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ARTICLE INFO ABSTRACT

Keywords: X-linked hypophosphatemia (XLH) is caused by inactivating variants of the phosphate regulating endopeptidase

Phosphate regulating endopeptidase homolog X- homolog X-linked (PHEX) gene. Although the overproduction of fibroblast growth factor 23 (FGF23) is responsible

lmkedbl for hypophosphatemia and impaired vitamin D metabolism, the pathogenesis of XLH remains unclear. We herein

SZIZZC a:: generated PHEX-knockout (KO) human induced pluripotent stem (iPS) cells by applying CRISPR/Cas9-mediated
Y . gene ablation to an iPS clone derived from a healthy male, and analyzed PHEX-KO iPS cells with deletions

Induced pluripotent stem cell . N N g ) . . X

Phosphate extending from exons 1 to 3 and frameshifts by inducing them to differentiate into the osteoblast lineage. We

confirmed the increased production of FGF23 in osteoblast lineage cells differentiated from PHEX-KO iPS cells. In
vitro mineralization was enhanced in osteoblast lineage cells from PHEX-KO iPS cells than in those from isogenic
control iPS cells, which reminded us of high bone mineral density and enthesopathy in patients with XLH. The
extracellular level of pyrophosphate (PPi), an inhibitor of mineralization, was elevated, and this increase
appeared to be partly due to the reduced activity of tissue non-specific alkaline phosphatase (TNSALP). Osteo-
blast lineage cells derived from PHEX-KO iPS cells also showed the increased expression of multiple molecules
such as dentine matrix protein 1, osteopontin, RUNX2, FGF receptor 1 and early growth response 1. This gene
dysregulation was similar to that in the osteoblasts/osteocytes of Phex-deficient Hyp mice, suggesting that
common pathogenic mechanisms are shared between human XLH and Hyp mice. Moreover, we found that the
phosphorylation of CREB was markedly enhanced in osteoblast lineage cells derived from PHEX-KO iPS cells,
which appeared to be associated with the up-regulation of the parathyroid hormone related protein gene. PHEX
deficiency also affected the response of the ALPL gene encoding TNSALP to extracellular Pi. Collectively, these
results indicate that complex intrinsic abnormalities in osteoblasts/osteocytes underlie the pathogenesis of
human XLH.

1. Introduction

X-linked hypophosphatemia (XLH, OMIM #307800) is the most
frequent form of hereditary hypophosphatemic rickets/osteomalacia
with a frequency of approximately 1 case in 20,000 live births, and is
inherited in an X-linked dominant manner [1,2]. Patients with XLH have
an increased level of circulating fibroblast growth factor 23 (FGF23),
which leads to renal phosphate wasting, hypophosphatemia, and low to
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inappropriately normal levels of serum 1,25-dihydroxyvitamin D (1,25
(OH)2D) [2,3]. FGF23 is mainly produced by mature osteoblasts as well
as osteocytes which are the terminally differentiated cells of the osteo-
blast lineage, and exerts its effects on distant target tissues in an endo-
crine manner. In the kidneys which are its main target, FGF23 increases
the excretion of inorganic phosphate (Pi) by suppressing the expression
of type Ila and Ilc sodium/phosphate (Na™/Pi) co-transporters, and
decreases the production of 1,25(0OH);D by down-regulating 25-
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hydroxyvitamin D la-hydroxylase and up-regulating 25-hydroxyvita-
min D-24-hydroxylase [4]. In addition to hypophosphatemic rickets/
osteomalacia, patients with XLH may develop complications such as
dental abscesses and enthesopathy.

XLH is caused by inactivating variants in the phosphate regulating
endopeptidase homolog X-linked (PHEX) gene located at Xp22.1. To date,
>1000 PHEX variants have been identified and are listed in the PHEX
Locus Specific Database (https://www.rarediseasegenes.com/) [5]. The
PHEX gene consists of 22 exons and is suggested to encode a type 2
membrane protein that exhibits a single transmembrane structure [6]. It
is predominantly expressed in osteoblasts and osteocytes as well as in
odontoblasts and cementoblasts [7]. In mouse bone, Phex and Fgf23
were both found to be expressed in osteoblast lineage cells with higher
expression in osteocytes [8]. The putative structure of the PHEX product
suggests a function as a zinc-dependent endopeptidase [9]; however, its
physiological roles remain largely unknown. Although serum FGF23
levels are elevated in XLH patients, FGF23 does not serve as a substrate
for PHEX [10]. Therefore, the regulation of FGF23 by PHEX may be
indirect and involve other molecule(s).

To date, the pathogenesis of XLH has mainly been investigated using
mouse models. Hypophosphatemic Hyp mice harbor a large 3"-deletion
in the Phex gene and are widely used as a model of human XLH, showing
elevated FGF23 levels, hypophosphatemia and impaired skeletal
mineralization [11,12]. An analysis of conditional knockout (KO) mice
in which the Phex gene was ablated using the osteocalcin-Cre driver have
suggested that PHEX deficiency in osteoblast lineage cells is sufficient to
induce the Hyp phenotype [13]. Previous studies using Hyp mice
revealed that Phex-deficient osteoblast lineage cells may have complex
defects in addition to the increased production of FGF23. For example,
the extracellular matrix protein osteopontin (OPN) was shown to
accumulate in the bones of Hyp mice, and the genetic elimination of OPN
in Hyp mice partially restored defective bone mineralization without
addressing hypophosphatemia [14,15]. In our previous studies using
osteoblasts and osteocytes freshly isolated from Hyp mice and wild-type
(WT) littermates, we found that the expression of dentin matrix protein 1
(Dmp1) and family with sequence similarity, member c, the causative genes
for autosomal recessive hypophosphatemic type 1 (ARHR1) and Raine
syndrome (RNS), respectively, were markedly up-regulated in Hyp cells
[8]. In addition, FGFR signaling was enhanced in osteocytes of Hyp mice
in association with the up-regulation of canonical FGF ligands and FGF
receptors [8,16], and the conditional KO of Fgfrl in mature osteoblasts
and osteocytes using the Dmp1-Cre driver was shown to partially restore
elevated FGF23 and hypophosphatemia in Hyp mice [17].

These findings imply that multiple abnormalities in osteoblast line-
age cells may contribute to the pathogenesis of Hyp mice; however, it
remains unclear whether a similar mechanism applies to human XLH,
partly due to the difficulties associated with obtaining a sufficient
number of osteoblast lineage cells for analyses from human bone spec-
imens. Human induced pluripotent stem cells (iPSCs) provide new in-
vitro models for skeletal diseases [18,19]. Therefore, to investigate the
precise mechanisms underlying the pathogenesis of human XLH, we
herein generated human iPSCs deficient for PHEX by applying CRISPR/
Cas9-mediated gene ablation to healthy male-derived iPSCs. An analysis
of the osteoblast lineage cells differentiated from PHEX-KO iPSCs and
those from isogenic control iPSCs, which are genetically identical except
for the PHEX gene, revealed that multiple intrinsic abnormalities in
osteoblast lineage cells contribute to the pathogenesis of human XLH.

2. Materials and methods
2.1. Cell culture

The human iPS cell line 610B1 derived from the umbilical cord blood
cells of a human male was provided by the RIKEN BRC (Tsukuba, Japan)

through the National BioResource Project of the MEXT/AMED, Japan.
iPSCs were maintained under feeder-free conditions on recombinant
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laminin fragment iMatrix-511 Silk (Matrixome, Osaka, Japan) using
StemFit® AKO2N medium (Ajinomoto, Tokyo, Japan) at 37 °Cina 5 %
CO4 atmosphere. To detach adherent iPSCs, they were treated with
TrypLE™ Express (Thermo Fisher Scientific, Waltham, MA, USA). The
ROCK inhibitor Y-27632 (10 mM, Selleck Chemicals, Houston, TX, USA)
was added to the medium until the next day of cell plating in order to
prevent dissociation-induced cell apoptosis.

2.2. Generation of PHEX-KO human iPSCs by CRISPR/Cas9-mediated
gene ablation

To generate human iPSCs deficient for the PHEX gene, we applied
CRISPR/Cas9-mediated gene ablation to the 610B1 iPS cell line derived
from a healthy human male, which carried a single allele of PHEX. Two
synthetic single guide RNAs (sgRNAs) targeted to exons 1 and 3 of PHEX,
respectively, were transfected into cells together with the recombinant
Cas9 protein (TrueCut™ Cas9 Protein v2, Thermo Fisher Scientific)
using Lipofectamine CRISPRMAX™ Cas9 Transfection Reagent (Thermo
Fisher Scientific). The target sequence for PHEX exon 1 was 5’- GAG-
GATCGTGCCCAGAACTA-3’, and that for exon 3 was 5’-
TTCTTCCGGTTCGCTTGTGA-3’. Two days after transfection, cells were
detached and plated on 96-well culture plates for single cell cloning by
limiting dilutions. PHEX-KO clones were selected by a genomic poly-
merase chain reaction (PCR), which amplified the fragments containing
the target regions and sequencing. Gel-purified PCR products were
sequenced after being cloned into the pT7-Blue vector (Novagen, Mad-
ison, WL, USA).

