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Abstract

Patients with classical melorheostosis exhibit exuberant bone overgrowth in the appendicular
skeleton, resulting in pain and deformity with no known treatment. Most patients have somatic,
mosaic mutations in MAP2K1 (encoding the MEKZ1 protein) in osteoblasts and overlying skin. As
with most rare bone diseases, lack of affected tissue has limited the opportunity to understand how
the mutation results in excess bone formation. The aim of this study was to create a cellular model
to study melorheostosis.

We obtained patient skin cells bearing the MAP2K1 mutation (affected cells), and along with
isogenic control normal fibroblasts reprogrammed them using the Sendai virus method into
induced pluripotent stem cells (iPSCs). Pluripotency was validated by marker staining and
embryoid body formation. iPSCs were then differentiated to mesenchymal stem cells (iMSCs)
and validated by flow cytometry. We confirmed retention of the MAP2K1 mutation in iMSCs with
PCR and confirmed elevated MEK1 activity by immunofluorescence staining.

Mutation-bearing iMSCs showed significantly elevated VEGF secretion, proliferation and
collagen I and 1V secretion. iIMSCs were then differentiated into osteoblasts, which showed
increased mineralization at 21 days and increased VEGF secretion at 14 and 21 days of
differentiation. Administration of VEGF to unaffected iMSCs during osteogenic differentiation
was sufficient to increase mineralization. Blockade of VEGF by bevacizumab reduced
mineralization in iMSC-derived affected osteoblasts and in affected primary patient-derived
osteoblasts.

These data indicate that patient-derived induced pluripotent stem cells recreate the elevated MEK1
activity, increased mineralization, and increased proliferation seen in melorheostosis patients. The
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increased bone formation is driven, in part, by abundant VEGF secretion. Modifying the activity
of VEGF (a known stimulator of osteoblastogenesis) represents a promising treatment pathway to
explore. iPSCs may have wide applications to other rare bone diseases.
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INTRODUCTION

Rare bone-forming diseases provide a window into bone biology that can have profound
implications. Investigation into the rare disease sclerostosis resulted in discovery of
sclerostin, which led to the osteoporosis treatment romosozumab (.

Patients with melorheostosis exhibit exuberant bone overgrowth, usually in one arm or

leg (Figure 1) (2=4). In classical melorheostosis, bone lesions are metabolically active on
18F_NaF scans and have a characteristic “dripping candlewax” appearance on radiographs
(58), 1n approximately 30% of patients, skin overlying affected bone is thickened and
erythematous (7). Histology of melorheostosis reveals dense, lamellar bone overgrowth along
the periosteal surface that subsequently undergoes intense remodeling, whereas affected skin
is characterized by increased blood vessel density and thickness 7). While melorheostotic
lesions do not metastasize, bone overgrowth continues throughout the patient’s life. There is
no known treatment.

Most cases of classical melorheostosis are caused by somatic, mosaic mutations (Q56P,
K57N, or K57E) clustered in the negative regulatory domain of MAP2K1 ®). These
mutations result in a loss of the negative regulatory domain’s inhibitory role in the
encoded MEKT1 protein. The resulting MEK1 protein variant exhibits kinase activity on

its downstream targets, ERK1 and ERK2, in the absence of upstream RAF1 signaling
(8-13) Recently, our group has implicated elevated VEGF secretion and ECM production
in mutation-bearing melorheostotic fibroblasts in the abnormal angiogenesis observed in
affected skin (14). However, how MAP2K1 activating mutations lead to bone overgrowth is
unknown.

As with other rare bone diseases, limited availability of affected bone limits the ability

to investigate pathogenesis. While human bone can be obtained surgically for research
purposes, it requires full anesthesia and a control sample. To circumvent these limitations,
we established an iPSC-derived model of the melorheostosis. We use this model to show
that MAP2K1 mutations result in increased VEGF secretion that, in part, drives increased
osteoblast mineralization.

MATERIALS AND METHODS

Dermal Fibroblast Isolation

Dermal fibroblasts were isolated from shaved skin biopsies from patients with
melorheostosis performed in accordance with NIAMS Institutional Review Board-approved

J Bone Miner Res. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allbritton-King et al.

Page 3

protocol (NCT02504879). Biopsies were collected from affected skin with characteristic
dermatological abnormalities, as well as contralateral unaffected skin from the same patient.
Skin biopsies were briefly submerged in 70% ethanol, rinsed twice with PBS, and then
incubated in dispase solution at 4° C overnight. The epidermis and subcutaneous fat were
removed from the dermis, and the dermis was placed onto a tissue culture dish and briefly
allowed to dry in order to adhere to the culture surface. The dermal biopsy was then
incubated in fibroblast growth medium (DMEM supplemented with 10% fetal bovine serum
(FBS, Gibco) and 1% Penicillin/Streptomycin (P/S, Gibco)) for up to three weeks, or until
fibroblasts expanded from the dermis onto the culture surface. Droplet digital PCR (ddPCR)
for melorheostosis-associated MAP2KI mutations was used as previously described®4) to
verify the mutation’s presence or absence in affected and unaffected cells, respectively.

