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Abstract

Osteopenia is observed in some patients affected by phenylalanine hydroxylase (PAH) deficient
phenylketonuria (PKU). Bone density studies, in diverse PKU patient cohorts, have demonstrated
bone disease is neither fully penetrant nor uniform in bone density loss. Biochemical assessment
has generated a muddled perspective regarding mechanisms of the PKU bone phenotype where the
participation of hyperphenylalaninemia remains unresolved. Osteopenia is realized in the Pah®nu2
mouse model of classical PKU; although, characterization is incomplete. We characterized the
Pah€NU2 hone phenotype and assessed the effect of hyperphenylalaninemia on bone differentiation.
Employing Pah®"Y2 and control animals, cytology, static and dynamic histomorphometry, and
biochemistry were applied to further characterize the bone phenotype. These investigations
demonstrate Pah®2 hone density is decreased 33% relative to C57BL/6; bone volume/total
volume was similarly decreased; trabecular thickness was unchanged while increased trabecular
spacing was observed. Dynamic histomorphometry demonstrated a 25% decrease in mineral
apposition. Biochemically, control and PKU animals have similar plasma cortisol,
adrenocorticotropic hormone, and 25-hydroxyvitamin D. PKU animals show moderately increased
plasma parathyroid hormone while plasma calcium and phosphate are reduced. These data are
consistent with a mineralization defect. The effect of hyperphenylalaninemia on bone maturation
was assessed /n vitro employing bone-derived mesenchymal stem cells (MSCs) and their
differentiation into bone. Using standard culture conditions, PAH deficient MSCs differentiate into
bone as assessed by /7 situ alkaline phosphatase activity and mineral staining. However, PAH
deficient MSCs cultured in 1200 pM PHE (metric defining classical PKU) show significantly
reduced mineralization. These data are the first biological evidence demonstrating a negative
impact of hyperphenylalaninemia upon bone maturation. In PAH deficient MSCs, expression of
Col1A1 and Rankl are suppressed by hyperphenylalaninemia consistent with reduced bone
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formation and bone turnover. Osteopenia is intrinsic to PKU pathology in untreated Pah&nu2
animals and our data suggests PHE toxicity participates by inhibiting mineralization in the course
of MSC bone differentiation.

1. Introduction

PAH deficient PKU is the paradigm for a treatable inborn error of metabolism [1-4]. Dietary
PHE restriction continues to serve as the primary means of PKU intervention [4-7];
however, contemporary approaches include cofactor therapy (Kuvan) and phenylalanine
ammonia lyase enzyme therapy (Pegvaliase) [8-12]. Newborn screening facilitates early
intervention which counters the most severe elements of the neurologic phenotype but
cognitive deficit, executive function deficit, neuropsychiatric phenotypes, and bone disease
remain common among both therapy compliant and therapy noncompliant patients.

In 1962 Feinberg and Fisch described osteopenia in PKU affected children [13], which was
confirmed by Murdoch and Holman [14], and subsequently reported many times thereafter
[15-21]. Lumbar spine bone mineral density Z scores of —2.0 are observed among early-
identified, continuously treated patients [22]. Similar reduction in total body bone mineral
density has also been observed [23]. Equivalent degrees of low bone mineral density have
also been observed in therapy noncompliant patients [22].

Pathophysiological mechanisms of PKU bone disease remain ambiguous [22]. The bone
phenotype was originally attributed to secondary manifestations of diet therapy where by an
undefined mechanism, bioavailability of calcium, phosphorous, and other bone forming
material were reduced; however, this is poorly supported as bone disease is observed in
patients that never received diet therapy and very young patients that received only short
term therapy [22]. Several studies find no correlation [18,21,24-27] between hyperphe-
nylalaninemia and bone disease; others show a negative correlation between
hyperphenylalaninemia and bone disease [28,29]. Biochemical ambiguity does not end with
PHE toxicity as representation of bone formation markers [28,29], bone resorption markers
[30,31], and other biochemical metrics related to bone, while investigated, remain less than
fully resolved [28,30,32].

