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Chapter 3

Truncated FOS reduces osteogenic differentiation
capacity in osteoid osteoma and osteoblastoma

Natasja Franceschini, Suk-Wai Lam, Brendy van den Akker, David van llzendoorn, Harald
Mikkers, Anne-Marie Cleton-Jansen, Karoly Szuhai, and Judith V.M.G. Bovée



Abstract

Osteoid osteoma and osteoblastoma are non-malignant bone-forming tumours of the
skeleton, characterized by the presence of irregular trabeculae of woven bone.
Rearrangements in FOS, and less frequently FOSB, have recently been identified in osteoid
osteoma and osteoblastoma. Identical rearrangements in FOS were previously detected in
epithelioid hemangioma, where this leads to truncation of the FOS protein in the C-terminal
domain causing increased protein stability due to impaired degradation. Since FOS plays a
role in osteogenic differentiation, we investigated the effect of FOS truncation on osteogenic
differentiation and proliferation in an in vitro model for osteoid osteoma and osteoblastoma.
In this model, fetal mesenchymal stem cells have been transduced to overexpress truncated
(FOSA) or full-length FOS as a comparison. Osteogenic differentiation - assessed by measuring
mineralization, ALP expression and ALP activity - and proliferation rate were reduced in cells
overexpressing truncated FOS (FOSA), or FOS with a deletion (FOSA376-377) or mutation
(FOSL376N) in the C-terminal domain, compared to wild-type mesenchymal stem cells. In
contrast, cells overexpressing full-length FOS showed increased proliferation and almost
completely lost mineralization. These results demonstrate that the balance between
differentiation and proliferation can be disrupted by changes in FOS expression, which may
explain the indolent growth and formation of woven bone observed in osteoid osteoma and
osteoblastoma.
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Introduction

Osteoid osteoma and osteoblastoma are bone-forming tumours of the skeleton. Whereas
osteoid osteomas are small in size (<2 cm) and benign, osteoblastomas are larger and can be
locally aggressive (1). Despite differences in clinical presentation, the histology of these
entities is identical. Both osteoid osteoma and osteoblastoma are composed of trabeculae of
woven bone, which can show various degrees of mineralization of the matrix (1). These
trabeculae are lined by plump osteoblast-like cells. Another benign tumour that shows
morphological similarities to osteoid osteoma and osteoblastoma, but differs in clinical
presentation, is cementoblastoma (2). This odontogenic tumour is characterized by the
presence of immature cementum-like matrix containing activated cementoblasts, that are
indistinguishable from osteoblasts.

Recently it was discovered that osteoid osteoma and osteoblastoma show overexpression of
FOS or FOSB due to frequent rearrangements in FOS (87%) and — less frequent — FOSB (2%)
(3). In cementoblastoma, rearrangements in FOS and overexpression of FOS have also been
identified (2). For osteoid osteoma and osteoblastoma, the rearrangements in FOS involve
exon 4, leading to a truncation of the FOS protein, as stop-codons are introduced near the
breakpoints (Figure 1A). Rearrangements leading to truncation of FOS at the same exon in
the gene have been previously identified in epithelioid haemangioma (4). Under normal
conditions, FOS is a short-lived protein and its levels and stability are highly regulated by
different mechanisms both on the RNA stability and post-translational level, including control
via the 3’-UTR region, ubiquitin-dependent or ubiquitin-independent proteasomal
degradation, and phosphorylation (5-11).

In epithelioid haemangioma, it was shown that truncated FOS was more resistant to
proteasomal degradation, caused by the absence of a highly conserved destabilizing element
(LLAL region) within the last four amino acids in the C-terminus of FOS in cells expressing
truncated FOS (FOSA). The LLAL region acted as a signal for proteasomal degradation, causing
cells carrying a mutation (FOSL376N) or deletion (FOSA376-377) within the LLAL region to
sustain expression of FOS protein (4, 12).