Induced Pluripotent Stem Cell (iPSC) Generation and Validation

Affected (carrying MAP2K1 mutation, as verified by digital droplet PCR) and unaffected
patient fibroblasts at passage 9 were expanded, tested for mycoplasma, and reprogrammed
using Sendai virus transduction, as described before (15). Briefly, Cytotune 2 (Thermo#
A16517) Sendai virus kit was used to infect 50,000 fibroblast cells with 5ul premixed
SeVs (1:1:1 ratio of three SeVs, MOI1=3:3:3) in DMEM+10% FBS. 4 days after infection,
fibroblast cells were dissociated using Trypsin and replated onto 48-well Matrigel-coated
plate by serial dilution to 50-5,000 cells/well and cultured with reprogramming medium (E8
medium without bFGF, Gibco) for 20 days. Medium was switched to E8 after day 20. 12
iPSC closed were picked based on morphology. Six iSPC lines that maintained growth rate
and morphology were expanded in passage two. An iPSC-like single colony in a well was
passaged using 0.5mM EDTA/DPBS and expanded to establish iPSC clone (16). Expression
of two pluripotency markets (TRA-1-60 and NANOG) were confirmed by flow cytometry.
While multiple patients samples were carried through the iPSC induction process, only a
line from one patient maintained the mutation and pluripotency.

Routine iPSC culture was performed as previously described 7). Briefly, iPSCs were
cultured on 6-well plates coated with 0.16 mg/mL Matrigel (Corning) using StemFlex
feeder-free iPSC medium (Gibco). Medium was changed every 2 days. Cells were passaged
at 70-80% confluence by gentle dissociation in 0.5 mM EDTA in PBS followed by
re-seeding on fresh Matrigel-coated plates in StemFlex with 1x RevitaCell supplement
(Gibco). The day after passaging, medium was removed and replaced with StemFlex without
RevitaCell supplementation. iPSCs were expanded to passage 15+ prior to downstream
experimentation, and genetic integrity was confirmed via G-banded karyotyping (WiCell).

Pluripotency was assessed by immunofluorescent staining for OCT4, SSEA4, and TRA-1-
60, as well as embryoid body formation. For pluripotency marker staining, iPSCs were
expanded to 80% confluence and fixed with 4% formaldehyde in PBS for 20 min at room
temperature, then rinsed thrice with PBS. Fixed iPSCs were blocked with 10% normal
goat serum (Life Technologies) + 0.1% Triton X-100 (AmericanBio) in PBS for 10 min at
room temperature, then rinsed thrice with PBS. Cells were then incubated overnight at 4°
C ina 1:50 dilution of fluorophore-linked antibodies for either OCT4 (Millipore), SSEA-4
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(BioLegend), or TRA-1-60 (BioLegend). The following day cells were rinsed with PBS and
counterstained with 10 pg/mL DAPI (Sigma) for 10 min at room temperature in PBS.

For embryoid body formation, iPSCs were passaged as normal and transferred to a 6-well
low-attachment plate in StemFlex supplemented with 1x RevitaCell. The day after plating,
medium was exchanged for Embryoid Body medium (DMEM supplemented with 20% FBS)
and cells were cultured for 10 days. By day 10, cells had self-aggregated into spheroids.
Spheroids were then gently transferred to a Matrigel-coated 12-well plate and cultured for an
additional 14 days in Embryoid Body medium, changing medium every 2 days. Spheroids
were fixed with 4% formaldehyde in PBS for 20 min at room temperature, rinsed thrice

with PBS, then blocked in 5% normal goat serum + 0.3% Triton X-100 in PBS for 1 hr at
room temperature. Spheroids were then incubated overnight at 4° C in a 1:100 dilution of
germ-layer specific primary antibodies for either a-Fetoprotein (R&D Systems), a-Smooth
muscle actin (Novus Biologicals), or g-111 Tubulin (R&D Systems). Spheroids were rinsed
thrice in 0.1% BSA in PBS, then incubated for 1 hr at room temperature in a 1:500 dilution
of Alexa-488 Goat anti-Mouse 1gG (Invitrogen). Spheroids were then rinsed with PBS and
counterstained with DAPI.