To verify the successful ablation of functional transcripts of PHEX,
we performed reverse transcription-PCR (RT-PCR). Total RNA was
extracted using TRIzol Reagent (Thermo Fisher Scientific), treated with
DNase (Qiagen, Tokyo, Japan), and then reverse-transcribed using
random hexamers (Promega, Madison, WI, USA) and SuperScript II
reverse transcriptase (Thermo Fisher Scientific). The primer sequences
for genomic PCR and RT-PCR are shown in Supplemental Table S1.

2.3. Assay for cell viability and cytotoxicity

iPSCs were seeded at 0.5 x 10% or 1 x 10% cells/well on 96-well
plates coated with iMatrix-511 silk (1.0 pg/cm?) and cultured in Stem-
Fit® AKO2N medium. The numbers of live cells and dead cells in each
well were assessed using the MultiTox-Fluor Multiplex Cytotoxicity
Assay (Promega).

2.4. Osteogenic induction of human iPSCs

The differentiation of human iPSCs to the osteoblast lineage was
induced according to the protocol reported by Kawai et al. [18] with
modifications. iPSCs maintained under feeder-free conditions were de-
tached and plated at 4 x 10° cells/well on 12-well culture plates coated
with iMatrix-511 silk (1.0 pg/cmz). Cells were cultured in a mixture of
20 % StemFit® AKO2N feeder-free medium and 80 % osteogenic in-
duction medium composed of KnockOut-DMEM (Thermo Fisher Scien-
tific), supplemented with 20 % fetal bovine serum (FBS: Sigma-Aldrich,
St. Louis, MO), 10 mM B-glycerophosphate (Sigma-Aldrich), 1 nM
dexamethasone (Sigma-Aldrich), 0.1 mM 2-mercaptoethanol (Thermo
Fisher Scientific), 50 pg/mL 1r-ascorbic acid 2-phosphate sesquimagne-
sium salt hydrate (Nacalai Tesque Inc., Kyoto, Japan), 1 % non-essential
amino acids (Thermo Fisher Scientific), 2 mM 1-glutamine (Thermo
Fisher Scientific) and 1 pM all-trans retinoic acid (Fujifilm Wako, Osaka,
Japan), in the presence of 10 pM Y-27632. Two days later, the medium
was replaced with 100 % osteogenic induction medium without Y-
27632. Cells were cultured up to 49 days with medium being refreshed
every 2 or 3 days.
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2.5. Measurement of intact FGF23 levels in conditioned media

iPSCs were induced to differentiate to osteoblast lineage cells for 49
days as described above. Cells were then incubated in fresh media for an
additional 72 h to harvest conditioned media for the measurement of
intact FGF23 levels using an ELISA kit (Kainos Laboratories, Tokyo,
Japan). The amount of FGF23 in conditioned media was standardized to
the protein content of cell lysates.

2.6. Assays for in vitro mineralization

To assess the in vitro mineralization ability of osteoblast lineage cells
differentiated from iPSCs, Alizarin red staining and the Osteolmage™
Mineralization Assay (Lonza, Basel, Switzerland) were performed.
Regarding Alizarin red staining, cells in culture were washed twice with
phosphate-buffered saline (PBS) and then fixed in 95 % methanol at
room temperature for 20 min. Fixed cells were then repeatedly washed
with water and stained with 40 mM Alizarin red S (Sigma-Aldrich, pH
5.4) at room temperature for 20 min. Stained cells were washed thor-
oughly and air dried. Alizarin red-positive areas were measured using
ImageJ software.

The Osteolmage™ Mineralization Assay (Lonza) specifically quan-
titates hydroxyapatite. According to the manufacturer’s instructions,
hydroxyapatite was stained with OsteoImage™ fluorescent dye and
quantified on a fluorescence plate reader using 492 nm excitation and
520 nm emission wavelengths.

2.7. Isolation of osteoblast/osteocyte lineage cells from mouse bones

In some experiments, we analyzed osteoblasts and osteocytes that
were freshly isolated from mouse bones. Animal experiments were
performed in accordance with the “Guidelines for Proper Conduct of
Animal Experiments” formulated by the Scientific Council of Japan,
after the approval of protocols by the Institutional Animal Care and Use
Committee of Osaka Women’s and Children’s Hospital (Permit number:
BMR-2020-1). Phex-deficient Hyp mice were initially obtained from the
Jackson Laboratory (Bar Harbor, ME, USA) and were bred to produce
male hemizygotes (Phex™P/Y) and their WT littermates. All mice were
fed standard mouse chow (CE-2; CLEA Japan) and tap water ad libitum
and were maintained under a 12-hour light/dark cycle.

Primary osteoblasts and osteocytes were isolated from the femurs
and tibiae of 10-week-old male Hyp mice and WT littermates as we
previously reported [8,20,21]. Briefly, minced bones were sequentially
digested with 1.25 mg/mL collagenase (Fujifilm Wako) in Ca®*-free,
Mg2+—free Hanks’ Balanced Salt Solution (HBSS) at 37 °C for 15 min
twice (first and second rounds) and then for 20 min three times (third to
fifth rounds). After each step of digestion, cells released from bone were
collected through a 100-pm nylon cell strainer as Fractions 1 to 5,
respectively. Bone pieces were then decalcified with 4 mM ethylene
glycol tetraacetic acid (EGTA) in HBSS for 15 min and then digested with
1.25 mg/mL collagenase for 20 min to harvest cells as Fractions 6 and 7,
respectively. This procedure was repeated to collect cells as Fractions 8
and 9. Based on the expression profiles of marker genes, Fractions 3-5
were considered to be rich in osteoblasts, while Fractions 6-9 were rich
in osteocytes [8,20]. The volumes of collagenase solution and EGTA
solution were adjusted according to the body weight of mice.

2.8. Real-time RT-PCR analysis

To quantify mRNA expression, real-time RT-PCR was performed
using TagMan® Gene Expression Assays and the StepOne Plus Real-
Time PCR System (Applied Biosystems, Foster city, CA, USA). In the
analysis of PHEX expression, we also performed SYBR Green I-based
real-time PCR using the primers shown in Supplemental Table S1. To
generate a standard curve, serial 10-fold dilutions of the pT7-Blue vector
(Novagen) containing the amplicon of interest were included in the
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assay. The copy number of the target cDNA was estimated by referring to
the standard curve and was standardized to that of Gapdh cDNA in each
sample.

2.9. Western blotting

Whole cell lysates were prepared in RIPA buffer containing 1 %
Triton, 1 % Na deoxycholate, 0.1 % SDS, 150 mM NaCl, 10 mM Tris-Cl
(pH 7.4), 5 mM EDTA, orthovanadate, NaF and the protease inhibitor
cocktail Complete™ (Roche Diagnostics, Mannheim, Germany). Equal
amounts of protein were separated on SDS-PAGE and were transferred to
PVDF membranes (BioRad Laboratories, Hercules, CA). After blocking
with Blocking One P reagent (Nacalai Tesque Inc.) or Block Ace reagent
(Dainippon Pharmaceuticals, Osaka, Japan), the membranes were
incubated at 4 °C overnight with the following primary antibodies: anti-
DMP1 rabbit polyclonal antibody (TaKaRa, Shiga, Japan), anti-OPN
rabbit polyclonal antibody (ProteinTech, Rosemont, IL, USA), anti-
PiT1 (SLC20A1) rabbit polyclonal antibody (H-130; Santa Cruz
Biotechnology, Santa Cruz, CA), anti-SLC20A2 (PiT-2) rabbit polyclonal
antibody (ProteinTech), anti-GAPDH goat polyclonal antibody (V-18;
Santa Cruz Biotechnology), anti-phosphorylated ERK1/2 antibody, anti-
ERK1/2 antibody, anti-phosphorylated CREB (Ser133) antibody, anti-
CREB antibody, anti-phosphorylated FRS2a antibody (Cell Signaling
Technology, Beverly, MA, USA), and anti-FRS2a antibody (Santa Cruz
Biotechnology). Membranes were then incubated with the correspond-
ing horseradish peroxidase (HRP)-conjugated secondary antibodies,
followed by signal detection using the enhanced chemiluminescence
system (GE Healthcare, Buckinghamshire, UK). Densitometry was per-
formed using ImageJ software to quantify signal intensities.

2.10. Measurement of extracellular pyrophosphate (PPi), ATP, and Pi
levels

iPSCs were induced to differentiate into osteoblast lineage cells for
49 days. The medium was then refreshed, followed by the collection of
72-hour conditioned media and cell lysates. PPi in conditioned media,
which was regarded as extracellular PPi, was assayed using a PPi Assay
kit (BioVision, Milpitas, CA, USA) and standardized to the protein con-
tent of cell lysates. We also measured adenosine triphosphate (ATP)
levels in conditioned media using a CellTiter-Glo® 2.0 Assay kit
(Promega). Pi concentrations in conditioned media were assayed using a
Phospho-C test kit (Fujifilm Wako).

2.11. Measurement of tissue non-specific alkaline phosphatase (TNSALP)
enzymatic activity

Cell lysates were harvested in RIPA buffer from PHEX-KO and
isogenic control 610B1 iPSCs on Day 49 of osteogenic induction.
TNSALP activity in lysates was assayed using p-nitrophenylphosphate as
a substrate in glycine alkaline buffer containing MgCl,. The reaction was
performed at 37 °C for 30 min, and TNSALP activity was assessed by
referring to a p-nitrophenol (p-NP) standard and normalized to the
protein content in each sample.

