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ARLAC expression, due to RAF1I-MEK/ERK pathway, promotes ameloblastoma

cell proliferation and osteoclast formation
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ABSTRACT

Ameloblastoma is an odontogenic neoplasm characterized by slow intraosseous growth
with progressive jaw resorption. Recent reports have revealed that ameloblastoma harbors
an oncogenic BRAF V600E mutation with mitogen-activated protein kinase (MAPK)
pathway activation and described cases of ameloblastoma harboring a BRAF V600E
mutation in which patients were successfully treated with a BRAF inhibitor. Therefore,
the MAPK pathway may be involved in the development of ameloblastoma; however, the
precise mechanism by which it induces ameloblastoma is unclear. The expression of
ADP-ribosylation factor (ARF)-like 4c (ARL4C), induced by a combination of the EGF-
MAPK pathway and Wnt/B-catenin signaling, has been shown to induce epithelial
morphogenesis. It was also reported that the overexpression of ARL4C, due to alterations
in the EGF/RAS-MAPK pathway and Wnt/B-catenin signaling, promotes tumorigenesis.
However, the roles of ARL4C in ameloblastoma are unknown. We investigated the
involvement of ARL4C in the development of ameloblastoma. In immunohistochemical
analyses of tissue specimens obtained from 38 ameloblastoma patients, ARL4C was
hardly detected in non-tumour regions but tumours frequently showed strong expression
of ARL4C, along with the expression of both BRAF V600E and RAF1 (also known as
C-RAF). Loss-of-function experiments using inhibitors or siRNAs revealed that ARL4C
elevation depended on the RAFI-MEK/ERK pathway in ameloblastoma cells. It was also
shown that the RAF1-ARL4C and BRAF V600E-MEK/ERK pathways promoted cell
proliferation independently. ARL4C-depleted tumour cells (generated by knockdown or
knockout) exhibited decreased proliferation and migration capabilities. Finally, when
ameloblastoma cells were co-cultured with mouse bone marrow cells and primary

osteoblasts, ameloblastoma cells induced osteoclast formation. ARL4C elevation in
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ameloblastoma further promoted its formation capabilities through the increased RANKL

oNOYTULT D WN =

expression of mouse bone marrow cells and/or primary osteoblasts. These results suggest
11 that the RAFI-MEK/ERK-ARLA4C axis, which may function in cooperation with the

13 BRAF V600E-MEK/ERK pathway, promotes ameloblastoma development.

17 Key words: Ameloblastoma, ARL4C, BRAF V600E, RAF1, Proliferation, Osteoclast

19 formation

4

http://mc.manuscriptcentral.com/jpath



oNOYTULT D WN =

The Journal of Pathology

INTRODUCTION

Ameloblastoma, which originates from the dental lamina, is classified as a benign
epithelial odontogenic tumour, showing slow intraosseous growth with progressive bone
resorption of the jaw [1]. Ameloblastoma is the most common odontogenic tumour,
excluding odontomas, tending to recur locally if not adequately removed. Clinically, with
increased size, complications include loosening of teeth, malocclusion, paraesthesia, pain,
limited mouth opening, difficult mastication and airway obstruction [1]. The main
treatment is wide surgical resection with an area of bone beyond radiographic margins;
this necessarily results in facial deformity [2]. Ameloblastomas are classified as
ameloblastoma (also called conventional ameloblastoma or solid/multicystic
ameloblastoma), unicystic ameloblastoma, extraosseous/peripheral ameloblastoma and
metastasizing ameloblastoma. Unicystic ameloblastoma is further classified into luminal,
intraluminal and mural subtypes [3]. The common histopathological patterns of
ameloblastoma are follicular and plexiform [1]. The definitive underlying the pathogenic
mechanisms of ameloblastoma, including an increase in ameloblastoma cells and
enhanced bone resorption capabilities through osteoclast formation, remain unclear.
Therefore, a novel tumour therapy based on the molecular mechanisms underlying
ameloblastoma development is awaited.

In the age of precision cancer medicine, tumour specimens are processed for next-
generation sequencing with gene panel tests to detect gene mutations/variants for
optimizing therapeutic intervention [4]. As ameloblastomas are rare, with an incidence of
0.5 cases per million population [1,5], information concerning the molecular mechanisms
involved in the aetiology of ameloblastoma is limited. It is thus necessary to investigate

the roles of individual signal transduction in relation to the aetiology using pathological
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specimens or cell lines.

