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Abstract
Summary A majority of adults with persistently low serum
alkaline phosphatase values carry a pathogenic or likely path-
ogenic variant in the ALPL gene and also have elevated alka-
line phosphatase substrate values in serum and urine. These
adults may fall within the spectrum of the adult form of
hypophosphatasia.
Introduction The primary objective of this study was to deter-
mine what proportion of adults with persistently low serum
alkaline phosphatase values (hypophosphatasemia) harbor
mutations in the ALPL gene or have elevated alkaline phos-
phatase (ALP) substrates. Some adults with persistent
hypophosphatasemia share clinical and radiographic features
with the adult form of hypophosphatasia (HPP). In HPP, ALPL
mutations result in persistent hypophosphatasemia and ALP
substrate accumulation in plasma (pyridoxal-5-phosphate
(PLP)) and urine (phosphoethanolamine (PEA)).
Methods Biochemical analyses, including serum ALP activi-
ty, bone-specific ALP, plasma PLP, and urine PEA, were per-
formed in adults with persistent hypophosphatasemia.
Mutational analyses were performed using PCR and Sanger
sequencing methods. Gene variants were classified as patho-
genic (P), likely pathogenic (LP), variants of uncertain signif-
icance (VUS), likely benign (LB), and benign (B). P and LP

variants were further grouped as BPositive ALPL variants^ and
LB and B grouped as BNegative ALPL variants.^
Results Fifty subjects completed all mutational and biochem-
ical analyses. Sixteen percent carried only Negative ALPL
variants. Of the remaining 42 subjects, 67% were heterozy-
gous for a P variant, 19% for an LP variant, and 14% for a
VUS. Biochemical results were highly inter-correlated and
consistent with the expected inverse relationship between
ALP and its substrates. Subjects harboring Positive ALPL var-
iants showed lower ALP and BSAP and higher PLP and PEA
values compared with subjects harboring only Negative ALPL
variants. Approximately half of all subjects harboring Positive
ALPL variants or ALPL VUS showed elevations in plasma
PLP, and three quarters showed elevations in urine PEA.
Conclusion Adults with persistent hypophosphatasemia fre-
quently harbor ALPL mutations and have elevated ALP sub-
strates. These adults may fall within the spectrum of the adult
form of hypophosphatasia. Clinicians should take note of per-
sistent hypophosphatasemia in their patients and be cautious
in prescribing bisphosphonates when present.
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Introduction

Hypophosphatasemia, a low serum alkaline phosphatase (ALP)
value, has been characterized as sporadic, precipitous, or persis-
tent because the temporal pattern of hypophosphatasemia may
point to its cause [1] (Table 1). Hypophosphatasia (HPP) is a rare
condition in which mutation of the gene coding for Btissue-non-
specific^ ALP (ALPL) results in persistent hypophosphatasemia
and accumulation of ALP substrates in plasma (pyridoxal-5-
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phosphate (PLP)), in urine (phosphoethanolamine (PEA), and in
the extracellular space (inorganic pyrophospate (PPi)) [3].
Accumulated extracellular PPi results in impaired mineralization
of hard tissue, thus accounting for the cardinal clinical manifes-
tations of HPP, which include osteomalacic pseudofracture and
premature tooth loss [3, 4]. Seemingly paradoxically, crystalline
arthropathy, calcific periarthritis, and diffuse idiopathic skeletal
hyperostosis (DISH) have also been observed to complicate the
adult form of HPP [3, 5–8]. Recently, we reported the clinical
and radiographic features of 269 adults with persistent
hypophosphatasemia from a large, rural, multispecialty clinic
population [9]. These adults were not previously known to have
HPP but as a group also demonstrated more frequent crystalline
arthritis, chondrocalcinosis, calcific periarthritis, enthesopathy
and DISH than the general adult patient population at the same
institution.

The primary objective of this study was to determine what
proportion of adults with persistent hypophosphatasemia har-
bor mutations in the ALPL gene and/or have elevated ALP
substrates in plasma and urine to suggest the presence of pre-
viously unrecognized HPP. The secondary objective was to
explore the relationship between mutational variants and mea-
sured ALP substrates.

Methods

This study was funded by an Investigator-Sponsored Research
grant from Alexion Pharmaceuticals and approved by
Marshfield Clinic Institutional Review Board.