ALP activity was also visualized by ALP cell staining. Cells in culture
were washed once with PBS and then fixed in 3.7 % formaldehyde so-
lution at 4 °C for 10 min. Fixed cells were then repeatedly washed with
PBS and stained with premixed ALP substrate solution (Fujifilm Wako)
at 37 °C for 30 min. Stained cells were washed with water thoroughly
and air dried. Positively stained areas were measured using ImageJ
software.

2.12. Statistical analysis
The Mann-Whitney U test was performed to compare data between 2

groups. To compare data among 3 or more groups, we used a one-way
analysis of variance (ANOVA) and Tukey-Kramer’s and Dunnett’s post
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hoc tests.
3. Results

3.1. Induction of PHEX expression by the differentiation of control iPSCs
into the osteoblast lineage

We initially confirmed the induction of PHEX expression by the
osteoblastic differentiation of control iPSCs. The 610B1 iPSC clone
derived from a healthy male was subjected to osteogenic differentiation,
as described in Methods Section 2.4., up to Day 49 (Fig. 1A). RNA was
extracted on Days 14, 28, and 49 to examine time changes in the
expression of RUNX2 and PHEX. The expression of RUNX2, the gene
encoding the master transcription factor for osteoblast differentiation,
peaked on Day 28 and then declined. On the other hand, the expression
of PHEX was detected on Day 14 and increased up to Day 49 (Fig. 1B).

A
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Alizarin red staining revealed a gradual increase in mineralized nodules
(Fig. 1C). We also confirmed the accumulation of hydroxyapatite using
Osteolmage™ fluorescent dye, which specifically binds to hydroxyapa-
tite (Fig. 1D). These results verified that 610B1 iPSCs were successfully
induced to differentiate into the osteoblast lineage and acquired the
expression of PHEX.

3.2. Generation of PHEX-KO human iPSCs by CRISPR/Cas9-mediated
gene ablation

We applied CRISPR/Cas9-mediated gene ablation to 610B1 iPSCs in
order to generate iPSCs deficient for the PHEX gene. Since the 610B1 iPS
clone is derived from a healthy male, it carries only one allele of the
PHEX gene locus. We introduced two sgRNAs targeted to exons 1 and 3
of PHEX, respectively, into 610B1 iPSCs together with the recombinant
Cas9 protein. In PHEX-KO clone #1 iPSCs, a deletion extending from

Day -3 Day 0 Day 2 Day 49
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RUNX2 PHEX
g (x102) i E(x1o-4) o
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o
X ole== X o L]
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Osteoimage™

Fig. 1. Induction of PHEX expression during differentiation into the osteoblast lineage in control iPSCs derived from a healthy male.

(A) Schematic overview of the protocol for the osteogenic induction of human iPSCs. Cells were plated on Day 0 in the mixture of 20 % feeder-free (FF) medium and
80 % osteogenic induction (OI) medium containing a ROCK inhibitor. Two days later, the medium was replaced with 100 % OI medium, and cells were cultured for
up to 49 days. (B) Real-time PCR for the expression of RUNX2 and PHEX during the osteogenic differentiation of the human iPSC line 610B1 derived from a healthy
male. The copy number of the target cDNA was estimated by referring to a standard curve and was normalized based on that of GAPDH. Data are shown as the mean
+ 8D (n = 3). *, p < 0.05 and **, p < 0.01. (C) Alizarin red staining of 610B1 iPSCs after osteogenic induction for the indicated periods. (D) Fluorescence image of
Osteolmage™-stained hydroxyapatite accumulation and phase contrast image of the same region of the culture of 610B1 iPSCs on Day 21.
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exon 1 to exon 3 resulted in a frameshift, creating a truncated protein
consisting of 35 amino acids (c.95-254del, p.Leu33MetfsTer4) (Fig. 2A).
Since the WT PHEX protein consists of 749 amino acids, the truncated
protein with only 35 amino acids is assumed to be non-functional.
Genomic PCR using the primer pair Exla-F and Intl-R amplified a
714-bp fragment only in the control 610B1 iPSCs isogenic except for
PHEX. On the other hand, genomic PCR using the primer pair Ex1a-F and
Int3-R amplified a 696-bp fragment in PHEX-KO #1 iPSCs, while no
products were detected in isogenic control 610B1 iPSCs, which may
have been due to the presence of long introns (Fig. 2B). We then induced
the osteoblastic differentiation of PHEX-KO #1 iPSCs and isogenic
control 610B1 iPSCs by following the protocol shown in Fig. 1A, and
extracted RNA on Day 49 to examine the expression of PHEX transcripts.
As expected, RT-PCR using the primer pair Ex1b-F and Ex5-R amplified
684-bp and 524-bp fragments in osteoblast lineage cells differentiated
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from control iPSCs and those from PHEX-KO #1 iPSCs, respectively. In
addition, RT-PCR using the primer pair Ex2-F and Ex3-R produced a
116-bp fragment in osteoblast lineage cells differentiated from control
iPSCs, while no products were detected in those from PHEX-KO #1 iPSCs
(Fig. 2C). We also performed real-time RT-PCR using the primer pair
Ex2-F and Ex3-R and verified that the product was not detectable in
osteoblast lineage cells from PHEX-KO #1 iPSCs (Fig. 2D). These results
confirmed that osteoblast lineage cells differentiated from PHEX-KO #1
iPSCs lost the functional transcripts of the PHEX gene. We then collected
72-hour conditioned media from PHEX-KO #1 and isogenic control
iPSCs after osteogenic induction for 49 days and measured intact FGF23.
The levels of FGF23 produced were significantly higher in osteoblast
lineage cells differentiated from PHEX-KO #1 iPSCs than in those from
control iPSCs (Fig. 2D).

In consideration of the possibility of clonal differences, we also

< & & &

2> D o %)

;)‘\ & ‘?0\0 & 2 S 2‘3’

S %—1 B ]-~4- £ }-h--{Bal-4 - B}
Control c.95 c.g54

,\\s ,Q ) = Q-
AN /,/',Q' @
& K E <

S < <€
cmmee-[Ext N Ex3 e[ Bt b= g Ex5

I

PHEX-KO #1 (c.95-254del; p.Leu33MetfsTer4)

B

°
-
S 0
t X
¢ X
o W
2 T
Ex1a-F/Int1-R

] e I::IIII

X

& |Ex1a-F/Int3-R =

D
PHEX
Ex2-F/Ex3-R

3 ( )

&

9

zad{

i)

9 2

o

s 0 undetected

o Isogenic PHEX-KO

control #1

Fig. 2. Generation of PHEX-KO iPSCs.

Cc

°
E -
& 3
L ¥
c :
[T
& U
2 T
» | Ex1b-FIEX5-R =
w
T
% | Ex2-FEX3-R =
oo D
i-FGF23
15 1 *
c
£
2 10
1
o
=]
E 5
o)
o
0-

Isogenic PHEX-KO
control #1

(A) Schematic representation of the CRISPR/Cas9-mediated gene ablation of PHEX. The white boxes represent exons, and the black boxes indicate initiation codons.
The arrowheads and scissors show the positions of target sequences for sgRNAs. The arrows represent the primers for PCR and their direction. In the PHEX-KO #1
clone, a deletion extending from exon 1 to exon 3 resulted in a frameshift, creating a truncated protein consisting of 35 amino acids (c.95-254del, p.Leu33MetfsTer4).
(B) Genomic PCR using the indicated primer pairs and genomic DNA extracted from PHEX-KO #1 and isogenic control iPSCs. (C) RT-PCR using the indicated primer
pairs and RNA extracted on Day 49 of the osteogenic induction of PHEX-KO #1 and isogenic control iPSCs. (D) SYBR Green-based real-time PCR using RNA extracted
on Day 49 of osteogenic induction and the primer pair Ex2-F and Ex3-R. (E) Overproduction of FGF23 in osteoblast lineage cells derived from PHEX-KO #1 iPSCs.
After osteogenic induction for 49 days, 72-hour conditioned media were harvested for the measurement of intact FGF23 by ELISA. FGF23 amounts were normalized

based on the protein content of cell lysates. Data are shown as the mean + SD (n = 4).

*, p < 0.05.
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analyzed another PHEX-KO iPSC clone (designated as PHEX-KO #2
iPSCs) in addition to PHEX-KO #1 iPSCs in the present study. PHEX-KO
#2 iPSCs were found to have a deletion extending from exon 1 to exon 3,
creating a truncated protein consisting of 25 amino acids (c.76-254del,
p-Phe26Ter).

3.3. Similar viability and cytotoxicity between PHEX-KO and isogenic
control iPSCs

We then evaluated the cell viability and cytotoxicity of undifferen-
tiated PHEX-KO #1, #2 and isogenic control iPSCs using the MultiTox-
Fluor Multiplex Cytotoxicity Assay (Promega). In the comparison be-
tween PHEX-KO #1 and isogenic control iPSCs, the numbers of live cells
and those of dead cells were both similar at all time points. Furthermore,
no significant differences were observed in the AFC/R110 ratio, an index
for the ratio of live cells to dead cells (Fig. 3). Similar results were ob-
tained in the comparison between PHEX-KO #2 and isogenic control
iPSCs (Supplemental Fig. S1). Therefore, PHEX deficiency appeared to
have negligible impact on the viability and cytotoxicity of iPSCs.