Mesenchymal Stem Cell (iMSC) Differentiation and Culture

Affected and unaffected iPSCs were differentiated into iMSCs using the STEMdiff
Mesenchymal Progenitor Kit (StemCell Technologies) per the manufacturer’s protocol.
Briefly, iPSCs were cultured to 30-50% confluency and medium was exchanged for
STEMdiff-ACF Mesenchymal Induction Medium. Medium was changed daily for 3 days,
then exchanged for complete MesenCult-ACF Plus Medium, changed daily. At day 6, cells
were dissociated with 0.5 mM EDTA solution and plated on 6-well plates coated with
Animal Component-Free Cell Attachment Substrate. Half-medium changes were performed
daily, and cells were passaged at 80% confluency. At day 21, cells were dissociated with
TrypLE Express (Gibco) and transferred to tissue culture flasks and cultured in iMSC
medium a-MEM supplemented with 15% FBS (Millipore) and 1% P/S.

Flow Cytometry of iPSC-derived MSCs

To evaluate cell surface expression of a defined iMSC-specific panel of markers, iMSCs
were dissociated with TrypLE Express, blocked for 30 min at 4° C in 3% BSA in PBS,

and then 200,000 cells per well were incubated for 30 min at 4° C with fluorophore-

linked antibodies for positive staining: PE-CD90, PE-CD44, PE-CD73, PE-CD105 or
negative staining: PE-CD34, PE-CD14, PE-CD19, PE-CD45, PE-HLA-DR (PE-CD44: BD
Biosciences, all others BioLegend). Cells were rinsed twice with PBS, resuspended in
ice-cold 1% BSA in PBS, and assessed using an Attune NxT Flow Cytometer (Thermo
Fisher). Bone-marrow derived iMSCs (ATCC) were used as a positive control for iMSC flow
cytometry. Groups were run in parallel with PE Mouse 1gG1, k and PE Mouse 1gG2b, k
(BioLegend) as isotype controls.

pERK1/2 Immunocytochemical Staining

To assess ERK1/2 phosphorylation by MEK?1 in affected and unaffected cells, iPSCs were
cultured as normal, serum-starved for 1 hr in basal StemFlex medium with no added
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supplement, and then stimulated for 5 min in complete StemFlex medium supplemented
with 5% FBS. iMSCs were serum-starved in the same manner with basal a-MEM and
stimulated with iMSC medium. Cells were fixed in 4% formaldehyde in PBS for 15 min at
room temperature, rinsed thrice with PBS, and permeabilized in ice-cold methanol for 10
min at —20° C. Cells were blocked in 5% normal goat serum + 0.3% Triton X-100 in PBS
for 1 hr at room temperature, then incubated overnight at 4° C in a 1:250 dilution of rabbit-
anti-pERK1/2 (Cell Signaling Technology) in 1% BSA + 0.3% Triton X-100 in PBS. The
next day, cells were incubated for 2 hrs at room temperature in a 1:500 dilution of Alexa-488
goat anti-rabbit secondary antibody (Invitrogen), rinsed with PBS, and counterstained with
DAPI.

VEGF Secretion

Measurement of VEGF secretion by affected and unaffected iMSCs and osteoblasts was
conducted by plating 200,000 cells/well in a 6-well plate in iMSC medium. The following
day, cells were serum-starved in basal a-MEM for 2 hours. Medium was then exchanged

for a-MEM supplemented with 5% FBS with or without 10 pM trametinib. After 48 hours,
cell supernatants were collected and VEGF secretion was quantified using the Human VEGF
Quantikine ELISA Kit (R&D Systems) according to the manufacturer’s protocol. VEGF
secretion by iMSCs during osteogenic differentiation was assessed at 7, 14, and 21 days in
the same manner.

VEGF Expression Analysis

For assessment of VEGF mRNA expression in affected and unaffected iMSCs, 100,000
cells/well were seeded in 6-well plates in MSC medium. The following day, cells were
serum-starved in basal a-MEM for 2 hours. Medium was then exchanged for a-MEM
supplemented with 5% FBS with or without 10 uM trametinib. After 48 hours, cells

were lysed from culture plates using TRIzol and RNA was extracted using the Direct-zol
RNA kit (Zymo Research) according to the manufacturer’s protocol. RNA concentration
and purity was verified using a NanoDrop spectrophotometer (Thermo Fisher) and
complementary DNA (cDNA) was synthesized using the iScript kit (Bio-Rad) according to
the manufacturer’s protocol, using 500 ng starting RNA. Real-time quantitative polymerase
chain reaction (QPCR) was performed using a QuantStudio 6 Flex PCR System (Thermo
Fisher) using the VEGFA TagMan primer and TagMan Master Mix (Thermo Fisher).
Amplification data was processed using the 2722Ct method as previously described.