PKU bone disease has significant knowledge gaps; essentially all patient investigations are
descriptive and pathophysiology is largely uninvestigated. Central to effective intervention is
defined pathophysiology. While the bone phenotype is not fully penetrant in humans, the
Pah®"Y2 mouse model of classical PKU reliably displays abnormal bone phenotypes [33].
We investigated the bone phenotype in Pah€"2 to further define its characteristics and to
investigate potential pathophysiological mechanisms based upon the bone phenotype. In
untreated Pah€"Y2 animals, the bone phenotype and biochemical assessment gives evidence
for a mineralization defect. Employing PAH deficient and PAH replete mesenchymal stem
cells (MSCs) and differentiating these into bone, we demonstrate PAH deficient cells retain
bone forming capacity (albeit lower than controls); however, hyper-phenylalaninemia leads
to a significant loss of mineralization. These investigations are the first to assess
developmental aspects in the pathology of the PKU bone phenotype. While a genetic
component is evident as PAH deficient MSCs have reduced capacity for bone development,
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hyperphenylalaninemia further reduces mineralization. These studies demonstrate a complex
pathology to the PKU bone phenotype involving contribution of both
hyperphenylalaninemia and PAH deficiency.

2. Methods and materials

2.1. PKU Animal model and controls

Pah€MU2 mice were propagated under an approved protocol in the Rangos Research Center
animal facility at Children’s Hospital of Pittsburgh. To generate experimental and control
animals, matings paired heterozygous females and heterozygous males. Genotyping of
offspring was performed as previously described [34]. Alternative homozygous genotypes
(experimental enu2/enu2, control wt/wt) were selected for experimentation. After weaning,
animals were provided a continuous diet of standard mouse chow to maintain
hyperphenylala-ninemia (~2200 uM PHE females; ~2000 uM PHE males) among
homozygous experimental animals. Control wild type litter mates, provide an identical diet,
have plasma PHE of ~40-70 pM. All experiments used animals in the fed state. Animals
were sacrificed by cervical dislocation at 3-5 months of age.

2.2. Cytology and microcomputed tomography

Formalin fixed spinal tissue were utilized for hematoxylin and eosin staining as previously
described [37]. Histomorphometric analysis of trabecular bone was performed using
microcomputed tomography [35,36] in a randomized and blinded manner. The lumbar
vertebrae, originally fixed in 4% formalin, were scanned in 70% ethanol at 6 um resolution
using a Skyscan 1272 microCT (Bruker, Billerica, MA) with 0.25 mm aluminum filter;
source voltage and current were set at 60 kV and 166 pA. Images were reconstructed using
NRecon and InstaRecon software (Bruker). Cross sectional images were obtained using
Data-viewer software and three dimensional images using CTvox software (Bruker). For
quantitative histomorphometric analysis the wild type group consisted of five animals (3
female, 2 male) and the PKU group consisted of six animals (3 male, 3 female). We
analyzed a 1.2 mm segment centered at the midpoint of the fourth lumbar vertebral body.
Using CTan software (Bruker), we determined bone volume/total volume (percent bone),
trabecular thickness, trabecular separation and trabecular number. Bone mineral density was
also determined using CTan software with calibration standards provided by the
manufacturer scanned under the conditions described above. Quantitative data are generated
from the entire animal cohort (five control animals, six PKU) and not parsed by sex.
Dynamic histomorphometry was performed by intra-peritoneal injection of calcein (25 pg/g
body weight), seven and two days prior to sacrifice. Both the PKU and control groups
consisted of four animals where two are male and two are female. Measurement of calcein-
labeled surface and bone formation rate were performed as described [37].

2.3. Blood chemistry analyses

Terminal blood draw from the heart was performed with four wild type control animals (2
male, 2 female) and 12 homozygous Pahe"2 animals (5 male, 7 female) with serum
separated by centrifugation. Analysis of cortisol, calcium, and phosphate utilized the
Beckman Coulter AU System applying clinical assay standards and procedures.
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Quantification of 25-hydroxyvitamin D utilized a Waters MS/MS system and clinical assay
standards. Mouse parathyroid hormone (PTH) and adrenocorticotropic hormone were
assessed with a commercial enzyme linked immunosorbent assay using goat primary
antibodies (MyBioSource) according to the manufacturer.