Therefore the truncation of FOS found in osteoid osteoma, osteoblastoma and
cementoblastoma lead to stabilization and thus sustained expression of FOS protein. Similar
to epithelioid hemangioma, these tumours show strong nuclear expression of FOS in the
tumour cells, and therefore overexpression of FOS can be used as a diagnostic tool (13,
14)(Figure 1B).
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Figure 1. FOS is truncated and overexpressed in osteoid osteoma, osteoblastoma and
cementoblastoma. (A) Schematic overview of full-length FOS protein (380 amino acids), and the
truncated FOS (FOSA, 285 amino acids) protein found in osteoid osteoma, osteoblastoma,
cementoblastoma and epithelioid haemangioma. Basic-region Leucine Zipper (bZIP) domain, DEF
domain (binding site for MAPK) and the LLAL region within the C-terminus of FOS are indicated. The
LLAL region is closely located to the phosphorylation sites Ser362 and Ser374. Figure adapted from (4)
and (15). (B) Haematoxylin and eosin staining demonstrating immature woven bone deposited by
osteoblasts (left panel) and FOS immunohistochemical staining (right) depicting overexpression of FOS
in osteoid osteoma. Scale bar represents 50 um.

FOS can form a heterodimer with JUN family proteins, to form the AP-1 complex, and act as
a transcription factor. The AP-1 complex is involved in cell growth control and cell
transformation, and a plethora of other essential cellular processes (16-18). Sustained FOS
expression is sufficient for the transformation of cells (19). Interestingly, transgenic mice
overexpressing FOS in bone develop osteosarcoma, although FOS overexpression itself is
rarely identified in human osteosarcoma (13, 14, 20-22). The AP-1 complex and FOS also play
a role in osteogenic differentiation. During osteogenic differentiation, the expression of FOS
increases, which in turn further upregulates other genes involved in osteogenic
differentiation (23, 24). For example, the promotors of key osteogenic genes such as alkaline
phosphatase, collagen | and osteocalcin all have an AP-1 site (24). AP-1 has previously been
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identified as a driver of tumorigenesis in vascular tumours epithelioid hemangioma and
pseudomyogenic haemangioendothelioma, that contain similar FOS, or FOSB,
rearrangements (4). It was found that HUVECs expressing truncated FOS displayed increased
endothelial sprouting without changing proliferation. These results suggest AP-1 could be
driving tumorigenesis both in the vascular as well as in the osteogenic lineage.

This study aims to investigate how alterations in FOS affect osteogenic differentiation and
proliferation in osteoid osteoma and osteoblastoma. We hypothesized that truncation of FOS
deregulates osteogenic differentiation and/or maturation and possibly proliferation leading
to the characteristic presence of immature woven bone in these tumours. Since mesenchymal
stem cells are the most likely progenitor cells of osteogenic tumours (25), fetal mesenchymal
stem cells (fMSCs) were transduced to overexpress truncated FOS, or full-length FOS as a
comparison. We carried out functional analysis of these fMSCs to assess osteogenic
differentiation and proliferation. fMSCs overexpressing full-length FOS almost completely lost
osteogenic differentiation capacity, whereas osteogenic differentiation was mildly impaired
in fMSCs expressing truncated FOS. Furthermore, the proliferation of fMSCs expressing
truncated FOS was decreased, whereas fMSCs expressing full-length FOS showed increased
proliferation. These differences in osteogenic differentiation and proliferation appeared to be
caused specifically by the LLAL region in the C-terminal domain of FOS, as fMSCs expressing
FOS protein without the C-terminal proteasomal degradation signal showed similar
impairment of proliferation and differentiation as fMSCs expressing FOS with larger truncated
regions. Thus, these results demonstrate that the C-terminal domain of FOS protein plays an
important role in the balance between osteogenic differentiation and proliferation and that
its loss may explain the presence of woven bone and the indolent growth of osteoid osteoma
and osteoblastoma.