3.4. Enhanced in vitro mineralization in osteoblast lineage cells
differentiated from PHEX-KO iPSCs than in those from the isogenic control
iPSCs

We then induced PHEX-KO and isogenic control iPSCs to differen-
tiate into the osteoblast lineage using the protocol shown in Fig. 1A.
Under these culture conditions, p-glycerophosphate was used as a donor
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of Pi. In Alizarin red staining, which detected calcium microcrystals, the
positively stained area was significantly larger in the osteogenic culture
of both PHEX-KO #1 and #2 iPSCs than in that of isogenic control iPSCs
(Fig. 4A, B, Supplemental Fig. S2A). Therefore, we performed the
Osteolmage™ Mineralization Assay (Lonza) to quantify the content of
hydroxyapatite. Consistent with the results of Alizarin red staining, the
hydroxyapatite content was higher in the osteogenic culture of PHEX-KO
#1 and #2 iPSCs than in that of isogenic control iPSCs (Fig. 4C, D,
Supplemental Fig. S2B). These results suggest that PHEX-deficient
osteoblast lineage cells may have an increased capacity for mineraliza-
tion under in vitro conditions with sufficient Pi, lacking the effects of the
kidneys.

3.5. Increased levels of extracellular PPi and ATP and reduced TNSALP
activity in osteoblast lineage cells derived from PHEX-KO iPSCs

Osteoblast lineage cells differentiated from both PHEX-KO #1 and
#2 iPSCs showed more mineralization than those from isogenic control
iPSCs. Since extracellular PPi inhibits the nucleation and growth of
hydroxyapatite crystals, we measured extracellular PPi levels in the 72-
hour conditioned media of PHEX-KO and isogenic control iPSCs har-
vested on Day 49 of osteogenic induction. The extracellular level of PPi
was higher in osteoblast lineage cells differentiated from PHEX-KO #1
and #2 iPSCs than in those from isogenic control iPSCs (Fig. 5A, Sup-
plemental Fig. S2D), which excluded the possibility that increased
mineralization in the osteogenic culture of PHEX-KO iPSCs was caused
by a decrease in extracellular PPi.

Dead Cell

1 Isogenic Cont.
Bl PHEX-KO #1

-
3]
[=3
(=3
o

10000 -

5000 -

Lom [

Day2 Day4 Day6

R110 Fluorescence (RFU)

Live cell/Dead cell

0.03 -

0.02 -

0.01 -

AF/R110

] Isogenic Cont.
Il PHEX-KO #1

Day2 Day4 Day6

Fig. 3. Similar viability/cytotoxicity between PHEX-KO #1 and isogenic control iPSCs.

PHEX-KO #1 and isogenic control iPSCs were plated at 1 x 10° cells/well on 96-well plates and cultured for up to 6 days. The numbers of live cells and dead cells
were determined at the indicated time points using a MultiTox-Fluor Multiplex Cytotoxicity Assay. The AFC/R110 ratio was calculated as an index for the ratio of live
cells to dead cells. Data are shown as the mean + SD (n = 4). No significant differences were observed in any parameters between PHEX-KO #1 and isogenic

control iPSCs.
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Fig. 4. Enhanced mineralization in osteoblast lineage cells derived from PHEX-KO #1 iPSCs compared to those from isogenic control iPSCs.

PHEX-KO #1 and the isogenic control iPSCs were plated at 4 x 10° cells/well on 12-well culture plates coated with iMatrix-511 silk and were induced to differentiate
into osteoblast lineage cells. (A, B) Alizarin red staining assay on Day 49 of osteogenic induction. Quantification data of Alizarin red-stained areas are shown in (B).
(C, D) Staining and quantification of hydroxyapatite by the Osteolmage™ assay on Day 49 of osteogenic induction. In (C), Osteolmage™:-stained nodules and phase
contrast images of the same field are shown. In (D), the hydroxyapatite content on Day 49 was quantified by reading stained plates on a fluorescence plate reader
using 492 nm excitation and 520 nm emission wavelengths. Data in the graphs are shown as the mean + SD (n = 3). *, p < 0.05.

We then examined the enzymatic activity of TNSALP, an ectoenzyme
that hydrolyzes extracellular PPi to produce Pi. TNSALP enzymatic ac-
tivity on Day 49 of osteogenic induction was lower in PHEX-KO #1 and
#2 iPSCs than in control iPSCs (Fig. 5B, Supplemental Fig. S2C).
Therefore, the elevated level of extracellular PPi in osteoblast lineage
cells from PHEX-KO iPSCs may be partly explained by a reduction in
TNSALP activity. The expression of the ALPL gene encoding TNSALP
was lower in osteoblast lineage cells from PHEX-KO #2 iPSCs than in
those from isogenic control iPSCs; however, the reduction was not sig-
nificant in PHEX-KO #1 iPSCs (Fig. 5D, Supplemental Fig. S2F).

Since we and others previously reported that extracellular ATP also
serves as a substrate for TNSALP [22,23], we examined ATP levels in
conditioned media. Extracellular ATP levels were significantly elevated
in osteoblast lineage cells from PHEX-KO #1 iPSCs, but not in those from
PHEX-KO #2 iPSCs (Fig. 5C, Supplemental Fig. S2E).

In addition to TNSALP, ANKH and ectonucleotide pyrophosphatase/
phosphodiesterase 1 (ENPP1) have been shown to play a role in the
regulation of extracellular PPi levels. ANKH transports PPi from the
intracellular to extracellular space, whereas ENPP1 hydrolyzes ATP to
adenosine monophosphate (AMP) and PPi [24,25]. We assessed their
expression levels in the osteogenic culture of PHEX-KO #1 iPSCs on Day
49 and found no significant difference from those in isogenic control
iPSCs (Fig. 5E, F).

Since osteoblast lineage cells derived from PHEX-KO #1 and #2
iPSCs showed increased mineralization despite elevated levels of
extracellular PPi, we also measured the concentration of extracellular Pi
in 72-hour conditioned media harvested on Day 49 of osteogenic

induction. Extracellular Pi levels were significantly higher in osteoblast
lineage cells from PHEX-KO #1 iPSCs (Fig. 5G), but did not significantly
differ between PHEX-KO #2 and isogenic control iPSCs (Supplemental
Fig. S2G). Since the type Il Na*/Pi co-transporters PiT-1 and PiT-2 are
involved in the regulation of extracellular Pi levels in osteoblastic cells
[22], we examined their protein expression by Western blotting. The
protein amount of PiT-1 was lower in osteoblast lineage cells differen-
tiated from PHEX-KO #1 and #2 iPSCs than in those from control iPSCs
(Fig. 5H, Supplemental Fig. S2H), which may have inhibited the uptake
of Pi from the extracellular milieu. The amount of PiT-2 was similar
between PHEX-KO and isogenic control cells (Fig. 5I, Supplemental
Fig. S2I).

3.6. Increased expression of Opn, Dmp1, Runx2, Fgfr1, and early growth
response 1 (Egrl) in osteoblasts/osteocytes of Phex-deficient Hyp mice

To date, the Phex-deficient Hyp mouse has markedly contributed to
research on the pathogenesis of XLH. We previously reported that the
expression of multiple genes, including Dmp1, canonical FGF ligands
(Fgf1 and Fgf2), and FGF receptors were up-regulated in the osteocytes of
Hyp mice [8]. To confirm these findings and examine the expression of
additional genes, we isolated osteoblasts and osteocytes from the femurs
and tibiae of 12-week-old male Hyp (Phex'?/Y) mice and WT litter-
mates. Minced bones were subjected to sequential digestion with
collagenase and decalcification with EGTA, and the cells released after
each step were collected as fractions. Fresh cells of Fractions 3 to 5 and
those of Fractions 6 to 9 were combined, and RNA was extracted for a
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Fig. 5. Increased levels of extracellular PPi and ATP and reduced activity of TNSALP in osteoblast lineage cells derived from PHEX-KO #1 iPSCs.

PHEX-KO #1 and isogenic control iPSCs were induced to differentiate into the osteoblast lineage for 49 days, and 72-hour conditioned media (CM) and cells were
harvested. (A) Extracellular levels of PPi in CM. Values were normalized based on the protein content in cell lysates. (B) Enzymatic activity of TNSALP in cell lysates
measured using p-nitrophenylphosphate as a substrate. (C) Extracellular levels of ATP in CM. Values were normalized based on the protein content in cell lysates. (D-
F) The expression of ALPL (D), ANKH (E), and ENPP1 (F) analyzed by real-time PCR. The copy number of target cDNA was normalized based on that of GAPDH. (G)
Extracellular levels of Pi in CM. (H, I) The protein expression of type III Na*/Pi co-transporters PiT-1 (H) and PiT-2 (I) analyzed by Western blotting. The results of
densitometry are shown in the bottom graphs. Data in the graphs are shown as the mean + SD (n = 3-6). *, p < 0.05.

real-time PCR analysis. We used Fractions 3-5 and Fractions 6-9 as
osteoblast-rich and osteocyte-rich cells, respectively, based on our pre-
vious studies [8,20,21].

Consistent with our previous findings [8], the expression of Kera (an
osteoblast marker), Dmp1, Fgfr1, Fgf2, and early growth response 1 (Egrl),
a downstream target for FGFR activation, was markedly higher in Hyp
cells than in WT cells. In addition, the expression of Runx2 and Opn (also
known as Spp1) was higher in Hyp cells than in WT cells (Fig. 6), indi-
cating that the expression of multiple genes was dysregulated in the
osteoblast lineage cells of Phex-deficient Hyp mice.