2.4. Mesenchymal stem cell preparation and osteoblast differentiation

From experimental and control animals, the femur and tibia were dissected, epiphysis
removed, and bone marrow flushed with RPMI-1640 plus 10% fetal calf serum using an
insulin syringe. For both PKU and control cells were prepared from four animals (2 male, 2
female). Erythrocytes were removed with red cell lysis buffer. Cells were plated and
incubated for 2 h at 37 °C to remove rapidly adhering fibroblast-like cells. Remaining cells
were plated into a new cell culture plate at 1 x 106 cells/cm?. After 72 h, non-adherent cells
were discarded and adherent cells were washed with phosphate-buffered saline and changed
into proliferation medium (MesenCult Proliferation Kit (mouse), Stemcell Technologies).
Cells were passaged at ~60% confluence to avoid differentiation and re-plated at 2 x 105/
cm2. Osteogenic differentiation of MSCs utilized culture for 21 days in growth medium
supplemented with 35 pg/ml L-ascorbic acid and 10 mM B-glycerophosphate, 10pM ACTH,
10 nM 1a.,25-dihydrox-yvitamin D3, and 0.5 mM CaCl,. During the course of
differentiation, both PAH replete cells and PAH deficient cells were cultured at either
standard cell culture condition (193.7 uM PHE) or in the context of 1200 pM PHE being the
minimum concentration defining classical PKU [8]. Culture media were replaced at ~72h
intervals. Bone differentiation was assessed by /2 situ alkaline phosphatase activity and
mineralization. /n situ alkaline phosphatase activity used 0.05% napthol AS-MX substrate
and fast blue product visualization as previously described [37]. Visualizing mineralization
used von Kossa silver staining as described [37]. Densitometry of stained culture plates was
performed as described [37,38].

2.5. Gene expression studies

PAH deficient and PAH replete MSC’s were cultured and differentiated down the bone
pathway as described above. During the differentiation process, cells were cultured at either
a standard cell culture condition or at a hyperphenylalaninemic condition (1200 uM PHE).
Cells were harvested and RNA prepared with RNeasy Mini Kit (Qiagen). Reverse
transcription and quantitative PCR employed the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) and Brilliant 111 SYBR Green QPCR Mastermix
(Agillent) respectively. Supplemental Table 1 provides primer sequences to amplify Gapdh,
Collal, and Rankl. Amplification conditions and conversion of realtime PCR data to relative
expression was as described [37]. All expression studies were performed in triplicate.

2.6. Statistical assessment

Student’s #test was employed in comparisons with data shown asmean +/- standard
deviation. Pvalues <.05 is considered significant. Analysis employed GraphPad Prism
software [37].
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3. Results

3.1. Pah®"2 pone phenotyping identifies a mineralization defect

Gross bone morphology was assessed by hematoxylin and eosin staining, followed by uCT
assessment to provide higher resolution and enable quantification of bone metrics. Fig. 1A
displays hematoxylin and eosin staining of lumbar spine vertebrae four from Pah€"2 and
control animals. The Pah€"2 animal displays lower bone density and fewer trabeculae
compared to the wild type control. Further, the control animal displays a more highly
developed end plate than observed in Pa-he"Y2, Fig. 1B displays pCT reconstruction of
lumbar spine vertebrae 4 from Pah®"Y2 and control animals. These data are consistent with
hematoxylin and eosin staining (Fig. 1A) as reduced bone density, fewer trabeculae, and less
developed end plates are evident. Quantitative static histomorphometry parameters were
assessed in the lumbar spine from six PKU animals (three male, three female) and five
control animals (2 male, three female). Data were analyzed together and not parsed by sex.
In the PKU mouse, all static histomorphometry parameters (Fig. 1C, graphs A-C) show
statistically significant differences compared to controls with reduced bone mineralization (P
=.04), increased trabecular spacing (£ =.05), and reduced bone volume to total bone (P=.
025). Dynamic histomorphometry (Fig. 1C, graph D) on undecalcified spine vertebrae
sections from four PKU animals (two male, two female) and four control animals (two male,
two female) display similar labeled surface (data not shown); however mineral ap-positional
in PKU animals was decreased by 25% (P = .001). These data are consistent with a
mineralization defect.

3.2. Biochemical parameters

Serum concentrations of cortisol, PTH, adrenocorticotropic hormone, Ca**, phosphate, and
25-hydroxyvitamin D were assessed between Pah€MU2 (12 animals five male, seven female)
and control animals (four animals, two male, two female). Fig. 2 displays serum values for
Ca**, phosphate, and PTH where statistically significant differences were observed between
experimental and control animals. Ca*™* and phosphate were both low in PKU animals (P=.
003 and P=.01 respectively). Imbalance between calcium and phosphate is a recognized
osteoporosis risk factor. Moreover, PTH was elevated (P=.02) in PKU animals indicating a
chronic paucity of Ca** and disruption of bone homeostasis. Cortisol, adrenocorticotropic
hormone, and 25-hydro-xyvitamin D were similarly represented between PKU and control
animals (data not shown).