Materials and Methods

Cell culture

Fetal mesenchymal stem cells (fMSCs) were derived from the femurs of a 22-week-old
deceased fetus (abortion with unknown medical cause). fMSCs were collected based on
individual written (parental) informed consent after approval by the Medical Ethics
Committee of the Leiden University Medical Center (reference number: P08-087). The
experiments involving human materials were performed in accordance with the principles
outlined in the Declaration of Helsinki (World Medical Association). fMSCs (passage number
between 5 and 13) were cultured in aMEM (Gibco) supplemented with 10% FBS, 1% non-
essential amino acids (Gibco) and 1% pen/strep (Gibco) in a humidified incubator, with 5%
CO2 and at 37 °C. Cells were tested for mycoplasma.
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Lentiviral transduction

FOS constructs have been generated as described previously (4). Briefly, four human FOS
cDNAs were used, either containing full-length FOS (FOS FL), a FOS isoform lacking the C-
terminal 95 amino acids but including the bZIP domain (FOSA, Figure 1A), a FOS isoform with
a mutation (FOSL376N) or a deletion (FOSA376-377) within the C terminal four amino acids
(LLAL) containing helical region. These cDNAs were C-terminally fused in-frame with a FLAG
tag and cloned into the pLV lentiviral vector, under control of a CMV promotor. For
transfection, lentivirus together with polybrene (8 ug/ml) was added to fMSCs. The next day,
a medium containing lentivirus was removed and transduced cells were selected with
puromycin (5 ng/ml).

Osteogenic differentiation

Cells were seeded at 5000 cells/cm? for osteogenic differentiation. One day after seeding,
cells were treated with osteogenic compounds: B-glycerophosphate (5 mM, Sigma-Aldrich),
dexamethasone (0.1 uM, Sigma-Aldrich), and ascorbate-2-phosphate (0.15 mM, Sigma-
Aldrich). Medium with osteogenic compounds was refreshed twice a week. As a negative
control, cells were cultured without any osteogenic compounds. Osteogenic differentiation
was performed at least three times in independent experiments, by three independent
researchers.

Alkaline phosphatase activity assay

After ten days of osteogenic differentiation, cells were lysed with PBS/Triton 0.1% and
incubated with pNPP (P7998, Sigma-Aldrich) for 4 minutes. The reaction was stopped with
NaOH. Absorption at 405 nm was measured using a microplate reader (Infinite M Plex, Tecan
Group Ltd., Zirich, Switzerland). Experiments were performed in triplicate at least three
times.

RT-PCR

After one, two or three weeks of osteogenic differentiation, RNA was isolated using Trizol
according to the manufacturer’s instructions. cDNA synthesis was performed using iScript
cDNA Synthesis Kit (1708890, Bio-rad) according to the manufacturer’s instructions. For RT-
gPCR, iQ SYBR Green Supermix (1708880, Bio-rad) and a Thermal Cycler (Bio-rad) were used,
with primers for osteogenic markers ALPL, COL1A1, SPARC, RUNX2, SPP1 and BGLAP. GAPDH
was used as a reference gene. A list of primers used can be found in Table 1. Relative gene
expression levels to reference genes were determined with the following formula: 2¢t value
reference gene — Ct value gene of interest. Eyneriments were performed at least two times in duplicate.
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Table 1. List of primers

Gene Forward primer Reverse primer

ALPL TCACTCTCCGAGATGGTGGT GCCTGCTTGGCTTTTCCTTC
COL1A1 AAGACGAAGACATCCCACCAAT | GTCACAGATCACGTCATCGCA
SPARC CTGGACTACATCGGGCCTTG CAGGACGTTCTTGAGCCAGT
RUNX2 CCCTGAACTCTGCACCAAGT GGCTCAGGTAGGAGGGGTAA
SPP1 TTCGCAGACCTGACATCCAG ACGGCTGTCCCAATCAGAAG
BGLAP CCTCACACTCCTCGCCCTAT GCTTGGACACAAAGGCTGCAC
GAPDH TTCCAGGAGCGAGATCCCT CACCCATGACGAACATGGG
FOS GAGAAAAGGAGAATCCGAAGG  GTCAGAGGAAGGCTCATTGC

Alizarin Red staining

After three weeks of osteogenic differentiation, mineralization was determined by Alizarin
Red staining. Cells were fixed for 1 hour in cold ethanol and incubated with Alizarin Red S
staining solution (2 g Alizarin Red S (02100375, MP Biomedicals, Thermo Fisher Scientific,
Waltham, MA, USA) in 60 mL water, pH 4.2) for 5 minutes. For quantification, Alizarin Red
staining was rinsed with water and 10% acetic acid was added to each well for 30 minutes.
Acetic acid solution containing cells was transferred to a microcentrifuge tube and vortexed.
Samples were heated at 85 °C for 10 minutes and centrifuged at 12000 rpm for 15 minutes.
The supernatant of each sample was transferred to a 96-well plate and 10% ammonium
hydroxide was added to each well to neutralize the acid. Absorbance at 405 nm was measured
using a microplate reader (Infinite M Plex, Tecan Group Ltd.). Experiments were performed in
triplicate at least three times.