3.7. Increased expression of OPN, DMP1, RUNX2, FGFR1 and EGR1 in
osteoblast lineage cells derived from PHEX-KO iPSCs

We then investigated whether gene dysregulation similar to that
found in the osteoblasts/osteocytes of Hyp mice was shared by the
osteoblast lineage cells differentiated from human PHEX-KO iPSCs. We
performed Western blotting to examine the protein expression of OPN
and DMP1, both of which are members of the Small Integrin-Binding
Ligand, N-linked Glycoprotein (SIBLING) family of extracellular ma-
trix proteins. The protein expression of OPN was increased during the
osteoblastic differentiation of control iPSCs, and peaked on Day 28 in
PHEX-KO #1 iPSCs. At all time points, OPN protein expression was
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Fig. 6. Dysregulation of multiple genes in osteoblasts/osteocytes of Phex-deficient Hyp mice. Osteoblasts and osteocytes were isolated from the tibiae and femurs of
12-week-old male wild-type (WT) and Hyp mice by the sequential treatment of minced bones with collagenase and EGTA. RNA was extracted from the freshly isolated
cells of osteoblast (OB)-rich fractions (Fractions 3-5) and osteocyte (OCy)-rich fractions (Fractions 6-9) and was subjected to real-time PCR for the indicated genes.

Data are shown as the mean + SD (n = 3). *, p < 0.05.

higher in osteoblast lineage cells from PHEX-KO #1 iPSCs than in those
from isogenic control iPSCs (Fig. 7A). The expression of DMP1 was
progressively increased by osteogenic induction in both PHEX-KO #1
and isogenic control iPSCs, and was markedly up-regulated in PHEX-KO
#1 iPSCs (Fig. 7B). The increased protein expression of OPN and DMP1
was also confirmed in osteoblast lineage cells differentiated from PHEX-
KO #2 iPSCs (Supplemental Fig. S3A, B).

In real-time PCR, the expression of RUNX2, OPN, FGFR1 and EGR1
was higher at most of the time points examined in osteoblast lineage
cells from both PHEX-KO #1 and #2 iPSCs than in those from control
iPSCs (Fig. 7C, Supplemental Fig. S3C). Since EGR1 is a target gene of
FGFR signaling, its up-regulation suggests the enhanced activation of

FGFR signaling in osteoblast lineage cells derived from PHEX-KO iPSCs.
The expression of FGF2, which was also up-regulated in Hyp osteoblasts/
osteocytes, was similar between osteoblast lineage cells from PHEX-KO
#1 and those from control iPSCs. The expression of KLOTHO, which
encodes a co-receptor for FGF23, was also assessed in osteoblast lineage
cells from PHEX-KO #1 and control iPSCs, and was found to be very low
(Fig. 7Q).

3.8. Enhanced CREB phosphorylation and increased PTHRP expression
in osteoblast lineage cells derived from PHEX-KO iPSCs

We next investigated the impact of the deletion of PHEX on signaling
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Fig. 7. Up-regulation of SIBLING proteins, RUNX2, FGFR1, and EGR1 in osteoblast lineage cells derived from PHEX-KO #1 iPSCs.

PHEX-KO #1 and isogenic control iPSCs were induced to differentiate into the osteoblast lineage and were harvested at the indicated time points. (A, B) Western
blotting was performed to examine the protein expression of the SIBLING proteins OPN (A) and DMP1 (B). The membranes were re-probed with an anti-GAPDH
antibody, and densitometry was performed (bottom panels). (C) Real-time PCR was conducted to analyze the expression of the indicated genes. Data in the
graphs are shown as the mean + SD (n = 3). # P <0.05 *# P < 0.01 vs Day 14. *, p < 0.05.

pathways involved in osteoblastic differentiation. PHEX-KO iPSCs and
isogenic controls cells were subjected to osteogenic induction, and cell
lysates were harvested for Western blotting on Days 14, 28, and 49.

Since the expression of FGFR1 and EGR1 was up-regulated in oste-
oblast lineage cells derived from PHEX-KO #1 and #2 iPSCs (Fig. 7C,
Supplemental Fig. S3C), we examined the phosphorylation status of
FRS2a, an adaptor protein for FGFRs. The phosphorylation of FRS2a at
Tyr 196 appeared to be stronger in osteoblast lineage cells from PHEX-
KO iPSCs than in those from isogenic control iPSCs on Day 49 (Fig. 8A,
Supplemental Fig. S4A). The phosphorylation of extracellular signal-
regulated kinase (ERK) 1/2 was increased in osteoblast lineage cells
from PHEX-KO #1 and #2 iPSCs on Days 28 and 49 (Fig. 8B, Supple-
mental Fig. S4B).

We also found the increased phosphorylation of cyclic AMP response
element binding protein (CREB) at Ser133 in the osteoblast lineage cells

10

derived from both PHEX-KO #1 and #2 iPSCs (Fig. 8C, Supplemental
Fig. S4C). The phosphorylation of Smad 1 and Smad 5 at Ser463 and
Ser465 was similar between PHEX-KO and isogenic control cells
(Fig. 8D, Supplemental Fig. S4D).

Of note, the phosphorylation of CREB was markedly enhanced in
osteoblast lineage cells derived from the PHEX-KO iPSCs. One of the
major upstream molecules of the CREB pathway in osteoblast lineage
cells is PTH type 1 receptor (PTH1R) for parathyroid hormone (PTH)
and PTH-related protein (PTHrP), which is also called PTH-like hormone
(PTHLH) [26,27]. Since our osteogenic culture of iPSCs was indepen-
dent of the effects of the parathyroid, we examined the expression of
PTHRP (PTHLH) and found its up-regulation in osteoblast lineage cells
from PHEX-KO #1 and #2 iPSCs (Fig. 8E, Supplemental Fig. S4E). We
also confirmed that the expression of Pthrp was increased in osteoblasts
and osteocytes isolated from Hyp mice (Fig. 8F).
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Fig. 8. Enhanced phosphorylation of CREB and increased expression of PTHRP in osteoblast lineage cells differentiated from PHEX-KO #1 iPSCs.

(A-D) PHEX-KO #1 and isogenic control iPSCs were induced to differentiate into the osteoblast lineage, and cells were harvested at the indicated time points to
examine the phosphorylation of FRS2a at Tyr196 (A), ERK1/2 at Tyr180/Tyr182 (B), CREB at Ser133 (C), and Smadl and Smad5 at Ser463 and Ser465 (D) by
Western blotting. The results of densitometry are shown in the bottom graphs. (E) Real-time PCR for the expression of PTHRP in osteoblast lineage cells derived from
PHEX-KO #1 and isogenic control iPSCs. (F) The expression of Pthrp in osteoblast (OB)-rich and osteocyte (OCy)-rich cells isolated from WT and Hyp mice. Data in
graphs are shown as the mean + SD (n = 3). # P < 0.05 ** P < 0.01 vs Day 14. *, p < 0.05.

3.9. Effects of PHEX deficiency on gene responses to extracellular Pi in
osteoblast lineage cells derived from iPSCs

Previous studies have suggested that an elevation of extracellular Pi
evokes signal transduction to regulate gene expression, and the process
may involve FGFR and type IIl Na*t/Pi co-transporters [20,28-30]. Since
the expression of FGFR1 and PiT-1 was affected in osteoblast lineage
cells derived from PHEX-KO iPSCs, responses to extracellular Pi might be
altered in these cells. Therefore, we also examined the effects of PHEX
deficiency on gene responses to changes in extracellular Pi levels in
osteoblast lineage cells differentiated from the iPSCs. PHEX-KO and
isogenic control iPSCs were induced to differentiate to osteoblast lineage
cells for 42 days in the presence of B-glycerophosphate as described in

11

Materials and Methods Section 2.4. The medium was then changed to Pi-
free tMEM (Research Institute for the Functional Peptides, Yamagata,
Japan) supplemented with 20 % FBS and 1 or 4 mM Pi instead of
pB-glycerophosphate, and cells were cultured for an additional 1 week
(up to Day 49) before they were harvested. We performed real-time PCR
to analyze the expression of ALPL, OPN, FGFR1 and EGR1, the murine
orthologues of which were previously reported to be regulated by Pi in
vitro [21,30,31].

In osteoblast lineage cells derived from control iPSCs, the expression
of ALPL was lower in the presence of 4 mM Pi than in the presence of 1
mM Pi. On the other hand, in osteoblast linage cells differentiated from
PHEX-KO #1 and #2 iPSCs, no significant differences were observed in
ALPL expression between 1 and 4 mM Pi (Fig. 9A, Supplemental
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Fig. 9. Comparison of gene responses to extracellular Pi between osteoblast lineage cells derived from PHEX-KO #1 iPSCs and those from isogenic control iPSCs.
PHEX-KO #1 and isogenic control iPSCs were induced to differentiate into the osteoblast lineage. On Day 42, the OI medium was changed to media containing 1 or 4
mM Pi instead of B-glycerophosphate, and cells were cultured for an additional 7 days. On Day 49, cells were harvested for real-time PCR (A-D) and Western blotting
(E) to examine the expression of the indicated molecules. In (E), the results of densitometry are shown in the right panel. Data are shown as the mean + SD (n = 3). *,

p < 0.05.