A BRAF mutation, showing valine to glutamic acid substitution at codon 600 (V600E),
is present in 40-60% of ameloblastoma cases with mutation-dependent mitogen-activated
protein kinase (MAPK) pathway activation [6-9]. Additionally, several studies have
described cases of patients with a BRAF V600E mutant that were successfully treated
with BRAF inhibitors [10-12], suggesting that BRAF V600E signaling might be involved
in the development of ameloblastoma. However, the details of the MAPK pathway-
dependent mechanism through which ameloblastoma develops are poorly understood.

ADP-ribosylation factor (ARF)-like proteins (ARLs) are a subgroup of ARF small
GTP-binding protein superfamily [13]. Recent studies have shown that ARL4C, a
member of ARL family proteins, is a target molecule induced by the activation of the
RAS- MAPK pathway and Wnt/B-catenin signaling and it plays an important role in both
epithelial morphogenesis and tumorigenesis [14-18]. For instance, ARL4C is expressed
in some epithelial rudiments, including tooth buds, hair follicles, salivary glands and
kidneys, of E15 mouse embryos [14]. The particularly high expression of ARL4C in the
distal tip of ureteric buds (UBs) of the mouse embryonic kidney, due to the FGF-RAS-
MAPK pathway and Wnt/B-catenin signaling activation, was shown to be involved in UB
branching morphogenesis [14].

In contrast, the effects of ARL4C on epithelial tooth bud morphogenesis, which has
the same origin as ameloblastoma, remain unclear. ARL4C expression is also upregulated
in cancers and associated with the progression of tumorigenesis, including colorectal,
lung, tongue, liver, gastric, renal cell, ovarian cancers and glioblastoma [15-17,19-22].
ARLA4C expression was reportedly induced in lung premalignant lesions and the

exogenous expression of ARL4C promoted cell proliferation of human immortalized
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small airway epithelial cells [18], indicating proliferative capabilities of ARL4C, even in
premalignant lesions. However, neither ARL4C expression in ameloblastoma nor the
effects of its signaling on ameloblastoma development are well understood.

Herein, we found an elevated expression of ARL4C in ameloblastoma cell lines and
pathological specimens and demonstrated the role of ARL4C in regulating

ameloblastoma cellular growth and ameloblastoma-mediated osteoclast formation.
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MATERIALS AND METHODS

Patients and immunohistochemistry
Human ameloblastoma (n=38) tissues were obtained from patients who visited at the
Department of Oral and Maxillofacial Surgery, Kyushu University Hospital in the last 10
years (from December 2008 to September 2019), who were diagnosed with
ameloblastoma or ameloblastoma, unicystic type according to the recent WHO
Classification [1], and who underwent surgery. The clinicopathological data of the
patients with ameloblastoma are presented in supplementary material, Table S1. The
study protocol was approved by the ethical review board of the Local Ethical Committee
of Kyushu University, Japan (#29-392). Resected specimens were macroscopically
examined to determine the location and size of ameloblastoma, and histological
specimens were fixed in 10% (v/v) formalin and processed for paraffin embedding.
Specimens were sectioned (thickness: 4 um) and stained with hematoxylin-eosin (H&E)
for independent evaluation by three pathologists.

Immunohistochemical staining was performed as previously described [23,24]. See

supplementary Materials and methods for further details.

Cells and reagents

AM-1 human ameloblastoma cells were kindly provided from Dr. H. Harada (Iwate
Medical University, Shiwa-gun, Japan) [25]. AB10 and ABSV, primary ameloblastoma
cells, and HeLaS3 human uterine cancer cells, A549 human lung adenocarcinoma cells
and NCI-H520 human lung squamous cell carcinoma cells were used in the previous
study [6,15,16]. Lenti-X™ 293T (X293T) cells were purchased from Takara Bio Inc.

(Shiga, Japan). AM-1 cells were cultured in Keratinocyte SFM medium (Invitrogen,
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Carlsbad, CA, USA). AB10 and ABSV were cultured in CnT-PR medium (CELLnTEC,
Bern, Switzerland). HeLaS3, A549 and X293T cells were grown in Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with 10% FBS (Invitrogen). NCI-H520 cells
were grown in RPMI-1640 (Invitrogen) supplemented with 10% FBS. See supplementary

Materials and methods.

Plasmid construction and infection using lentivirus harboring a cDNA

Lentiviral vectors were constructed by subcloning GFP, pEGFPN3-ARL4C and
ARF6Q7L ¢cDNAs into CSII-CMV-MCS-IRES2-Bsd (kindly provided by Dr. H. Miyoshi
(RIKEN BioResource Center, Ibaraki, Japan) [14,26]. The vectors were then transfected
with the packaging vectors, pCAG-HIV-gp and pCMV-VSV-G-RSV-Rev, into X293T
cells using Lipofectamine LTX reagent (Invitrogen) to generate lentiviruses [27]. See

supplementary Materials and methods for further details.