Proliferation assays

To determine proliferation, cells were seeded at 1500 cells per well of a 96-well plate. One,
two, three, four or five days after seeding, cells were washed with PBS and incubated with
Presto Blue cell viability reagent (Invitrogen, Thermo Fisher Scientific) for 60 minutes and
measured using a microplate reader (Infinite M Plex, Tecan Group Ltd.). After read-out, cells
were fixed with 4% formaldehyde and stained with 2 ug/mL Hoechst (Invitrogen, Thermo
Fisher Scientific). Nuclei were counted using the Cellomics ArrayScan VTI HCS 700 and HCS
Studio Cell Analysis Software (Thermo Fisher Scientific). Experiments were performed at least
three times in triplicate.

Statistical analysis

All statistical analyses were performed using GraphPad Prism V.9. For multiple comparisons
between groups, a Kruskal-Wallis test was used. Groups were compared to pLV. Comparisons
were considered statistically significant using a significance level of 5%.
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Results

Mesenchymal stem cells expressing truncated FOS have reduced osteogenic differentiation
capacity

Fetal mesenchymal stem cells (fMSCs) transduced with constructs containing full-length FOS
or truncated FOS (FOSA), both showed overexpression of FOS at mRNA level (Figure 2A).
These cells were used to determine the effect of FOS truncation on osteogenic differentiation.
After culture in osteogenic medium, Alizarin Red staining revealed that fMSCs expressing
truncated FOS showed a reduction of mineralization (P = 0.02), whereas fMSCs expressing
full-length FOS lost osteogenic differentiation capacity, almost completely lacking
mineralization (P < 0.0001) (Figure 2B). The expression levels of osteogenic markers during
three weeks of osteogenic differentiation were variable. Osteogenic markers BGLAP, OPN and
RUNX2 showed hardly any expression in fMSCs and therefore no difference between the
different constructs could be determined (Figure S1). Gene expression of SPARC and COL1A1
was induced upon osteogenic differentiation but with no marked difference between wild-
type fMSCs and fMSCs overexpressing FOS (full length or truncated) (Figure S1). ALPL RNA
expression and ALP activity showed a trend towards reduction in fMSCs overexpressing
truncated FOS compared to wild-type fMSCs (pLV), although this was not statistically
significant (P = 0.2 for ALPL expression and P = 0.1 for ALP activity) (Figure 2C, 2D). fMSCs
overexpressing full length FOS further reduced ALPL expression (although not significant, P =
0.2) and ALP activity (P £0.0001) compared to wild-type fMSCs (pLV) (Figure 2C, 2D).

Mesenchymal stem cells expressing truncated FOS show decreased proliferation

Since sustained expression of FOS is known to induce transformation of cells (19, 26), the
proliferation rate of fMSCs expressing full length or truncated FOS was determined. Cell
viability, as well as nuclei count, was assessed over a period of five days (Figure 3A, 3B). fMSCs
expressing truncated FOS (FOSA) showed lower proliferation rates compared to wild-type
fMSCs (P < 0.05), whereas fMSCs expressing full-length FOS showed an increase in
proliferation rate (P < 0.05).