3.3. Hyperphenylalaninemia augments reduced MSC bone differentiation in PAH deficient

cells

The role of hyperphenylalaninemia in the PKU bone phenotype is controversial as data in
human studies has been inconsistent [18,21,24-29]. Morphologic, histomorphometry, and
biochemical data demonstrate a mineralization defect; therefore, we investigated bone
differentiation in PAH deficient and PAH replete MSCs in the context of standard culture
conditions and hyperphenylalaninemic conditions (1200 uM PHE, low-end metric defining
classical PKU). Fig. 3 demonstrates both PAH deficiency and hyperphenylalaninemia
negatively impacts MSC differentiation into bone. Overall, PAH replete MSCs display more
robust bone development in comparison to PAH deficient MSCs. /n situ alkaline
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phosphatase activity is similar in PAH replete MSCs under standard and
hyperphenylalaninemic conditions; however, a modest yet statistically significant decline in
mineralization is observed in the context of hyperphenylalaninemia (Fig. 3B). PAH deficient
MSC’s retain bone forming capacity as /n situ alkaline phosphatase activity and
mineralization demonstrate (Fig. 3A). However, the formation of bone is less robust as
statistically significant decreases in both /n situ alkaline phosphatase (p < .01) activity and
mineralization (p < .001) are observed. At hyperphenylalaninemic conditions, the already
diminished mineralization capacity of PAH deficient MSCs display a profound further loss
of mineralization capacity (v < .001). These data are the first to demonstrate that both PAH
deficiency and PHE toxicity contribute to decreased MSC differentiation into bone.
Moreover, this evidence provides a potential disease mechanism for the PKU bone
phenotype being an intrinsic defect in stem cell differentiation which is further augmented
by hyperphenylalaninemia.

3.4. PAH deficient and PAH replete MSCs display altered gene expression in response to
hyperphenylalaninemia

Fig. 4 displays relative expression of Collal (collagen type 1 alpha 1 chain) and Rankl
(TNF superfamily member 11) in PAH deficient and PAH replete MSCs following bone
differentiation under standard or hyperphenylalaninemic conditions. Expression is
normalized to Gapdh expression with all studies representing a minimum of 4 replicates.
Collal is an indicator of bone formation. Both PAH deficient and PAH replete cells show
Collal down-regulation under hyperphenylalani-nemic conditions. Control cells under
hyperphenylalaninemic conditions have similar Collai expression to PAH deficient cells
under physiological conditions supporting culture studies (Fig. 3) as both display bone
formation. Collai expression is exceedingly low in PAH deficient cells under
hyperphenylalaninemic conditions reflecting low bone formation (Fig. 3). Rankl is a marker
of bone turn-over. PAH replete cells generate far more bone than PAH deficient cells (Fig. 3)
reflected in higher Rankl representation. Expression of Rankl is significantly suppressed in
PAH deficient cells. Under hyperphenylalani-nemic conditions far less bone is generate by
PAH deficient cells underlying Rankl’s near total absence.

4. Discussion

The PKU bone phenotype is under-investigated with a majority of studies being patient-
based and descriptive. The role of hyperphenylalaninemia in the PKU bone phenotype has
been controversial with some reports suggesting a correlation between
hyperphenylalaninemia and bone mineral loss while other studies find no relationship.
Inconsistencies may be attributable to diverse cohorts, lack of standardization in assessment
regimens, and widely differing levels of treatment compliance between patients. An intuitive
route to clarify these inconsistencies is assessment of animal models where all metrics
regarding study cohorts and their assessment are readily standardized. These investigations
sought to further characterize the bone phenotype in the Pah®"Y2 mouse; followed with
assessment of possible disease mechanisms while addressing the role of
hyperphenylalaninemia.
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Osteopenia is observed in the Pah®"2 mouse. Heterozygote crosses generated experimental
and control animals from common litters, thus both cohorts experienced a highly similar /n
utero environment and were subsequently propagated under identical conditions (chow,
light/ dark cycle, housing, etc.); largely eliminating differences owing to developmental or
environmental influences. Cytology and quantitative uCT metrics demonstrate significant
bone loss (low mineralization, increased trabecula spacing, reduced bone volume to total
bone). Dynamic histomorphometry demonstrated reduced mineral apposition. Biochemical
metrics (low Ca**, low phosphate, elevated PTH) indicate a disruption of bone homeostasis.
These combined phenotypes demonstrate a mineralization defect in the PKU mouse that is
not realized in the C57bl/6 background strain. PKU is primarily defined by its neurological
phenotype which is poorly reflected in Pahe"U2 [39]; however, for the purposes of
investigating the bone phenotype, Pah™2 js better suited to model human disease.