Fig. S5A). The expression of OPN was slightly higher in the presence of 4
mM Pi in osteoblast lineage cells from both control iPSCs and PHEX-KO
iPSCs (Fig. 9B, Supplemental Fig. S5B, E). No obvious differences were
noted in the expression of FGFR1 and EGR1 between the 7-day treatment
with 1 mM Pi and that with 4 mM Pi in both PHEX-KO and isogenic
control iPSCs (Fig. 9C, D, Supplemental Fig. S5C, D).

4. Discussion

Accumulating evidence has suggested that mature osteoblasts and
osteocytes play central roles in Pi homeostasis [13,32,33]. These cells
express multiple molecules involved in Pi metabolism, which include
FGF23, PHEX and DMP1. The FGF23-mediated bone-kidney axis re-
duces serum levels of Pi by increasing renal Pi excretion and decreasing
the levels of 1,25(OH);D. Inactivation of the PHEX gene causes XLH,
which is the prototypic hypophosphatemic rickets/osteomalacia

characterized by renal Pi wasting, hypophosphatemia, and reduced
levels of serum 1,25(0OH),D [1,2]. The administration of oral phosphate
salts and active vitamin D metabolites has been a conventional medical
treatment for the correction of hypophosphatemia and insufficient levels
of serum 1,25(0H),D, [1,2]. Since the overproduction of FGF23 in bone
is responsible for renal Pi wasting, hypophosphatemia, and impaired
vitamin D metabolism in XLH, the anti-FGF23 antibody burosumab has
been developed to treat XLH patients [34-37]. In addition to hypo-
phosphatemic rickets/osteomalacia, patients with XLH may also have a
disproportionately short stature and dental abscess formation. Adult
patients often develop complications such as osteoarthritis and enthe-
sopathies [1,2,38]. Therefore, clinical manifestations in patients with
XLH are complex. Mechanisms other than the overproduction of FGF23
also appear to be involved in the pathogenesis of XLH because previous
mouse studies suggested that Phex-deficient osteoblast lineage cells have
complex abnormalities [8,14,15]. However, among the findings
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obtained from mouse models, it remains unclear which may be applied
to human XLH. For example, the extent of elevations in serum FGF23
levels differ between Phex-deficient Hyp mice and human patients with
XLH; they are higher than 1000 pg/mL in Hyp mice, but <100 pg/mL in
the majority of XLH patients [6,8,39].

A more detailed understanding of the precise mechanisms underly-
ing the pathogenesis of human XLH has been hindered partly due to the
difficulties associated with obtaining sufficient osteoblasts and osteo-
cytes for analyses from human subjects. Therefore, we herein generated
PHEX-deficient human iPSCs and induced them to differentiate into the
osteoblast lineage for use as a cell model of osteoblasts/osteocytes in
human XLH. After confirming that control 610B1 iPSCs derived from a
healthy male acquired the expression of RUNX2 and PHEX when
cultured in osteogenic medium (Fig. 1B, C), we applied CRISPR/Cas9-
mediated genome editing to these cells and generated PHEX-KO iPSCs.
This approach has enabled us to compare characteristics between oste-
oblast lineage cells derived from PHEX-KO iPSCs and those from control
iPSCs isogenic except for the PHEX gene.

In the present study, we used an osteogenic medium containing
B-glycerophosphate as a donor of Pi, based on a previous study [18]. To
clarify the intrinsic abnormalities of PHEX-deficient osteoblast lineage
cells independent of the effects of hypophosphatemia caused by the
FGF23-mediated bone-kidney axis, we cultured PHEX-KO and isogenic
control iPSCs using the same osteogenic medium containing 10 mM
B-glycerophosphate. In vitro mineralization under these culture condi-
tions was significantly greater in the osteogenic culture of PHEX-KO #1
and #2 iPSCs than in that of isogenic control iPSCs in both the Alizarin
red staining assay and Osteolmage™ hydroxyapatite quantification
assay (Fig. 4, Supplemental Fig. S2A, B). These results suggest that
PHEX-deficient osteoblast lineage cells have an increased capacity to be
mineralized in the presence of sufficient extracellular Pi. Interestingly,
we found that the concentration of Pi in 72-hour conditioned media was
higher in osteoblast lineage cells from PHEX-KO #1 iPSCs than in those
from isogenic control iPSCs (Fig. 5G), which may have facilitated the
propagation of hydroxyapatite and increased mineralization. We pre-
viously demonstrated that the CRISPR/Cas9-mediated gene ablation of
Pitl or Pit2 in the murine osteoblastic cell line MC3T3-E1 increased
extracellular Pi levels by reducing its uptake into cells, which led to
accelerated mineralization [22]. In the present study, the protein
amount of PiT-1 was decreased in the osteoblast lineage cells derived
from PHEX-KO #1 iPSCs (Fig. 5H), which may be involved in the in-
crease observed in extracellular Pi. The decrease in the amount of PiT-1
was also confirmed in osteoblast lineage cells derived from PHEX-KO #2
iPSCs (Supplemental Fig. S2H); however, the increased level of extra-
cellular Pi was not detected (Supplemental Fig. S2G), which may have
been due to the rapid incorporation of extracellular free Pi into growing
hydroxyapatite.

The accelerated mineralization in the osteogenic culture of PHEX-KO
iPSCs reminded us of high bone mineral density and enthesopathy, a
frequent complication in patients with XLH [38]. Clinical studies
demonstrated that bone mineral apparent density of the lumber spine
was elevated in children and adults with XLH compared to the reference
groups, regardless of extra-skeletal calcifications [40,41]. Enthesopathy
starts with the ectopic calcification of tendons and ligaments, and pro-
gressively forms osteophytes. It often affects spinal ligaments leading to
spinal stenosis. Based on the current data, we speculate that increased Pi
levels in the local extracellular microenvironment due to the dysregu-
lation of PiT-1 might be involved in the high bone mass and enthesop-
athy in XLH. Conventional medical treatment for XLH using oral
phosphate salts and active vitamin D neither prevented nor ameliorated
enthesopathies [38]. The effects of burosumab on the prevention or
treatment of enthesopathies have yet to be clarified.

Skeletal mineralization has been considered to be regulated mainly
by the balance between extracellular Pi and PPi levels [42]. Extracel-
lular Pi binds to calcium ions to produce calcium-phosphate crystals of
hydroxyapatite, which accumulate and propagate on collagen fibrils in
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the extracellular matrix of bone. On the other hand, PPi inhibits
mineralization by preventing the formation and growth of hydroxyap-
atite. TNSALP is an ectoenzyme that is present on the plasma membrane
of osteoblast lineage cells and facilitates skeletal mineralization by
degrading substrates such as PPi to generate Pi [42]. In the present
study, we found that extracellular levels of PPi were increased in oste-
oblast lineage cells from PHEX-KO iPSCs, which excluded the possibility
that accelerated mineralization was caused by reduction in extracellular
PPi (Fig. 5A, Supplemental Fig. S2D). This increase in extracellular PPi
appeared to be associated with a reduction in the activity of TNSALP
(Fig. 5B, Supplemental Fig. S2C). The expression of ENPP1 and ANKH,
genes that encode other regulators of the extracellular levels of PPi, was
not significantly affected by PHEX deficiency (Fig. 5E, F). Consistent
with the present results, Murali et al. previously reported a decrease in
the expression of Alpl encoding TNSALP and the accumulation of PPi in
the bones of Hyp mice and in their osteocytes [43]. They also found that
FGF23 suppressed the transcription of the Alpl gene via FGFR3 signaling
[44]. More recently, a spatial metabolomics study demonstrated the up-
regulation of several PPi-producing pathways in the cortical bone of Hyp
mice [45]. These findings together with the present results suggest that
PHEX/Phex deficiency induces the accumulation of extracellular PPi in
both humans and mice.

We and others previously reported that extracellular ATP also serves
as a substrate for TNSALP [22,23]. In parallel with this finding, reduced
TNSALP activity in osteoblast lineage cells from PHEX-KO #1 iPSCs was
associated with elevated levels of extracellular ATP (Fig. 5D); however,
no significant difference was observed in extracellular ATP levels be-
tween the osteogenic culture of PHEX-KO #2 iPSCs and that of isogenic
control iPSCs (Supplemental Fig. S2E), suggesting the complexity of the
regulation of extracellular ATP levels.