The Marshfield Clinic electronic medical record (EMR)
was interrogated to identify Marshfield Clinic patients having

had at least two serum ALP values measured between January
1, 2002, and January 1, 2015. Persistent hypophosphatasemia
was considered to be present when the majority of available
ALP values were ≤30 IU/L (nl 33–98 IU/L) and for which no
other cause could be readily identified. Three hundred eight
adults with persistent hypophosphatasemia were thus identi-
fied, of whom 165 were found to be alive and residing within
the Marshfield Clinic catchment area. These 165 adults were
invited by postal mail to participate in this study, and 50
consented to do so. Each subject was assigned an alphanumer-
ic identifier linked to their Marshfield Clinic EMR for possible
future research, but no additional personal health information
beyond age and gender was accessed for this study.

Mutational analysis

Mutational analyses were performed by PreventionGenetics,
Marshfield, WI, USA. Genomic DNA was extracted from
peripheral blood samples using the ArchivePure kit (5
Prime, VWR International, USA) (https://www.5prime.
com/media/3365/archivepure%20dna%20purification%
20manual_5prime_1064551_122010.pdf). Using Sanger
sequencing methods, ALPL gene (NM_000478.4)-specific
primers were designed to amplify and sequence the ALPL
gene coding exons (exons 2 to 12) plus ~20 bp of flanking
noncoding DNA on each side. In addition, we also designed
specific primers in order to detect the known ALPL
regulatory pathogenic variant c.-195 C>T (also called c.-
44655 relative to the initiation codon in the Human Gene
Mutation Database) (http://www.hgmd.cf.ac.uk/ac/). Primers
are available upon request (JD, personal communication).
Sequencing analysis was performed using the dideoxy

Table 1 Differential diagnosis of
hypophosphatasemia based on
temporal evolution of the low
serum alkaline phosphatase
(ALP) value

Temporal evolution of a low serum ALP value

Persistently low Transiently low Precipitously low

• Hypophosphatasia (HPP; OMIM 146300,
241500, 241510)

• Cleidocranial dysplasia (OMIM 119600)

• Mseleni joint disease (OMIM 613342)

• Benign familial hypophosphatasemia [2]

• Osteogenesis imperfecta II
(OMIM 166210)

• Profound hypothyroidism

• Cushing disease

• Bisphosphonate therapy

• Adynamic renal osteodystrophy

• Milk-alkali syndrome

• Vitamin D intoxication

• Wilson disease

• Nutritional deficiencies

• Hypozincemia

• Celiac disease

• Pernicious anemia

• Radioactive heavy metal
intoxication

• Cardiac bypass
surgery

• Major trauma

• Major surgery

• Cancer chemotherapy

• Multiple myeloma

• Massive transfusion

• Starvation

• Severe sepsis

• Multi-organ failure

• Analytic error

• Improper specimen
collection
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terminator method on an automatic sequencer (ABI Prism
3730xl Genetic Analyzer, Thermo Fisher Scientific, USA)
(http://tools.thermofisher.com/content/sfs/brochures/
brochure-ab-genetic-analyzers.pdf). We then aligned and
compared the patient’s sequences with the ALPL reference
sequences [4]. All sequence differences from the reference
sequences (sequence variants) were interpreted based on the
American College of Medical Genetics and Genomics
(ACMG) Sequence Variant Interpretation Guidelines and
first classified into one of five sequence variant categories
(pathogenic (P), likely pathogenic (LP), variants of uncertain
significance (VUS), likely benign (LB), and benign (B)) [10].
To assess any possible associations between gene sequence
variants and biochemical results, these sequence variants
were further classified into three clusters: BPositive ALPL
variants^ (P plus LP variants), BUncertain ALPL variants^
(VUS), and BNegative ALPL variants^ (LB plus B variants).