Mutations or deletions in the C-terminal region of FOS protein impair osteogenic
differentiation capacity similar to truncated FOS

Proliferation rate and osteogenic differentiation capacity were determined for additional FOS
constructs to explore whether disruption of the C-terminal region of FOS protein can explain
the changes in proliferation and osteogenic differentiation in fMSCs expressing truncated
FOS. fMSCs expressing FOSL376N or FOSA376-377, which are both alterations located within
the LLAL region of the C-terminus of FOS, showed similarly diminished proliferation rate
(Figure 4A) and osteogenic differentiation capacity as fMSCs expressing truncated FOS
(FOSA), as measured by mineralization content (Figure 4B) and alkaline phosphatase activity
(Figure 4C). These results indicate that disruption of the helical region within the C-terminus
of FOS impairs osteogenic differentiation capacity.
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Figure 2. Osteogenic differentiation is reduced upon overexpression of truncated FOS. (A) FOS mRNA was
overexpressed in fMSCs transduced with full-length FOS (FOS) or truncated FOS (FOSA). Each bar represents the
mean of two experiments performed in duplicate + standard deviation. (B) fMSCs expressing truncated FOS
(FOSA) show reduced mineralization, while mineralization is almost completely absent in fMSCs expressing full-
length FOS (FOS). For each condition, one representative image is shown. Mineralization was quantified relative
to empty vector transduced fMSCs (pLV) and each bar represents the mean of three experiments performed in
triplicate + standard deviation. Groups were compared to pLV, using the Kruskal — Wallis test. * = P < 0.05; ****
= P < 0.0001. (C) Expression of osteogenic marker ALPL is induced during osteogenic differentiation.
Representative data from one experiment is shown. Statistical analysis was performed based on the mean of
three experiments performed by two independent researchers in duplicate that all showed a similar trend as to
the data shown. (D) Alkaline phosphatase activity was determined in fMSCs, relative to empty vector transduced
fMSC (pLV). Each bar represents the mean of four experiments performed in triplicate + standard deviation.
Groups were compared to pLV, using the Kruskal — Wallis test. * = P < 0.05 ; **** = P < 0.0001; n.s. = not
statistically significant, p > 0.05
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Figure 3. The proliferation rate of fMSCs with the various constructs. Both cell viability (A) and nuclei count (B)
was reduced in fMSCs expressing truncated FOS (FOSA) compared to untransduced (fMSC) and empty vector
transduced (pLV) fMSCs, whereas this was increased in cells expressing full-length FOS Each data point
represents the mean of three experiments performed in triplicate + standard deviation. Groups were compared
to pLV. * =P <0.05
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Figure 4. Osteogenic differentiation capacity and proliferation of fMSCs expressing FOS harbouring alterations
in LLAL region. (A) Cell viability and nuclei count showed a similar proliferation rate in fMSCs expressing
truncated FOS (FOSA), FOS with a deletion (FOSA376-377) or mutation (FOSL376N) in the LLAL region of the C-
terminal domain. (B) Mineralization, as measured by Alizarin Red staining of FOSL376N or FOSA376-377, is
similar to truncated FOS (FOSA). One representative image per condition is shown. Mineralization was quantified
relative to empty vector transduced fMSCs (pLV) and each bar represents the mean of three experiments
performed in triplicate  standard deviation. (C) Alkaline phosphatase activity was determined in fMSCs, relative
to empty vector transduced fMSCs (pLV), which was comparable among fMSCs expressing truncated FOS (FOSA),
FOS with a deletion (FOSA376-377) or mutation (FOSL376N) in the LLAL region of the C-terminal domain. Each
bar represents the mean of three experiments performed in triplicate * standard deviation. Groups were
compared to pLV using the Kruskal — Wallis test. ** = P <0.01; * = P £0.05; n.s. = not statistically significant, p >
0.05
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Discussion

Osteoid osteoma, osteoblastoma and cementoblastoma show frequent rearrangements of
the FOS- gene with various fusion partners that lead to truncation of the FOS protein. The
truncation was previously identified in epithelioid hemangioma and was shown to cause
resistance to protein degradation resulting in overexpression of the truncated FOS protein
(4).

In this study, we investigated how truncated FOS affects osteogenic differentiation, since
osteoid osteoma, osteoblastoma and cementoblastoma are characterized by the presence of
immature woven bone. To investigate this, fMSCs transduced with lentiviral vectors driving
expression of truncated FOS were compared to wild-type fMSCs and fMSCs overexpressing
full-length FOS. In fMSCs expressing truncated FOS, mineralization was reduced, and alkaline
phosphatase expression and activity showed a trend towards reduction, compared to wild-
type fMSCs. Not only fMSCs expressing truncated FOS, but also fMSCs expressing FOS with a
disrupted helical region of the C-terminus (FOSL376N and FOSA376-377) show similar results.
As the helical region of FOS contains a signal for proteasomal degradation, these results
suggest that the disruption of the helical region impairs osteogenic differentiation.

