSALP activity, such
as cementum formation in the primary and secondary
dentitions, occur atspecific times, causing the ages when
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symptoms firstappear to cluster. Thisnodal distribution
isthebasis for the clinical classification. This system can
cause confusion however, as patientssurvive their early
symptoms and later present with childhood or adult
hypophosphatasia. A simple diagnosis of hypophos-
phatasiais straightforward and may be adequate under
certain circumstances. The most reliable diagnostic find-
ingsare clinical and radiologicabnormalities of the legs,
phosphoethanolamine in the urine, and reduced serum
alkaline phosphatase activity.*

For the advancement of science and for future im-
provements in our understanding and treatment of
hypophosphatasia, we propose the following clinical
approach be implemented when trying to characterize
the genetic lesion underlying hypophosphatasia. This
approach is most applicable for childhood hypo-
phosphatasia and can be conducted by a pediatric den-
tist. A pediatrician may be consulted if the dentist pre-
fers assistance in accomplishing any of the following
procedures.

1. Patient and family history. A pedigree is estab-
lished. Family members with clinical hypo-
phosphatasia are noted along their ages of onset,
and the extent of their symptoms. Dental records
are obtained to document premature loss of teeth.
Blood and urine analyses from each member of
the pedigree are used to establish the carrier sta-
tus of unaffected members.* Identifying carriers
helps to determine if one or both alleles are likely
to be mutated in the patients with
hypophosphatasia. This information reveals
whether the pattern of inheritance is dominant or
recessive, which is used in genetic counseling.

2. Physical examination. The patient’s height and
weight are recorded. Subsequent measurements
establish a chronology that is used for monitor-
ing growth potential. A thorough dental exami-
nation with panorex (or periapical radiographs)
should look for premature loss of primary teeth,
widened pulp chambers, and enamel hypoplasia.
The gait and shape of legs are examined. Radio-
graphs of the legs are taken when abnormalities,
such as bowing are suspected. The shape of the
head is noted with lateral and anterior-posterior
cephalograms used to evaluate the size of the fon-
tanelles and ossification of the sutures. Chest x-
rays can help document a deviated sternum and
malformed vertebra. Examples of these diagnos-
tic radiographs are shown in Fig 3.

3. Tissue collection. Hypermobile, fully rooted teeth
are extracted, placed in formalin, and sent for his-
tological examination of the cementum. Under lo-
cal lidocaine anesthesia, a 4-mm punch biopsy is
taken from the upper arm, one-third of the dis-
tance from the shoulder to the elbow, on the lat-
eral aspect.” The biopsy is placed in ice cold
Hank’s balanced salt solution (GIBCO/BRL,
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Fig 3. Diagnostic radiographs. Lateral (a), and frontal (c) views of the head, a dental panorex, chest (d) and long bone (e)
radiographs are used to detect skeletal deformities associated with hypophosphatasia.

Gaithersburg, MD), and immediately shipped to
the genetics laboratory for cloning of the TNSALP
mRNA. (The Hank’s solution is a standard labo-
ratory item and can be obtained from the research
team.)

4. Blood (10 cc) and urine samples. The clinician
orders blood and urine collected from all of the
available members of the pedigree. These
samples are obtained in the morning prior to the
first meal.”” Serum calcium and alkaline phos-
phatase activity are determined. Fasting samples
are used to avoid measuring the transient intes-
tinal alkaline phosphatase activity that appears
after eating. PEA and PLP levels are measured in
both urine and serum. The Mayo Clinic (Roches-
ter, MN) can perform these tests. PPi analyses are
not offered by commercial laboratories. These re-
sults establish the diagnosis and determine if uti-
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lization of all three substrates is affected. Blood
cells are frozen and stored for the subsequent iso-
lation of genomic DNA.

5. Recall. The patients are recalled annually to docu-
ment progression of the disease.

Conclusion

Hypophosphatasia is both rare and heterogeneous.
This presents the clinician and scientist with special
challenges and opportunities. By relating specific
TNSALP defects to thorough clinical descriptions, the
physiology of alkaline phosphatase activity will be bet-
ter understood. Childhood- and adult-onset
hypophosphatasia often present a dominant pattern of
inheritance while more severe forms are recessive.
Simple laboratory tests of unaffected parents can de-
termine carrier status and improve our understanding
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of the mode of inheritance of hypophosphatasia. Al-
though the severity of hypophosphatasia in patients
from a given pedigree usually is similar, in some in-
stances the phenotype varies.” This variability appears
to increase in individuals displaying a later onset of
symptoms.® As the specific mutations in assorted in-
dividuals are characterized, the extent of environmen-
tal influences can be better assessed. Knowledge of
these effects may form the basis for dietary and thera-
peutic interventions that minimize the clinical course
of hypophosphatasia.

Dr. Hu is assistant professor, Dr. King is professor, Dr. Thomas is
professor and chairman, and Dr. Simmer is assistant professor, all
at the University of Texas School of Dentistry, Health Science Cen-
ter at San Antonio, Department of Pediatric Dentistry.
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