Biochemical analyses

Consented subjects abstained from all vitamin supplements
for 2 weeks prior to laboratory specimen collection to avoid
over-ingestion of vitamin B6, which could potentially elevate
plasma PLP levels above the normal range. All biochemical
measurements were performed at Marshfield Clinic,
Marshfield, WI, except for urine PEA, which was performed
at Mayo Laboratories, Rochester, MN. Serum ALP was mea-
sured using a conventional kinetic rate method in which p-
nitrophenyl phosphate was hydrolyzed to p-nitrophenol at
pH 10.3 and changes in absorbance at 410 nm are directly
proportional to ALP enzymatic activity (http://www.
healthcare.siemens.com/integrated-chemistry/systems/
dimension-exl-lm-integrated-chem-sys). Bone-specific alka-
line phosphatase (BSAP) was measured using a commercial
immunochemiluminometric assay (Ostase®; normal male 0–
20 μg/L, normal premenopausal female 0–14 μg/L, normal
post-menopausal female 0–22 μg/L) (https://www.
beckmancoulter.com/wsrportal/bibliography?docname=
ostase_standard.pdf). Menopausal status for these subjects
was unknown; therefore, since the median age of menopause
in US women is about 50 years, women aged 49 and under
(n = 10, ages 37–49) were assumed to be premenopausal,
while older women (n = 20, ages 52–81) were assumed to
be post-menopausal. Since reference ranges for BSAP
values vary by gender and menopausal status, these values
are reported both in absolute micrograms per liter and as Z-
scores (the number of standard deviations from the local lab-
oratory reference mean). Plasma PLP (normal 5–50 μg/L) and
spot urine PEA (normal <48 nmol/mg Creat) were measured
by high-performance liquid chromatography. Measurement of
urine PPi is currently limited to only a few research laborato-
ries; therefore, this substrate was not measured.

Correlations among biochemical results were made
with Spearman’s rank correlation. Genotype categories
were compared with respect to biochemical results using
the Kruskal-Wallis test, a standard, rank-based statistical
method for group comparisons. Results in this report are
deemed statistically significant at the nominal 5% level
(p < 0.05).

Results

Fifty subjects (30 F/20 M) completed all mutational and bio-
chemical analyses. Mean age was 63 years (range 39–86) for
women and 58 years (range 37–81) for men. None were pre-
viously known by the investigators to carry a diagnosis of
HPP. Forty-two of 50 adult subjects (84%) were heterozygous
for either a Positive ALPL variant (P plus LP) or an Uncertain
ALPL variant (VUS) of the ALPL gene. Among these 42 sub-
jects, 28 (67%) harbored a P ALPL variant, 8 (19%) an LP
ALPL variant, and 6 (14%) an ALPL VUS. One subject carried
both an LP ALPL variant and an ALPL VUS; however, the
phase of these two variants in this subject is unknown because
parental targeted testing was not performed. Among the
Positive ALPL variants found in this study, 34 (94%) were
missense, 1 was an in-frame deletion, and 1 was a splicing
variant. These variants were found in all coding exons of the
ALPL gene (except exon 2), and 7 were found in exon 10.
Overall, the single most frequently observed pathogenic vari-
ant was c.571G>A (n = 6) found in exon 6. There was one
novel VUS found in exon 10 (c.1165A>G.pThr389Ala) and
one splicing variant found near exon 6 (c.648+1G>A)
(Table 2).

Among all subjects, biochemical results were highly
inter-correlated and consistent with the expected recipro-
cal relationship between ALP and its substrates (Table 3).
Subjects with either Positive ALPL variants or Uncertain
ALPL variants showed lower values for ALP and BSAP
and higher values for PLP and PEA compared with sub-
jects harboring only Negative ALPL variants. Seventeen
of 36 (47%) subjects with Positive ALPL variants showed
elevations in plasma PLP, and 27 of 36 (75%) showed
elevations in urine PEA. Fourteen of 36 (39%) subjects
with Positive ALPL variants showed elevations in both
PLP and PEA. The proportion of subjects harboring
Uncertain ALPL variants showing elevated ALP substrate
values was similar, although the degree of substrate ele-
vation was even greater than those with Positive ALPL
variants. Overall substrate elevations in both of these
groups were mild or modest (Table 3). In a three-way
comparison, all biochemistries showed highly significant
differences among ACMG ALPL clustered variant groups
(Fig. 1a–d).
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Discussion