Knockdown of protein expression by siRNA and quantitative RT-PCR
The effects of protein knockdown by siRNA were analyzed as previously described [28].
Briefly, siRNAs (final conc. 20 nM) were transfected into AM-1 cells using
Lipofectamine RNAIMAX (Invitrogen). The target sequences are listed in supplementary
material, Table S2. The transfected cells were then used for experiments conducted at 48
h post-transfection.

Quantitative RT-PCR was performed as previously described [29]. The primers are

listed in supplementary material, Table S3.

Generation of ARL4C knockout cells
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The target sequence for human ARL4C, 5’-CTTCTCGGTGTTGAAGCCGA-3’, was
designed with the help of CRISPR Genome Engineering Resources (http://www.genome-
engineering.org/crispr/) [30]. The plasmids, which were pX330 expressing hCas9 and
single-guide RNA (sgRNA) targeting ARL4C and Blasticidin resistance, were transfected
into AM-1 cells using Lipofectamine LTX reagent and the transfected cells were selected
in medium containing 5 pg/mL Blasticidin S (FUJIFILM Wako, Osaka, Japan) [16].
Single colonies were picked, mechanically disaggregated, and replated into individual

wells of 24-well plates.

Osteoclast formation

Mouse primary osteoblasts (POBs) were obtained from the calvaria of newborn C57B16/]
mice (Jackson Laboratory, Bar Harbor, ME, USA) by a conventional method using
collagenase, as previously described [31]. Mouse bone marrow cells (BMCs) (2 x 10°
cells) were isolated from 6-week-old C57B16/J mice and co-cultured with the POBs (1 %
104 cells) in 0.225 ml of a-MEM containing 10% FBS and 0.075 ml of Keratinocyte SFM
in 48-well plates. Then, AM-1 cells (2 x 10* cells) were added to the coculture system.
After 7 days, the cells were fixed and stained for tartrate-resistant acid phosphatase
(TRAP). TRAP-positive cells were counted as osteoclast-like cells. The bone-resorbing
activity of osteoclasts was assessed using an Osteo Assay Plate (Corning, Corning, NY,

USA).

Statistical analysis
Statistical analyses were performed using JMP Pro 15 software. Significant differences

were determined using Fisher’s exact test for clinicopathological analyses. For other
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experiments, significant differences were determined using Student’s 7-test and one-way
ANOVA with Tukey’s test. A P value of <0.05 was considered to indicate statistical

significance.

Additional Assays
Cell proliferation and migration assays were performed as previously described [29,32].

Western blotting data were representative of at least three independent experiments.
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RESULTS

ARLAC is expressed in human ameloblastoma tissue

Immunohistochemical analyses were carried out to examine the ARL4C expression in
human ameloblastoma specimens. Clinicopathologically, no significant differences were
observed between conventional and unicystic ameloblastomas, regarding sex, location,
size or recurrence (supplementary material, Table S1). Cytoplasmic staining for ARL4C
was observed in 28 (73.7%) of 38 tumour cases, whereas it was hardly detected in
adjacent oral non-tumourous stratified squamous cell regions consistent with a previous
report (Figure 1) [16]. The results were considered positive when >40% of the total
epithelial cells within a single specimen were stained with anti-ARL4C antibody.
Interestingly, ARL4C was strongly expressed in the tumour cells invading the
surrounding stroma (Figure 1; black arrowheads). No association was found between
ARLA4C expression and location, sex, size or recurrence (Table 1). The positive rates of
ARLAC staining were lower in the ameloblastoma, unicystic type (2/7; 28.6%) than in
the ameloblastoma (26/31; 74.3%) (p<0.01; Fisher’s exact test) (Figure 1), suggesting

that the expression of ARL4C might be related to the ameloblastoma subtypes.

RAF1-dependent ARL4C expression is required for ameloblastoma cell
proliferation

Since ARLAC is efficiently transcribed by the simultaneous activation of RAS-MAPK
pathway and Wnt/B-catenin signaling [14,15], we examined the molecular mechanism by
which ARL4C expression is induced in ameloblastoma using AM-1 cells, an
ameloblastoma cell line harboring a BRAF V600E mutation [8]. ARL4C expression in

AM-1 cells was comparable to that in A549, SAS and NCI-H520 cells, wherein the
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elevated expression of ARL4C is involved in tumorigenesis [15,16] (Figure 2A). B-
Catenin siRNA and PD168393 (a selective EGFR inhibitor) did not affect the ARL4C
expression, but the simultaneous inactivation of the EGFR pathway and [-catenin
signaling reduced ARL4C (supplementary material, Figure S1A).