MSC Proliferation

To measure the relative proliferation rates of affected and unaffected iMSCs, 5,000 cells/
well were seeded in 96-well plates in MSC medium. At 24, 48, and 72 hours, cells were
incubated in 1 ug/mL Hoechst 33342 (Thermo Fisher) in MSC medium for 15 minutes

at 37° C. Medium was exchanged for normal MSC medium, and cells were imaged

and counted using a Celigo 5-channel Imaging Cytometer (Nexcelom Bioscience). Cell
proliferation was also measured with Ki-67 staining(18). We seeded affected and unaffected
iMSCs, 7000 cells/well in 8-well chamber slide in MSC medium and media was changed
every third day. At day 6 cells were processed for immunocytochemical staining. Cells were
washed with 1XPBS and fixed in 4% formaldehyde in PBS for 20 min at room temperature,
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rinsed thrice with 1X PBS, and permeabilized with 0.25% Triton X-100 for 30 min on ice.
Cells were blocked in 10% normal goat serum + 0.1% Triton X-100 in PBS for 30 min at
room temperature, then incubated overnight at 4°C in a 1:200 dilution of mouse-anti-Ki-67
conjugated with Alexa Fluor 647 (BioLegend) in 1% BSA + 0.3% Triton X-100 in PBS.
The next day, cells were washed three times with 1X PBS, and counterstained with Hoechst
dye to visualize nuclei. Cells were imaged and counted using 40X magnification of Leica
DM6000 microscope and iVision-MAC software.

ECM Secretion

To assess ECM deposition by affected and unaffected iMSCs, 150,000 cells/well were plated
in 6-well plates in MSC medium. The following day, medium was exchanged for pro-ECM
medium (a-MEM supplemented with 15% FBS, 1% P/S, and 1.36 uM ascorbic acid).
Pro-ECM medium was changed three times per week. After 14 days, cells were fixed in

4% formaldehyde in PBS for 15 min at room temperature, rinsed thrice with PBS, and
blocked in 10% FBS in PBS for 1 hr at room temperature. Cells were then incubated in

a 1:250 dilution of either rabbit-anti-Collagen | (abcam) or rabbit-anti-Col4A2 (abcam) in
1% BSA overnight at 4° C. The next day, cells were incubated for 1 hr at 4° C in a 1:500
dilution of Alexa-488 goat anti-rabbit secondary antibody (Invitrogen), rinsed with PBS, and
counterstained with DAPI.

Patient Bone Samples

Bone samples were collected from three patients who underwent surgical removal of painful
or ankylosed areas of melorheostosis overgrowth. Primary affected bone samples were
cultured as previously described (). Because most cells in affected bone are mutation
negative, we divided the bone into various pieces. After cell expansion in culture, we
identified osteoblasts that were mutation negative by ddPCR and these cultures were used as
unaffected controls. For one patient (Melo 52), unaffected control bone was obtained from
the contralateral iliac crest. Note that the bone samples did not come from patients whose
skin fibroblasts were reprogrammed into iPSCs.

VEGF Immunohistochemical Staining

Slides were baked at 60°C for 1hr then subsequently deparaffinized and rehydrated. Antigen
retrieval was performed using EDTA buffer for 17 hr at 60°C. Following antigen retrieval,
VEGF staining was performed using a Leica Bond RX autostainer (Leica). Anti-VEGF
antibody (R&D Systems) was diluted to 1:100 with a 30 min incubation time on the tissue.
Antibody detection was accomplished using a Rabbit anti-Goat secondary antibody (Vector
Laboratories) at a 1:500 dilution, followed by Streptavidin-HRP (Invitrogen) diluted to 1.4
ug/ml. Prior to primary antibody application, additional blocking steps to reduce background
staining were performed. This included the application of Avidin/Biotin blocking reagents
(\Vector Laboratories) followed by 10% Normal Goat Serum for 20mins. DAB chromogen
and hematoxylin counterstain were provided by the Bond Polymer Refine detection kit
(Leica). Normal Human Pancreas was used as a positive control (Pantomics).
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Osteogenic Differentiation

To assess the osteogenic potential of affected and unaffected cells, iIMSCs or primary
osteoblasts were seeded at 30,000 cells/well in 6-well plates in normal MSC medium. The
following day, medium was exchanged for osteogenic medium (a-MEM supplemented with
15% FBS, 1% P/S, 10 mM B-glycerophospate (Millipore Sigma), 50 pg/mL ascorbic acid
(Millipore Sigma), and 100 nM dexamethasone (Millipore Sigma)). Osteogenic medium
(OS™) was changed every third day. At 7, 14, and 21 days, cell supernatants were collected
for ELISA analysis and cells were fixed with 4% formaldehyde in PBS for 15 min at room
temperature, rinsed with DI H20, and incubated in 2% Alizarin Red solution for 60 min at
room temperature. Alizarin Red solution was removed, and cells were gently rinsed twice
with DI H20 prior to imaging. For quantification, Alizarin Red stain was dissolved in 10%
Cetylpyridinium chloride (CPC), 10 mM NayPO, solution (Millipore Sigma). The extracted
dye was measured at 560 nm using a Synergy HT spectrophotometer (Bio-Tek).