Leveraging MSCs and directing their differentiation down the bone pathway is a novel
approach to investigate developmental bone processes within the context of PAH deficiency
and hyperphenylalani-nemia. Fig. 3 cell culture studies and Fig. 4 gene expression studies
are complementary as both support defective MSC differentiation into bone and demonstrate
a role of hyperphenylalaninemia therein. While PAH replete MSCs demonstrate robust bone
formation, hyperphenylalani-nemia (1200 uM PHE) leads to a modest yet significant loss of
mineralization. The impact of hyperphenylalaninemia on PAH replete MSCs is more
pronounced in gene expression studies demonstrated by down-regulated Collal and Rankl
expression. Bone differentiation in PAH deficient MSCs is more complex. A genetic
component is evident as overall, PAH deficient MSC display far less robust bone
differentiation (Fig. 3). Decreased bone differentiation is further evidenced by lower Collal
and Rankl expression (Fig. 4). The influence of hyperphenyla-laninemia on mineralization
in PAH deficient MSC reflects the observation in PAH replete cells; however, the intrinsic
mineralization capacity of PAH deficient cells is lower and impact of hyperphenyla-
laninemia upon mineralization is more profound (~50% decreased mineralization). Current
dogma dictates PAH gene expression and oxidation of PHE as restricted to liver and kidney.
Based upon PAH expression, the effect of hyperphenylalaninemia upon bone formation must
owe to either or both a toxic effect of PHE and/or interference of amino acid transport (Z.e.
SLC7A5). Our MSC data indicate two things: 1. PAH deficiency causes a statistically
significant loss of bone forming capacity; and 2. Hyperphenylalaninemia acts upon a PAH
deficient background to cause a large loss of mineralization. If loss of bone forming capacity
were purely toxic or purely involved aberrant amino acid transport, it would be anticipated
that PAH deficient and PAH replete MSCs would have similar bone forming capacity and
respond similarly to hyperphenylalaninemia, which is clearly not observed. The magnitude
of hyperphenylalaninemia induced mineralization loss in PAH deficient MSCs far exceeds
that in PAH replete cells (Fig. 3B). While seemingly unlikely, these data may suggest PAH
has a role in MSC differentiation involving either PHE oxidation or an unrecognized PAH
moonlighting role. While /n vitro MSC differentiation is a well-established tool to assess
bone pathophysiology; ultimately /n vivo confirmation of these results will be necessary.

The role of hyperphenylalaninemia in the PKU bone phenotype remains controversial. We
contend that PKU phenotypes are viewed through the lens of neurologic manifestations
where high-level PHE toxicity is clearly causal. It is possible that MSCs, in the course of
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bone differentiation, may have heightened sensitivity to PHE toxicity. That osteopenia is
observed in well controlled as well as poorly controlled patients may suggest this to be the
case. Previous Pahe"U2 hone studies [33,40] assessed treated animals where
hyperphenylalaninemia was in excess well controlled PKU. Our standard condition for MSC
differentiation had PHE far lower than treatment levels in previous Pah€"'2 studies [33,40].
To fully define the influence of hyperphenylalaninemia on the Pah€"2 bone phenotype, it
will be necessary to assess animals over a broad range of PHE homeostasis. Continued
studies in PAH deficient MSCs is focused upon identifying a PHE toxicity threshold
triggering reduced MSC bone differentiation.
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Fig. 1.
Reduced Bone Formation in Pah®™2, 1A. Hematoxylin and eosin staining of lumbar spine

vertebrae four from wild type (left) and Pah"2 (right). H&E staining demonstrates Pahenu2
has reduced bone mass, fewer trabecula and thinner trabecula compared to a wild type litter
mate. 1B. Micro-CT reconstructed images of lumbar spine vertebrae four from wild type
(left) and Pah®2 (right). Micro-CT demonstrates Pah®"U2 has reduced bone mass, fewer
trabecula and thinner trabecula compared to a wild type litter mate. Micro-CT data and H&E
data (1A) are in agreement. 1C. Static and dynamic histo-morphometry parameters. Panels
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A-C Static parameters A-C were generated from lumbar spine Micro-CT data of Pah®"2 (six
animals, 3 male, 3 female) and wild type litter mates (five animals, two male, three female).
Micro-CT demonstrates in Pah®"Y2 animals approximately 35% reduced mineral content, p
=.04 (A) with increased trabeculae spacing, p= .05 (B) and increased bone volume/total
volume, p=.025 (C). Panel D dynamic histomporphometry. Calcein labeling of Pahe\2
(four animals, two male, two female) and wild type litter mates (four animals, two male, two
female) demonstrates appositional bone growth was decreased 25%, p < .001.
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Fig. 2.
Statistically significant biochemical metrics differing between Pah®"42 and Controls. 2A. A