As BRAF V600E-dependent MAPK activation regulates ameloblastoma cell
proliferation, we examined the effects of MAPK activation on ARL4C expression in AM-
1 cells. The inhibition of the MAPK pathway by PD184161 (a selective MEK1/2
inhibitor) suppressed ERK 1/2 activation and reduced the ARL4C expression (Figure 2B),
suggesting that ARL4C 1s dependent on MEK/ERK activation in AM-1 cells.
Surprisingly, BRAF V600E inhibitors SB590885, Dabrafenib or Vemurafenib reduced
ERK activation but did not affect ARL4C expression (Figure 2B and supplementary
material, Figure S1B). In addition, BRAF knockdown did not reduce ARL4C expression
(Figure 2C and supplementary material, Figure S1C), suggesting that ARL4C might
depend on another MEK/ERK pathway, besides the BRAF V600E-dependent MEK/ERK
pathway, in AM-1 cells.

BRAF reportedly forms a complex with wild-type RAF1 (also known as C-RAF) and
then increases RAF1 kinase activity, thereby stimulating the MEK/ERK pathway [33,34].
Therefore, we examined the effect of RAF1 on ARL4C expression in AM-1 cells. Rafl
Kinase Inhibitor I suppressed ERK1/2 activation and the ARL4C expression (Figure 2B
and supplementary material, Figure S1D). Treatment with SB590885 further reduced
ARLA4C expression, which was partially decreased by treatment with low concentrations
of Rafl kinase inhibitor I (supplementary material, Figure SI1E). The results were
consistent with the findings that BRAF V600E activates RAF1 kinase activity [33].

Furthermore, RAF1 knockdown decreased ARL4C expression (Figure 2C and

13

http://mc.manuscriptcentral.com/jpath

Page 14 of 61



Page 15 of 61

oNOYTULT D WN =

The Journal of Pathology

supplementary material, Figure S1C). RAF'] expression in AM-1 cells was higher than
that in HeLaS3, A549, SAS or NCI-H520 cells (Figure 2D). Immunohistochemically,
RAF1 expression in ameloblastoma was higher than in adjacent oral non-tumourous
stratified squamous cell regions (Figure 2E), suggesting that ARL4C expression may
depend on RAF1-MEK/ERK pathway in AM-1 cells. Additionally, early growth response
1 (EGRI), FOS like 1, AP-1 transcription factor subunit (FOSLI), cyclin D1 (CCNDI)
and MYC proto-oncogene, bHLH transcription factor (C-Myc) were down-regulated by
treatment with PD184161 or Rafl Kinase Inhibitor I (supplementary material, Figure
S1F). However, the CCNDI and C-Myc levels were not regulated by treatment with
SB590885, indicating that CCNDI and C-Myc as well as ARL4C were not downstream
of the BRAF V600E-dependent MEK/ERK pathway.

Next, we assessed the ARL4C expression patterns with BRAF V600E and/or RAF1 in
ameloblastoma specimens. Immunohistochemical data revealed that BRAF V600E
expression was detected in 25 (65.8%) of 38 tumour lesions, but not in non-tumour
regions, consistent with previous reports [6,8,9,35] (Figure 2F and Table 2). ARL4C was
detected along with the expression of BRAF V600E in 19 of 38 (50%) (Table 2). However,
RAF1 expression was clearly and frequently detected in the cytoplasm of the tumour cells
(31/38; 81.6%), immunohistochemically (Figure 2F and Table 2). ARL4C-positive cases,
which were co-expressed with RAF1, were 24/38 (63.2%). ARL4C-positive cases, which
were co-expressed with both BRAF V600E and RAF1, were 19/38 (50%) (Table 2).
Importantly, tumours that were double-positive for BRAF V600E and RAF1 were more
frequent (19/28; 67.9%), but not significantly, in ARL4C-positive cases than in ARL4C-
negative cases (Figure 2F; lower panel). Conversely, only 4/38 (10.5%) ARL4C-positive

cases were negative for both RAF1 and BRAF V600E (Table 2). These data suggest that
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ARLAC expression might be regulated by not only BRAF V600E mutations but also by
RAF1 expression in ameloblastoma. No association was found between the expression
levels of RAF1 or BRAF V600E and the ameloblastoma subtypes or location, size and
recurrence; however, the rates of RAF1 and BRAF V600E positivity were higher in
women (RAF1: p<0.05 and BRAF V600E: p<0.05; Fisher’s exact test) (supplementary
material, Figure S1G and Table S1).