Osteogenic Gene Expression

For assessment of osteogenic gene expression in iMSCs, cells were seeded at 30,000
cells/well in 6-well plates in MSC medium. The following day, medium was exchanged
wither either MSC medium or osteogenic medium (a-MEM supplemented with 10%

FBS, 1% P/S, 10 mM B-glycerophospate (Millipore Sigma), 50 pg/mL ascorbic acid
(Millipore Sigma), and 100 nM dexamethasone (Millipore Sigma)). Medium was changed
every third day. At 14 days, cells were lysed using TRIzol and RNA was extracted

using the Direct-zol RNA kit (Zymo Research) according to the manufacturer’s protocol.
RNA concentration and purity was verified using a NanoDrop spectrophotometer (Thermo
Fisher) and complementary DNA (cDNA) was synthesized using the iScript kit (Bio-Rad)
according to the manufacturer’s protocol, using 500 ng starting RNA. Real-time quantitative
polymerase chain reaction (QPCR) was performed with a QuantStudio 6 Flex PCR System
(Thermo Fisher) using the RUNXZ, COL1A1, and ALPL TagMan primer and TagMan
Master Mix (Thermo Fisher). Amplification data was processed using the 2722Ct method as
previously described.

Anti-VEGF treatment

To assess the effect of VEGF neutralization on osteogenic differentiation of affected

and unaffected iMSCs or primary osteoblasts, cells were seeded at 30,000 cells/well in
6-well plates in normal MSC medium (OS™). The following day, medium was exchanged
for osteogenic medium (OS*) with or without 2 ug/ml bevacizumab (anti-VEGF mAb,
Selleckchem).OS™ was changed with or without bevacizumab every third day up to 21 days.
After harvesting, cells were fixed and stained with Alizarin Red to evaluate mineralization.

Statistical Analysis

Experiments were conducted on all patient cell lines with both unaffected and affected
cell lines available (n = 1 iPSC line, n = 2 primary osteoblast lines (Melo 32, Melo

52)) in technical triplicate. All statistical analysis was performed on Prism 8.0 software
(GraphPad). Data from Figures 3A, 3B, and 3C were analyzed by two-way ANOVA with
Sidak’s multiple comparisons test, and data from Figure 5B were analyzed by one-way
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ANOVA with Tukey’s post-hoc test. Comparisons of only two groups were compared using
Student’s t-test or Mann-Whitney U test depending on normality of data as assessed by the

Shapiro-Wilk test. Significance is considered as p<0.05. All data is presented as mean = SD
unless otherwise indicated. * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001.

MAP2K1 mutation-bearing iPSCs are pluripotent and retain elevated ERK activity.

After harvesting affected and unaffected skin fibroblasts overlying melorheostotic bone and
reprograming them to iPSCs (Figure 2A), we confirmed the mutation presence by ddPCR
(Supplemental Figure 1). Primary affected fibroblasts exhibited a variant allele frequency
(\VAF) of 0.44 for the K57N mutation, whereas the generated affected iPSCs were clonal and
exhibited a VAF of 0.5. Unaffected fibroblasts and iPSCs had a VAF of zero, confirming

no mutation present. Chromosomal stability of iPSCs was verified by G-banded karyotyping
(Supplemental Figure 2A).

We confirmed pluripotency of the iPSCs by embryoid body formation assay in both
unaffected and affected cells, followed by immunofluorescence staining for a-smooth
muscle actin, a-fetoprotein, and BI11I tubulin to confirm presence of mesoderm, endoderm,
and ectoderm respectively (Figure 2B). Both unaffected and affected iPSCs were positive for
pluripotency markers OCT4, TRA-1-60, and SSEA4 (Supplemental Figure 2B). Subsequent
differentiation of iPSCs to iMSCs was confirmed by flow cytometry for a panel of MSC-
specific surface markers as validated against commercially available BM-MSCs (Figure

2C). Like the BM-MSCs, iPSC-derived MSCs were over 90% positive for the surface
markers CD44, CD73, CD105, and CD90 and negative for CD19, CD14, CD34, CD45, and
HLA-DR.