Serum ALP is a component of most automated clinical chemis-
try panels. As such, serum ALP values are frequently encoun-
tered in the course of medical practice. Elevated serum ALP
values are common and typically indicate the presence of hepatic
or skeletal disease. Hypophosphatasemia, on the other hand, is
less commonly encountered in clinical practice and is rarely

investigated further [1, 11]. A precipitously low serum ALP
valuemay accompany catastrophic illness and can be a harbinger
of short-term mortality [1]. A persistently low serum ALP is
more likely to indicate an inherited or metabolic condition, many
ofwhich are unfamiliar to clinicians [1, 3, 4, 9].We have recently
estimated the prevalence of persistent hypophosphatasemia to be
1/1545 in our adult clinic population and shown that, as a group,
these patients have more crystalline arthritis, orthopedic surgery,
chondrocalcinosis, calcific periarthritis, enthesopathy, and dif-
fuse idiopathic skeletal hyperostosis than a general adult clinic
patient population followed at the same institution [9]. Since
some of these clinical features have also been observed in the
adult form of HPP [3, 5–8], we suspect that some adults with
persistent hypophosphatasemiamay actually fall within the spec-
trum of the adult form of HPP.

Hypophosphatasia (OMIM 146300, 241500, 241510) is a
rare, genetic condition manifesting primarily as impaired min-
eralization of bones and teeth [3, 4]. HPP results frommutations
in the ALPL gene located on chromosome 1p36.1-p34. Thus

Table 2 Pathogenic (P) and likely pathogenic (LP) ALPL variants and variants of uncertain significance (VUS) identified in this study (n = 42)

cDNA Protein ACMG MAF Exon Number Novel

c.119C>T p.Ala40Val LP 1/121,338 3 3 No

c.178G>C p.Asp60His VUS Not Obs 3 2 No

c.211C>G p.Arg71Gly VUS Not Obs 4 1 No

c.211C>T p.Arg71Cys P 6/117,252 4 3 No

c.318G>C p.Gln106His LP Not Obs 5 1 No

c.382G>A p.Val128Met P Not Obs 5 1 No

c.400_401delinsCA p.Thr134His P Not Obs 5 2 No

c.436G>A p.Glu146Lys VUS 20/119,590 5 1 No

c.571G>A p.Glu191Lys P 312/120,914 (131/6568 Finnish) 6 6 No

c.648+1G>A p.? P 1/119,672 Intron 6 1 No

c.661G>C p.Gly221Arg P 1/121,368 7 1 No

c.667C>T p.Arg223Trp P 2/121,372 7 1 No

c.876_882delAGG/GGACinsT p.Gly293_Asp294del LP Not Obs 9 2 No

c.920C>T p.Pro307Leu LP 2/120,292 9 1 No

c.979T>C p.Phe327Leu P 7/120,210 9 1 No

c.980T>G p.Phe327Cys LP 1/120,228 9 1 No

c.984_986delCTT p.Phe328del P 4/120,212 9 2 No

c.1068C>G p.Asp356Glu VUS 1/121,376 10 1 Yes

c.1133A>T p.Asp378Val P Not Obs 10 1 No

c.1142A>G p.His381Arg P Not Obs 10 2 No

c.1144G>A p.Val382Ile P 1/121,406 10 1 No

c.1165A>G p.Thr389Ala VUS 2/121,404 10 1 Yes

c.1171delC p.Arg391Valfs*12 P Not Obs 10 1 No

c.1190G>A p.Gly397Asp P Not Obs 11 1 No

c.1250A>G p.Asn417Ser P 6/121,386 11 1 No

c.1276G>A p.Gly426Ser P 1/121,372 11 2 No

c.1328C>T p.Ala443Val P Not Obs 12 1 No

ACMG American College Medical Genetics and Genomics, MAF minor allelic frequency, Not Obs not observed in the Exac database (http://exac.
broadinstitute.org/)

Table 3 Spearman correlation coefficients (and p values) among serum
alkaline phosphatase (ALP), bone-specific ALP (BSAP) and the ALP
substrates plasma pyridoxal-5-phosphate (PLP) and urine
phosphoethanolamine (PEA). n = 50

ALP BSAP PEA

PLP −0.531 (<0.0001) −0.616 (<0.0001) 0.602 (<0.0001)

ALP 0.830 (<0.0001) −0.453 (0.0010)

BSAP −0.592 (<0.0001)
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far, 331 distinct ALPL mutations have been recognized, of
which 75% are missense mutations [4]. The number and diver-
sity of these mutations, as well as gene dose and penetrance,
contribute to the highly variable phenotypic expression of HPP,
which ranges from stillbirth with a radiographically
unmineralized skeleton to pathological stress fractures develop-
ing late in life. Sevenmajor clinical forms have been recognized
including (1) benign-prenatal, (2) perinatal lethal, (3) infantile,
(4) childhood, (5) adult, (6) pseudo-, and, when disease expres-
sion is limited to dentition, (7) odontohypophosphatasia [3].
The clinical manifestations of the adult form of HPP are incom-
pletely described but classically include poorly healing femur
or metatarsal fractures but also, albeit less frequently,
chondrocalcinosis and calcific periarthritis [3, 5–8].