The present study revealed that PHEX/Phex deficiency in osteoblast
lineage cells caused the dysregulation of multiple genes, which was
similar between humans and mice (Figs. 6, 7 and Supplemental Fig. S3).
We found the up-regulation of OPN/Opn, also known as SPP1/Sppl, in
both osteoblast lineage cells differentiated from PHEX-KO iPSCs and the
osteoblasts/osteocytes of Phex-deficient Hyp mice. OPN and other SIB-
LINGs proteins, such as matrix extracellular phosphoglycoprotein
(MEPE) and DMP1, share the acidic serine-aspartate rich MEPE-
associated motif (ASARM) [14,46]. Full-length OPN and OPN-derived
ASARM peptides may both function as inhibitors of mineralization
[47]. A previous study demonstrated that the recombinant OPN protein
was degraded by PHEX in in vitro cleavage assays, and OPN fragments
accumulated in the bones of Hyp mice [14]. Since the deletion of the Opn
gene partially restored the skeletal phenotype of Hyp mice without
affecting the serum levels of Pi [15], the accumulation of OPN appears to
contribute to the pathogenesis of Hyp mice. It is important to note that
the present results revealed the mRNA expression of OPN/Opn increased
as well as its protein amounts in osteoblast lineage cells derived from
PHEX-KO iPSCs and the osteoblasts/osteocytes of Hyp mice (Figs. 6, 7B
and Supplemental Fig. S3C). Therefore, PHEX may suppress the mRNA
expression of OPN/Opn; however, this effect may be indirect. Beck, et al.
previously reported that extracellular Pi triggered signal transduction in
osteoblastic MC3T2-E1 cells to induce Opn expression [31,48]. There-
fore, the up-regulation of OPN expression in osteoblast lineage cells
derived from PHEX-KO iPSCs may be related to the altered availability of
extracellular Pi. In addition, since Runx2 is known to transactivate the
Opn gene [49], the increased expression of RUNX2/Runx2 (Figs. 6B, 7C
and Supplemental Fig. S3C) also may have contributed to the up-
regulation of OPN/Opn in PHEX/Phex deficiency.

The expression of DMP1/Dmpl was also increased in osteoblast
lineage cells differentiated from PHEX-KO iPSCs and the osteoblasts/
osteocytes of Hyp mice (Figs. 6, 7 and Supplemental Fig. S3). Since
DMP1/Dmpl is a member of the SIBLINGs family as well as OPN/Opn,
this result supports a close relationship between PHEX and SIBLINGs
proteins.

The increased expression of RUNX2/Runx2 in PHEX/Phex-deficient
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osteoblast lineage cells (Figs. 6B, 7C and Supplemental Fig. S3C) may
play an important role in the pathogenesis of XLH because RUNX2/
Runx2 functions as a fundamental transcription factor for skeletal
development and is essential for osteoblast differentiation and chon-
drocyte maturation [49]. Mouse studies have suggested that Runx2 in-
duces the commitment of multipotent mesenchymal cells into the
osteoblast lineage and promotes the differentiation of pre-osteoblasts
through mutual regulation with other signaling pathways, such as
FGF/FGFR, hedgehog, and Wnt. In differentiated osteoblasts, Runx2
transactivates the genes encoding extracellular matrix proteins,
including Collal, Colla2, osteocalcin, Dmpl, and Opn [49,50]. In
consideration of the multiple functions of RUNX2/Runx2 in osteoblasts,
its up-regulation may markedly contribute to the complex changes in
PHEX/Phex-deficient osteoblast lineage cells.

The up-regulation of RUNX2 may also be involved in the enhanced in
vitro mineralization in osteoblast lineage cells differentiated from PHEX-
KO iPSCs. Byers et al. demonstrated that the retrovirus-mediated over-
expression of Runx2 accelerated the mineralization in immature MC3T3-
El cells [51]. In addition, Gersbach et al. reported that the over-
expression of Runx2 induced the transdifferentiation of primary skeletal
myoblasts into a mineralizing osteoblastic phenotype [52].

Consistent with our previous findings [8], the expression of Fgfrl,
Fgf2, and Egrl was up-regulated in the osteoblasts/osteocytes of Hyp
mice (Fig. 6). We herein demonstrated that the expression of FGFR1 and
EGR1 was also higher in osteoblast lineage cells differentiated from
PHEX-KO #1 and #2 iPSCs than in those from isogenic control iPSCs
(Fig. 7 and Supplemental Fig. S3C). In addition, the phosphorylation of
FRS2a and ERK1/2 increased in osteoblast lineage cells differentiated
from PHEX-KO iPSCs (Fig. 8A, B, Supplemental Fig. S4A, B). These re-
sults indicate that PHEX/Phex deficiency in osteoblast lineage cells
enhanced FGFR signaling in both humans and mice. This is of interest
because FGFR1 has been suggested to play a role in sensing Pi avail-
ability. Previous cell studies demonstrated that a treatment with high Pi
affected gene expression through the activation of FGFR [20,29,30]. In
the MC3T3-E1 osteoblastic cell line, a treatment with high Pi up-
regulated the expression of Dmpl, which was abolished by a pre-
treatment with an FGFR inhibitor [20]. In mice, a high Pi diet
increased the skeletal expression of the Galnt3 (polypeptide N-acetylga-
lactosaminyltransferase 3) gene through the activation of FGFR1, which
led to increase in serum FGF23 levels [53]. Therefore, enhanced FGFR
signaling in osteoblast lineage cells differentiated from PHEX-KO iPSCs
and Hyp osteoblasts/osteocytes suggests the involvement of abnormal Pi
sensing in the pathogenesis of XLH.

It is important to note that the phosphorylation of CREB at Ser133
was markedly increased in osteoblast lineage cells derived from PHEX-
KO #1 and #2 iPSCs (Fig. 8C, Supplemental Fig. S4C). CREB belongs to
the CREB/activating transcription factor (ATF) family of transcription
factors and plays critical roles in the regulation of cell proliferation,
differentiation, apoptosis, and survival in response to various external
stimuli [54]. CREB is activated by GPCR-stimulating signals, such as
PTH, through the PKA-mediated phosphorylation of Ser133 and trans-
activates osteogenic genes including bone sialoprotein and osteocalcin
[55]. Previous studies demonstrated that the activation of cAMP/PKA/
CREB pathway increased RUNX2 expression in human mesenchymal
stem cells [56] and bone marrow stromal cells [57]. Furthermore, ChIP-
Atlas (https://chip-atlas.org), a data-mining suite powered by compre-
hensive integration of ChIP-seq data, suggests that RUNX2 is one of the
target genes of CREB1. The present results revealed the up-regulation of
RUNX2/Runx2 in osteoblast lineage cells derived from PHEX-KO iPSCs
and Hyp osteoblasts/osteocytes, which appeared to affect multiple genes
and cell behavior. According to ChIP-Atlas, the putative target genes of
RUNX2 include FGFR1, OPN, and DMPI1. Therefore, the enhanced
phosphorylation of CREB during the osteoblast differentiation may also
contribute to the pathogenesis of XLH, partly through the up-regulation
of RUNX2.

The present results suggest that the increased expression of PTHRP
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plays a role in the enhanced phosphorylation of CREB in osteoblast
lineage cells derived from PHEX-KO iPSCs. PTHrP as well as PTH act on
bone cells through PTH1R and the cyclic AMP/protein kinase A/CREB
pathway [26,27]. A previous study using osteoblast-specific Pthrp-KO
mice generated using Collal-Cre revealed that osteoblast-derived
PTHrP functioned as an endogenous bone anabolic factor that
augmented bone formation [58]. More recently, Ansari et al. reported
that the deletion of Pthrp in mature osteoblasts and osteocytes in mice
using the Dmp1-Cre driver reduced trabecular bone volume and osteo-
blast numbers and impaired the strength of cortical bone, but did not
affect osteoclast numbers [59]. Therefore, PTHrP derived from osteo-
blast lineage cells appears to function as an autocrine/paracrine regu-
lator of bone formation. Using the osteocytic cell line IDG-SW5 and
lactating mice on a low calcium diet, Jahn et al. suggested that osteo-
cytes may acidify their microenvironment in response to treatment with
PTHrP, and this acidification may lead to the removal of calcium from
perilacunar/pericanalicular matrices [60]. Based on these findings, we
speculate that the increased production of PTHrP by osteoblast lineage
cells may contribute to the formation of hypomineralized periosteocytic
lesions, a bone feature in XLH [61]. Boileau et al. demonstrated the
107-139-residue fragment of PTHrP was degraded by a recombinant
soluble, secreted form of human PHEX protein [62], which suggested a
relationship between PHEX and PTHrP. The mechanism by which
PHEX/Phex deficiency caused the up-regulation of PTHRP/Pthrp needs
to be clarified in future studies.

Previous studies suggested that FGFR1 and type III Na'/Pi co-
transporters have roles in the transduction of signals evoked by extra-
cellular Pi and/or Pi sensing. Therefore, we speculated that osteoblast
lineage cells derived from PHEX-KO cells with the dysregulated
expression of FGFR1 and PiT-1 may affect gene responses to extracel-
lular Pi. We herein examined the effects of a chronic treatment with
different levels of extracellular Pi and found that the treatment with
higher (4 mM) Pi down-regulated ALPL expression in osteoblast lineage
cells from isogenic control iPSCs but not in those from PHEX-KO iPSCs
(Fig. 9A, Supplemental Fig. S5A). This was interesting because our
previous study using WT mice demonstrated that a chronic treatment
with high Pi markedly suppressed Alpl expression in osteoblasts and
osteocytes isolated from adult mice but not in cells from young mice
[21]. Regarding OPN expression, it was slightly increased by the treat-
ment with higher Pi in osteoblast lineage cells from both PHEX-KO and
isogenic control iPSCs; however, its up-regulation was clearer in those
from PHEX-KO iPSCs (Fig. 9B, E, Supplemental Fig. S5B). It is important
to note that OPN expression was lower in PHEX-KO cells than in isogenic
control cells under this experimental condition, which was different
from the results obtained when cells were analyzed on Day 49 of the
osteogenic culture using p-glycerophosphate as a Pi donor (Fig. 7,
Supplemental Fig. S3). This difference suggests that the impact of the
change from p-glycerophosphate to Pi in media was stronger in osteo-
blast lineage cells from PHEX-KO iPSCs than in those from isogenic
control iPSCs. Although a 24-hour treatment with high Pi was previously
shown to increase the expression of Fgfrl and Egrl in the murine oste-
oblastic cell line MC3T3-E1l cells [20], the expression of FGFRI and
EGRI in the present study was not markedly affected by the 7-day
treatment with different levels of Pi (Fig. 9C, D, Supplemental
Fig. S5C, D). Further studies are needed to clarify how PHEX deficiency
affects the response to and regulation of extracellular levels of Pi in
osteoblast lineage cells.