moderate yet statistically significant reduction (p=.03) in plasma calcium is observed
between PKU and control animals. 2B. A statistically significant reduction (p =.03) in
plasma phosphate (p = .01) is observed between PKU and control animals. 2C. Moderate
hyperparathyroidism is observed in Pah€"'2 animals (p = .02) indicating low Ca** and
disruption of bone homeostasis. Cortisol, adrenocorticotropic hormone, and 25-hydro-
xyvitamine D were assessed but no statistical differences in their representation were
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observed (data not shown). All measurements were made with four control animals (2 male,
2 female) and twelve PKU animals (5 male, 7 female).
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Fig. 3.

Efgfect of hyperphenylalaninemia on Pah€"2 and wild type MSC osteoblast differentiation.
3A. In situ alkaline phosphatase activity and von Kossa silver stain for mineralization in
wild type control cells at standard culture conditions, wild type control cells in the context of
1200 uM PHE, PAH deficient cells at standard culture conditions, and PAH deficient cells in
the context of 1200 uM PHE. Wild type cells (Pah replete) display abundant alkaline
phosphatase activity and mineralization under standard conditions; however, mineralization
is moderately reduced under hyperphenylalaninemic conditions. PAH deficient cells retain
alkaline phosphatase activity and mineralization capacity under standard conditions; albeit
reduced in comparison to PAH replete cells. PAH deficient cells under
hyperphenylalaninemic conditions experience no loss of alkaline phosphatase activity while
mineralization is reduced. 3B. Densitometry enables statistical analysis of alkaline
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phosphatase activity and mineralization. Alkaline phosphatase activity in PAH replete cells
is not influenced by hyperphenylalaninemia. In PAH deficient cells alkaline phosphatase
activity is significantly reduced compared to PAH replete cells (P< .01) but
hyperphenylalaninemia does not cause further reduction of alkaline phosphatase activity in
PAH deficient cells. PAH replete cells generate more robust mineralization than PAH
deficient cells (P < .001). Hyperphenylalaninemia causes modest yet significant down-
regulation of mineralization in PAH replete cells (P < .01) while in PAH deficient cells,
hyperphenylalaninemia has greater impact to down-regulate mineralization (p < .001).
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Fig. 4.

Effect of hyperphenylalaninemia on expression of Col1A1 and Rankl during Pah€"2 and
wild type MSC osteoblast differentiation (A-B). Expression data is calculated relative to
Gapdh. All expression studies were performed in triplicate. 4A. Expression of Collai in wild
type cells (Pah replete) is abundant during osteoblast differentiation reflecting robust bone
formation. Wild type cells under hyperphenylalaninemic conditions display lower Collai
expression. Pah deficient cells express Collai at levels similarly to wild type cells under
hyperphenylalaninemic conditions reflecting residual bone forming capacity. Pah deficient
cells under hyperphenylalaninemic conditions display the lowest Collai expression. 4B.
Expression of Rankl in wild type cells (Pah replete) is abundant as greater bone turn-over
occurs as a consequence of high level bone formation. Under hyperphenylalaninemic
conditions wild type cells express less Rankl as lower bone turn-over will occur owing to
lower bone formation. In Pah deficient cells under standard culture conditions Rankl
expression is reduced owing to lower bone formation with subsequent lower bone turn-over.
Pah deficient cells under hyperphenylalaninemic conditions form little bone, exceedingly
little Rankl expression is observed as bone turn-over is not required.

Mol Genet Metab. Author manuscript; available in PMC 2019 November 01.



	Abstract
	Introduction
	Methods and materials
	PKU Animal model and controls
	Cytology and microcomputed tomography
	Blood chemistry analyses
	Mesenchymal stem cell preparation and osteoblast differentiation
	Gene expression studies
	Statistical assessment

	Results
	Pahenu2 bone phenotyping identifies a mineralization defect
	Biochemical parameters
	Hyperphenylalaninemia augments reduced MSC bone differentiation in PAH deficient cells
	PAH deficient and PAH replete MSCs display altered gene expression in response to hyperphenylalaninemia

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.