Persistent hypophosphatasemia is the defining laboratory fea-
ture of all forms of HPP and accounts for the elevation of ALP
substrates [3]. Presumed heterozygous carriers for HPP have
long been known to have low or low-normal serum ALP and
mild elevations of ALP substrates, particularly PLP [12]. In ad-
dition, men with low serumALPwere found to have lower bone
mineral density and higher serum phosphorus levels than men
with normal serum ALP [13]. The majority of the former were
also found to be heterozygous for rare pathogenicALPL variants.

Not surprisingly therefore, we have also shown that adults with
persistent hypophosphatasemia frequently harbor pathogenic
ALPL variants and also have elevated ALP substrate levels.
The higher proportion of subjects harboring ALPL variants in
our population compared with that of Riancho-Zarriabietia et al.
[14] (84 versus 50%) may reflect a more stringent definition of
hypophosphatasemia (serum ALP value ≤30 versus ≤40 IU/L)
and a minimum requirement of 2 versus 1 low serumALP value
for study inclusion. In addition, our clinic population’s ancestry
(largely northern European) may differ from the Spanish popu-
lation reported by Riancho-Zarriabietia et al. This is supported
by the predominance of the c.571G>Avariant in our population
and in other North American [15, 16] and European [17] HPP
populations but absent from that reported by Riancho-
Zarriabietia [14]. Among our cohort, those harboring Positive
ALPL variants showed lower levels of ALP and BSAP and
greater elevations of ALP substrates than those with only
Negative ALPL variants. Contrary to most published findings
in HPP, we found that urine PEA in our population was more
frequently elevated and elevated to a greater degree than plasma
PLP [3, 12]. Even so, most substrate elevations were mild or
moderate. As ALP substrates are not always elevated in all pa-
tients with HPP, we suspect that some adults with persistent

Fig. 1 Three-way comparison of all biochemistries and ALPL variant cluster groups
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hypophosphatasemia, particularly those harboring Positive or
Uncertain ALPL variants, may fall within the spectrum of the
adult form of hypophosphatasia.

Our study is subject to several limitations. Since our clinic
population is largely of Northern European extraction, our re-
sults may not be widely generalizable. Furthermore, the inclu-
sion requirement of at least two serum ALP values at our insti-
tution excluded adults not accessing health care at our institu-
tion or adults who may be generally healthier than our clinic
population. Since the clinical status, ethnicity, and family his-
tory of our subjects are not known, we cannot state whether
individuals who carry the same recurrent ALPL variants in our
population are biologically or ethnically related. It is conceiv-
able that the few subjects with Negative ALPL variants but
elevated ALP substrates in our cohort could be harboring large
deletions or duplications or deep intronic variants in the ALPL
gene since these would not have been detected by our study
method. Similarly, we cannot exclude the possibility that func-
tional hypophosphatasemia resulted from nongenomic effects
or that these subjects’ qualifying low serumALP values did not
actually represent persistent hypophosphatasemia. While
antiresorptive agents such as estrogens and bisphosphonates
may lower serum ALP slightly, they rarely do so to below the
lower limit of normal [18].

In conclusion, adults with persistent hypophosphatasemia
frequently harbor ALPL mutations and often have elevated
ALP substrate values. These adults may fall within the spec-
trum of the adult form of HPP but further historical, clinical,
biochemical, and imaging characterization of this cohort is
needed. Clinicians should therefore take note of serum ALP
results on clinical chemistry panels and familiarize themselves
with the potential significance of hypophosphatasemia. As
atypical femur fractures have been described in both
bisphosphonate-exposed [19] and bisphosphonate-unexposed
[20] adults with HPP, the use of these drugs should be carefully
considered in any adult with persistent hypophosphatasemia.
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