It was previously shown that cells expressing FOS constructs with a disrupted helical region
of the C-terminus (FOSL376N and FOSA376-377) have impaired proteasomal degradation (4).
Combined with our results, this suggests that sustained expression of FOS, either by
truncation of FOS or disruption of the helical region in the C-terminus of FOS, causes the
impairment of osteogenic differentiation and proliferation.

Interestingly, fMSCs that overexpress full-length FOS completely lost osteogenic
differentiation capacity, which is in line with previous results that showed that human
mesenchymal stem cells expressing FOS lost both osteogenic and adipogenic differentiation
(27). The difference in osteogenic differentiation and proliferation as a result of
overexpression of full-length FOS or truncated FOS in fMSCs is interesting. It is known that
sustained expression of full-length FOS leads to the transformation of cells (19, 26). In line
with this, we observed that fMSCs expressing full-length FOS increased proliferation
compared to fMSCs expressing truncated FOS and wildtype cells, which is in line with a
previous study using MSCs (27). As differentiation and proliferation are carefully balanced
cellular processes (28), it is not surprising that the same fast-growing cells lose osteogenic
differentiation capacity. The difference in proliferation and differentiation observed in fMSCs
expressing truncated or full-length FOS is in line with the phenotypical difference between
osteosarcoma, a malignant bone tumour, and the non-malignant bone-forming tumours
osteoid osteoma and osteoblastoma (1). Osteoid osteoma and osteoblastoma have a limited
growth capacity with reduced proliferation as compared to osteosarcoma and can show non-
mineralized and mineralized woven bone (1). In fMSCs expressing truncated FOS, we
observed slower proliferation rates compared to full-length FOS, and reduced osteogenic
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differentiation capacity. Thus, fMSCs overexpressing truncated FOS can explain the more
indolent growth with the presence of organized, immature woven bone observed in osteoid
osteoma and osteoblastoma. These data suggest that the definitive phenotype is a careful
balance between differentiation and proliferation.

A small subset of osteoid osteoma and osteoblastoma lack alterations in FOS (29). Instead,
there is a subgroup that shows FOSB rearrangements, or loss of NF2 (3, 29). Truncation of
FOSB would likely lead to similar changes in osteogenic differentiation since both FOS and
FOSB can form parts of the A.P1 complex. However, further research is needed to elucidate
how FOSB and NF2 contribute to the formation of osteoid osteoma and osteoblastoma.

Another open question remains how (truncation of) FOS is able to confer these cellular
changes in osteoid osteoma and osteoblastoma. FOS protein levels and protein stability are
tightly regulated, and one of these regulatory processes involve phosphorylation of FOS.
Phosphorylation of FOS leads to increased stability, and several phosphorylation sites at the
C-terminus of FOS are binding sites for kinases of the RSK or the MAPK protein family such as
ERK, JNK and p38 (30, 31). A previous study has shown that phosphorylation of FOS by RSK or
MAPK usually start at Ser362 and Ser374 in the C-terminus which facilitates further
phosphorylation of FOS (32). In this study we have used fetal MSCs overexpressing truncated
FOS lacking the phosphorylation sites near the C-terminus. It is possible that changes in the
phosphorylation status can confer changes in RSK or MAPK signalling, which alters cellular
processes and ultimately leads to osteoid osteoma and osteoblastoma. Unfortunately, it was
not possible to further explore this in the current study due to the lack of reliable antibodies
detecting phosphorylated FOS.

In conclusion, we have demonstrated that overexpression of truncated FOS reduces
osteogenic differentiation and proliferation in fMSCs. This may explain the indolent growth

of osteoid osteoma and osteoblastoma and the presence of immature woven bone in these
tumours.
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Supplementary Figures
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Figure S1. Gene expression of osteogenic markers BGLAP, OPN and RUNX2 showed nearly undetectable levels
in fMSCs. Gene expression of COL1A1 and SPARC was highly variable.
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