The downstream action of the MAPZKI mutation was observed to cause elevated ERK1/2
phosphorylation in affected primary fibroblasts both with and without FBS stimulation
(Figure 2D) as reported previously(!4). To confirm that the MAP2K1 mutation is present
in the reprogramed iPSCs and the iPSC-derived MSCs, cells were stimulated similarly
with or without FBS and ERK1/2 phosphorylation was measured. The functionality of

the MAP2K1 mutation was preserved in reprogrammed, affected iPSCs and iMSCs. We
observed elevated ERK1/2 phosphorylation even under basal conditions as compared to
their unaffected counterparts, which had very low levels of ERK1/2 phosphorylation in the
absence of FBS stimulation, suggesting that the MEKZ1 variant retained its characteristic
hyperactive signaling behavior after iPSC reprogramming (Figure 2E-F). Similar to the
patient-derived affected fibroblasts, FBS stimulation further increased pERK1/2 levels
stronger in both affected iPSCs and iMSCs as compared to their corresponding unaffected
controls. Together these results verify that MAP2KI mutation and the downstream ERK1/2
increased activation was present in the reprogramed iPSCs and the iPSC-derived MSCs.
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MAP2K1 mutation-bearing iMSCs have a proliferative phenotype with increased VEGF
secretion.

Since we observed in our previous studies that affected fibroblasts carrying MAP2K1
mutation secrete increased VEGF(14), we next measured VEGF in the supernatants of the
iPSC-derived MSCs. Affected iMSCs cultured for 48h in normal media showed a six-fold
increased VEGF release in the supernatant compared to the mutation-free iMSCs (Figure
3A). Furthermore, when affected iMSCs were given the MEKZ1 inhibitor trametinib, the
secretion of VEGF decreased from a mean of 601.2 + 29.7 pg/mL to 417.2 £31.2 pg/mL.
Interestingly, MEKZ1 inhibition with trametinib did not affect VEGF levels in supernatants of
unaffected iMSCs. Similar findings were observed when studying 48 hour VEGF expression
by RT-PCR showing increased VEGF expression in affected iMSCs compared to unaffected
cells (Figure 3B). In the presence of trametinib, VEGF expression was significantly
downregulated in affected cells compared to unaffected iMSCs. We further confirmed that
mutation-bearing primary patient derived osteoblasts secreted higher levels of VEGF and
were responsive to trametinib inhibition (Figure 3C)

Affected iMSCs also showed increased proliferation in culture at 24, 48 and 72 h compared
to the unaffected controls (Figure 3D). Furthermore, affected iMSCs contained a higher
proportion of cells positive for the cell proliferation marker Ki-67 than unaffected iMSCs
(Supplemental Figure 5AB). We also observed that affected iMSCs deposited more collagen
I and collagen IV when cultured in medium with ascorbic acid (Supplemental Figure 3A-
C), as has been previously observed in primary affected fibroblasts (14). Together these

data confirm that MAPZKI mutation increases VEGF production in iMSCs and primary
osteoblasts similar to primary affected fibroblasts. Further, the MAP2K1 mutation enhances
proliferation and ECM deposition of iMSCs.

VEGF is overexpressed in a mosaic pattern in melorheostotic bone lesions.

Since melorheostotic primary osteoblasts showed increased VEGF production, we

next analyzed VEGF expression in bone sections of a melorheostosis patient.
Immunohistochemical staining of affected bone revealed patchy areas of staining for
VEGF, especially near the Haversian canals (Figures 4). Consistent with the mosaic nature
of the disease, some osteocytes were positive for VEGF staining interspersed with non-
staining osteocytes. These data provide /n vivo evidence of elevated VEGF signaling in
melorheostotic bone lesions in concordance with our findings /n vitro.

iMSC derived osteoblasts show increased mineralization and VEGF secretion.

Given the excessive bone formation characteristic of melorheostosis, we investigated the
mineralization capacity of osteoblasts derived from iMSCs. After 21 days in osteogenic
media, affected iMSC-derived osteoblasts exhibited increased mineralization compared

to unaffected iIMSC-derived osteoblasts, as measured by Alizarin Red staining and
spectrophotometric absorbance assay (Figures 5A-B). Markedly increased VEGF secretion
was concurrently observed at 14 and 21 days of differentiation in osteogenic medium
(Figure 5C). At day 14, affected iMSC-derived osteoblasts showed increased gene
expression of osteogenic markers RUNXZ2and COL1A1 compared to unaffected cells
(Supplemental Figure 4). We then confirmed the increased mineralization pattern seen in
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iMSC-derived osteoblasts was similar to that seen in primary patient derived osteoblasts
carrying MAP2ZKI mutation compared to unaffected cells (Figures 5D-E). At day 14 and
21 of differentiation the primary affected osteoblasts also showed increased mineralization
compared to the unaffected controls.

Exogenous VEGF treatment of unaffected iMSC-derived osteoblasts drives mineralization

in vitro.

VEGF is a growth factor that can induce mineralization 77 vivd19). We then assessed the
impact of exogenous VEGF treatment on unaffected iMSCs to further isolate the effect
of VEGF on driving mineralization. After 21 days of osteogenic differentiation, we found
significantly increased Alizarin red staining in unaffected iMSCs supplemented with 20
ng/mL VEGF (Supplemental Figure 4).