Some previous studies analyzed primary cells obtained from patients
with XLH. For example, it was reported that cultured dermal fibroblasts
from XLH patients showed normal response to 1,25(0H),D [63]. Dental
pulp stem cells derived from exfoliated deciduous teeth of XLH patients
exhibited a higher expression of OPN, DMP1 and MEPE than those from
control subjects when cultured in an osteogenic medium [64]. The
PHEX-KO human iPSC model used in the current study will be a com-
plement to these approaches using primary cells from XLH patients. The
advantages of the iPSC model used here include the abundance of cells

Downloaded for Anonymous User (n/a) at Osaka Women's and Children's Hospital from ClinicalKey.jp by Elsevier on February
12, 2024. For personal use only. No other uses without permission. Copyright ©2024. Elsevier Inc. All rights reserved.


https://chip-atlas.org

T. Nakanishi et al.

and the availability of isogenic control cells.

There are also limitations in the current study. The increased
mineralization in the osteoblast lineage cells derived from PHEX-KO
iPSCs in vitro was different from the observation in vivo of XLH. Chronic
hypophosphatemia in XLH causes Pi deficiency in the bone microenvi-
ronment, which impairs the formation and propagation of hydroxyap-
atite crystals. We found that the increased expression of PTHRP/Pthrp,
RUNX2/Runx2, DMP1/Dmp1, OPN/Opn, FGFR1/Fgfr1 and EGR1/Egrl
was shared by both the osteoblast lineage cells differentiated from
PHEX-KO iPSCs and the osteoblasts/osteocytes isolated from Hyp mice
(Fig. 6, 7, 8E, F, Supplemental Fig. S3, S4F), which suggests that PHEX/
Phex deficiency itself leads to the up-regulation of these genes inde-
pendently of the extracellular Pi levels. However, since previous studies
including ours demonstrated that treatment with high Pi increased the
expression of Dmp1, Opn, Fgfrl and Egrl in MC3T3-E1 murine osteo-
blastic cell line [20,31], hypophosphatemia may influence the expres-
sion of these genes in vivo. The expression of ALPL/Alpl gene is usually
suppressed by an elevation of extracellular Pi [21,30], and hypo-
phosphatemia in vivo is likely to up-regulate the gene. Moreover,
impaired skeletal mineralization in vivo of XLH may affect the bone
microenvironment, which in turn may influence environmental signals
such as mechanical stress-induced signaling. Therefore, the pathogenic
mechanisms at work in vivo of XLH may be more complex than those
involved in the cell model used in the current study.

5. Conclusion

By utilizing PHEX-KO human iPSCs generated by CRISPR/Cas9-
mediated gene ablation, we obtained evidence to show that complex
intrinsic abnormalities in osteoblast lineage cells may contribute to the
pathogenesis of human XLH. Osteoblast lineage cells differentiated from
PHEX-KO iPSCs displayed enhanced mineralization than those from
isogenic control iPSCs, suggesting that PHEX-deficient osteoblast line-
age cells may have an increased mineralizing capacity under a sufficient
supply of Pi. The levels of extracellular PPi were increased in osteoblast
lineage cells differentiated from PHEX-KO iPSCs, which was partly due
to the reduced activity of TNSALP. The protein amount of PiT-1 was
decreased in osteoblast lineage cells differentiated from PHEX-KO iPSCs.
PHEX deficiency also resulted in the dysregulation of multiple mole-
cules, signaling pathways, and gene responses to extracellular Pi and in
human iPSCs-derived osteoblast lineage cells. Enhanced CREB pathway
associated with the up-regulation of PTHRP appeared to increase the
expression of RUNX2, which might have affected the expression of
various genes such as OPN and DMP] and capacity to be mineralized.
These results provide insights into the pathophysiology of XLH and may
contribute to the development of new therapeutic strategies for the
disease.
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SUPPLEMENTAL TABLE

Supplemental Table S1. Primer sequences utilized in genomic PCR and RT-PCR.

Primer name Sequence (5'-3")

Exla-F CTTGAAGTGGGTCCGGTGAA

Ex1b-F GTAGAAGAGCAAGAAAGCCTT
Int1-R ACACCACCTATGAACGCAGG
Ex2-F GAGTCAAGGTCTCTTAAGTC
Ex3-R TATCACAAGGATCCACAGAC
Int3-R TAAAGTGTATCACCAAACCCC
Ex5-R AATTGCTGTATTGACCACGAAA
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Supplemental Figure S1. Similar viability/cytotoxicity between PHEX-KO #2 and isogenic control
iPSCs. PHEX-KO #2 and isogenic control iPSCs were plated at 0.5x103 cells/well on
96-well plates and cultured for up to 7 days. The numbers of live cells and dead cells
were assessed at the indicated time points using a MultiTox-Fluor Multiplex
Cytotoxicity Assay. The AFC/R110 ratio was calculated as an index for the ratio of live
cells to dead cells. Data are shown as the mean + SD (n=4). No significant differences

were observed in any parameters between PHEX-KO #2 and isogenic control iPSCs.
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Supplemental Figure S2. Enhanced mineralization, increased extracellular PPi and reduced
TNSALP activity in osteoblast lineage cells derived from PHEX-KO #2 iPSCs.
PHEX-KO #2 and isogenic control iPSCs were induced to differentiate into the
osteoblast lineage for 49 days. (A) Alizarin red staining and quantification of the stained
area. (B) Staining and quantification of hydroxyapatite by the Osteolmage™ assay. (C)
Staining for TNSALP activity and quantification of the stained area. (D, E) The
extracellular levels of PPi (D) and ATP (E) in 72-hour conditioned media (CM). (F) The
expression of ALPL assessed by real-time PCR. (G) The extracellular levels of Piin 72-
hour CM. (H, I) Western blotting for the expression of type III Na*/Pi co-transporters
PiT-1 (H) and PiT-2 (I). The results of densitometry are shown in the bottom graphs.
Data in the graphs are shown as the mean + SD (n=3). *, p<0.05 and **, p<0.01.
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Supplemental Figure S3. Comparison of gene expression between osteoblast lineage cells
differentiated from PHEX-KO #2 iPSCs and those from isogenic control iPSCs.
PHEX-KO #2 and isogenic control iPSCs were induced to differentiate into the
osteoblast lineage cells. (A, B) Western blotting for the protein expression of OPN on
Day 28 (A) and DMPI1 on Day 49 (B). The results of densitometry are shown in the
bottom graphs. (C) Real-time PCR for the expression of RUNX2, OPN, FGFRI, and
EGRI on the indicated time points. The copy number of target cDNA was normalized
based on that of GAPDH. Data in the graphs are shown as the mean = SD (n=3). *,
P<0.05; #, P<0.01 vs Day 14. *, p<0.05.
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Supplemental Figure S4. Enhanced phosphorylation of CREB and increased expression of
PTHRP in osteoblast lineage cells differentiated from PHEX-KO #2 iPSCs.
PHEX-KO #2 and isogenic control iPSCs were induced to differentiate into the
osteoblast lineage, and cells were harvested at the indicated time points. (A-D) Western
blotting was performed to examine the phosphorylation of FRS2a at Tyr196 (A),
ERK1/2 at Tyr180/Tyr182 (B), CREB at Ser133 (C), and Smadl and Smad5 at Ser463
and Ser465 (D) The results of densitometry are shown in the bottom panels. (E) Real-
time PCR for the expression of PTHRP. Data in the graphs are shown as the mean = SD
(n=3).*, P<0.05; #, P<0.01 vs Day 14. *, p<0.05.



Supplemental Figure S5

B
(x104  ALPL (x103) OPN

T 3 T 3

: |- :

g 2 Q2 .

< =

9 )

g 1 @1

g IS

2 g

u’j 0 w o

PimM) 1 4 1 4 PimM) 14 1 4
Isogenic  PHEX-KO Isogenic  PHEX-KO
control #2 control #2

C D
< (x10%)  FGFR1 & (x109 EGR1
8 4

: :

3 e

5 4] — 5 2

2 2

o o

d o d g

Pi (mM) 1 4 1 4 Pi (mM) 1 4 1 4
Isogenic  PHEX-KO Isogenic  PHEX-KO
control #2 control #2

Supplemental Figure S5. Comparison of gene responses to extracellular Pi between osteoblast
lineage cells derived from PHEX-KO #2 iPSCs and those from isogenic control
iPSCs. PHEX-KO #2 and isogenic control iPSCs were induced to differentiate into the
osteoblast lineage. On Day 42, the Ol medium was changed to media containing 1 mM
Pi or 4 mM Pi instead of B-glycerophosphate, and cells were cultured for an additional
7 days. On Day 49, cells were harvested for real-time PCR to analyze the expression of
ALPL (A), OPN (B), FGFRI (C), and EGRI (D). Data are shown as the mean + SD
(n=3). *, p<0.05.
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