VEGF neutralization reduces mineralization in affected osteoblasts.

In order to further demonstrate a key role for VEGF secretion in melorheostosis, we

studied mineralization in the presence of the VEGF inhibitor bevacizumab. We observed that
affected iMSCs, that showed increased mineralization compared to unaffected cells at 21
days, showed reduced mineralization in the presence of bevacizumab (Figure 6A). Similarly,
two different lines of affected primary osteoblasts mineralized more than paired unaffected
osteoblasts at baseline (Figures 6B, C). Quantification by spectrophotometry confirmed

that treatment with bevacizumab significantly decreased the total mineralization of affected
cells, whereas mineralization of the unaffected cells remained unchanged (Figures 6D,

F). Together these data confirm that VEGF is contributing to increased mineralization in
melorheostotic cells, suggesting that targeting VEGF might be a therapeutic avenue for
treatment.

DISCUSSION

VEGEF is understood to mediate bone formation and repair through both direct and indirect
means. In this study, we establish an iPSC-based model of pathologic MEK1 activation

in mutation-bearing osteoblasts and provide evidence for the role of VEGF secretion in
driving increased mineralization. Specifically, we demonstrate elevated VEGF secretion and
in patient-derived melorheostosis iMSCs and primary osteoblasts, which is attenuated by
MEKTZ inhibition. We also confirm enhanced mineralization in affected cell lines, which is
rescued by VEGF neutralization.

Interestingly, previous studies have shown that only about 3-30% of osteoblasts within
melorheostotic bone lesions bear the disease-causing MAP2K1 variant ). However, the
gross bony overgrowth found in melorheostosis with >70% genetically normal cells suggests
that affected osteoblasts are influencing surrounding genotypically normal cells. VEGF is a
soluble factor that is known to enhance endochondral bone formation (29, VEGF has been
shown to stimulate proliferation of human mesenchymal progenitor cells and osteoblasts,
and is also reported to enhance osteoblast differentiation in a dose-dependent manner

by elevating alkaline phosphatase activity and nodule formation (¢1-23)_ Further evidence
suggests that VEGF regulates bone homeostasis in mesenchymal progenitors and osteoblasts
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through autocrine and intracrine signaling by increasing deposition of extracellular matrix,
which is subsequently mineralized during bone formation (429, Qur findings illustrate

the role of MEK1 hyperactivity in driving VEGF secretion in mesenchymal progenitor

cell populations and differentiated osteoblasts. We further corroborate these findings with
immunohistochemical staining of focal regions with elevated VEGF levels in melorheostotic
bone andwith the demonstration that addition of VEGF results in increased mineralization of
mutation-negative osteoblasts Because the phenotype of melorheostosis is so profound, it is
likely that other secreted factors are involved as well.

In addition to the direct influence of VEGF on osteogenesis, several observations point

to increased angiogenesis as a key driver of melorheostosis lesion progression. Micro-CT
and histological examination of melorheostosis lesions show increased vascularity(3.26). The
coupling of angiogenesis and osteogenesis in intramembranous ossification is maintained
through osteoblast-secreted VEGF recruitment of endothelial cells, which in turn release
pro-osteogenic growth factors such as BMP-2 and BMP-4(24.27), Supraphysiological VEGF
levels have also been demonstrated to increase osteoclast recruitment, osteoclastic bone
resorption, and overall bone turnover, which is consistent with the extensive remodeling

and unmineralized osteoid found in histological examination of melorheostotic bone (19),
Previous work has shown that affected melorheostosis fibroblasts secrete greater amounts of
collagens I and IV, which are known to support new vessel formation (14.28-30)_ Similarly,
we demonstrate heightened deposition of collagens I and IV in affected iMSCs, which may
also contribute to neoangiogenesis within bone. Further exploration of osteoblast/endothelial
cell interaction in the context of melorheostotic angiogenesis and bone formation is
warranted, as the slow but continual progression of melorheostotic lesions without evidence
of necrosis necessitates increased vessel recruitment.

In initial experiments with limited samples, we observed decreased mineralization in
primary affected osteoblasts as compared to unaffected controls®). We believe this
incongruency is attributable to limited availability and heterogeneity of samples. In the
initial studies of melorheostosis, small bone samples were obtained because the effects of
surgery were unknown. The mineralization experiments could only be performed with one
7-week time point. Histological study of melorheostosis has demonstrated variability in
bone formation within the lesion (Figure 1), and this heterogeneity may have contributed to
previous observations. With the availability of iPSC lines to perform multiple experiments
as well as more patient samples, we have repeatedly observed increased mineralization in
affected osteoblasts and affected patient-derived iMSCs, an observation more consistent with
the clinical picture. A recent mouse model with increased MEK activation also showed an
increased volume of bone by micro CT and stronger bone by biomechanical testing(10).
However, the mouse model is at a difference locus of the MAP2K1, does not fully replicate
the candle wax bone formation seen in humans, and thus is not a perfect model.

A major limitation our study is that, while multiple patients’ samples were started in the
iPSC reprogramming process, only one cell line maintained the mutation. While some of the
findings may only be present in this iPSC line, we confirmed the critical findings of VEGF
secretion and bevacizumab inhibition in unrelated primary osteoblast samples.
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Our study reports, for the first time, an iPSC-based model that recapitulates aberrant
bone formation and mineralization in the context of melorheostosis. Assessment of rare
diseases are frequently limited by a paucity of available patient cell lines, necessitating
the development of iPSC-derived systems for interrogation of disease mechanisms and
testing of possible therapeutic strategies 31). Our findings suggest a central role of VEGF
in stimulating pathological bone formation in melorheostosis and the potential of targeted
VEGF neutralization in ameliorating disease progression. Further investigation of these
phenomena in small-animal models of melorheostosis will be beneficial in developing
therapeutic strategies. Given the rarity of osteosclerotic diseases, an understanding of the
disease-causing MAP2K1 variant’s role in bone formation may also provide mechanistic
insights crucial to developing therapies for osteoporosis and related conditions.

CONCLUSION

We have established an iPSC-based model system to study the impact of melorheostosis-
causing MAP2K1 mutations on osteoblast growth and differentiation. Our findings suggest
that increased local VEGF secretion by affected osteoblasts plays a role in aberrant bone
formation in melorheostosis. Further, we demonstrate the potential of targeted VEGF
neutralization for inhibiting pathologic bone overgrowth.
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Figure 1. Clinical Findingsin Melorheostosis.
AP (A) and Lateral (B) radiographs of a 42 year-old with classic melorheostosis

(MAP2K1mutation positive). Candle wax bone formation is seen on the fibula calcaneus and
lateral three rays. (C) CT scan reveals normal architecture of fibula with bony overgrowth.
(D) H&E staining of affected bone reveals woven dense cortical-like bone with some
variation in mineralization. Scale bar = 500 pum.
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Figure 2. Reprogramming and validation of MAP2K 1 mutation activity in primary patient cells.
(A) Schematic of iPSC generation and iMSC differentiation from patient fibroblasts. (B)

Embryoid body formation and germ layer staining for affected and unaffected patient iPSCs.
(C) Flow cytometry validation of iMSC lineage markers of affected and unaffected patient
iPSCs, with BM-MSC positive control. pERK1/2 activation in affected and unaffected

(D) primary fibroblasts, (E) iPSCs, and (F) iMSCs in basal culture medium or 5% FBS

stimulation. Scale bars = 500 pum.
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Figure 3. Affected iM SCs exhibit increased VEGF secretion.

(A) 48-hour secretion and (B) relative expression of VEGF from unaffected and affected
iMSCs with or without 20uM of MEK inhibitor trametinib. (C) 48-hour secretion of VEGF
from primary unaffected and affected osteoblasts with or without 10uM trametinib. (D)
72-hour proliferation curve of unaffected and affected iMSCs. All experiments were done in

n=3 technical triplicates.
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Figure 4. VEGF Immunohistochemistry in Melorheostosis Bone.
(A) Positive control VEGF staining of pancreas shows brown staining in the islet cells. Scale

bar =500 pm. (B) Immunohistochemistry of affected melorheostosis bone shows brown
VEGEF staining of pockets of osteocytes and Haversian canals. Scale bar = 250 pm. (C)
Higher power view shows some osteocytes stain brown positive (solid arrows) while others
are negative (empty arrow), consistent with a mosaic disease. Scale bar = 100 pm.
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Figure5. Affected iM SC and primary osteoblast hypermineralization in vitro.
(A) Alizarin red staining, (B) quantification, and (C) VEGF secretion of unaffected and

affected iMSCs at 7, 14, and 21 days of osteogenic differentiation. (D) Alizarin red staining
and (E) quantification of unaffected and affected primary osteoblasts at 7, 14, and 21 days of
osteogenic differentiation. All experiments were done in n=3 technical triplicates.
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Figure 6. Bevacizumab inhibits mineralization in melor heostosis.
(D) Primary osteoblasts grown in osteogenic media with and without the VEGF inhibitor

bevacizumab. (E) Quantification demonstrates decreased mineralization when affected cells
were treated with bevacizumab. Findings were replicated in primary osteoblasts derived
from another patient (E) and quantitated (F). All experiments were done in n=3 technical
triplicates.
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