Primary ameloblastoma cells, AB10 cells and ABSV cells, in which ABSV cells harbor

a BRAF V600E mutation, highly expressed ARL4C and RAF1, and ARL4C; this was
dependent on the RAF1 pathway in AB10 cells (Figure 2G and supplementary material,
Figure S1H). These data indicated that the RAF1-MEK/ERK pathway induces ARL4C
expression, not only in immortalized ameloblastoma cells, but also in primary
ameloblastoma cells.

Loss-of-function experiments using siRNAs and an inhibitor also revealed that RAF1
expression and its activation are involved in AM-1 cell proliferation (Figure 3A).
Additionally, SB590885 reduced the cell proliferation capabilities of AM-1 cells
(supplementary material, Figure S2A), and simultaneous inhibition combined with Rafl
Kinase Inhibitor I further suppressed cellular growth (Figure 3B), suggesting that the
RAF1-MEK/ERK and BRAF V600E-MEK/ERK pathways might regulate AM-1 cell
proliferation independently.

To elucidate the role of RAF1-dependent ARL4C expression in AM-1 cell proliferation,
we generated stably ARL4C expressing cells. Then, lentiviral transduction with ARL4C-
GFP rescued the Raf1 kinase inhibitor-dependent reduction in ARL4C protein expression
and loss-of-function experiments-dependent decreased cellular growth (Figure 3C and

3D), suggesting that RAF1-dependent ARL4C expression may promote ameloblastoma
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cell proliferation. Cells expressing ARL4C-GFP showed similar proliferation capabilities
to control cells expressing GFP (Figure 3C), suggesting that the endogenous ARL4C
expression sufficiently regulates the proliferative ability. SB590885 reduced proliferation
capabilities of AM-1 cell expressing not only GFP but also ARL4C-GFP (supplementary
material, Figure S2B), supporting the hypothesis that RAF1-MEK/ERK-ARL4C and
BRAF V600E-MEK/ERK pathways might regulate AM-1 cell proliferation

independently.

ARLA4C expression is involved in the proliferation and migration of ameloblastoma
cells
ARLA4C expression was shown to be involved in the proliferation and migration of colon
cancer, lung cancer and tongue cancer cells [15,16]. To elucidate the functions of ARL4C
in AM-1 cells, ARL4C was knocked down by two different siRNAs (supplementary
material, Figure S3A). ARL4C knockdown decreased migration capability of AM-1 cells
(supplementary material, Figure S3B). Because we used ARL4C #1 siRNA, which targets
the 3’-UTR (untranslated region) (see supplementary material, Table S2), it did not
decrease the amount of exogenously expressed ARL4C-GFP in the cells (supplementary
material, Figure S3C). Subsequent ARL4C-GFP expression rescued the ARLAC-
knockdown phenotype of tumour cells, excluding siRNA off-target -effects
(supplementary material, Figure S3D).

To further examine the effect of ARL4C on cell proliferation, ARL4C-knockout AM-
1 cells were generated using a CRISPR/Cas9 system (supplementary material, Figure
S4A). Genomic deletion and the complete loss of ARL4C protein in the knockout cells

were confirmed (Figure 4A and supplementary material, Figure S4B). ARL4C knockout
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suppressed proliferation and migration capabilities of AM-1 cells (Figure 4B and
supplementary material, Figure S4C). As the ARNO-ARF6 pathway can act downstream
of ARLA4C to regulate tube formation in intestinal epithelial cells [14] and gene expression
in hepatocellular carcinoma [17], we examined whether its pathway could affect the
growth potential of AM-1 cells. Treatment with SecinH3 (an inhibitor of ARNO) reduced
the cell proliferation capabilities of AM-1 cells (Figure 4C), and its simultaneous
inhibition in combination with SB590885 further suppressed cellular growth (Figure 4D).
Furthermore, ARF6Q07L (an active ARF6 mutant) [36] rescued ARL4C-knockout- and/or
Rafl Kinase Inhibitor [-dependent decreased cellular growth (Figure 4E), suggesting that
RAF1-MEK/ERK-ARL4C-ARNO-ARF6 signaling might be involved in AM-1 cell

proliferation.

ARLA4C expression in ameloblastoma induces osteoclast formation

Patients with ameloblastoma often exhibit extensive jaw resorption, which is a common
clinical problem. Osteoclasts, multinucleated cells (MNCs) that show TRAP activity, are
responsible for bone resorption [37,38]. Therefore, we examined whether or not ARL4C
expression in ameloblastoma might induce osteoclast formation. H&E-stained
ameloblastoma sections showed that numerous MNCs were aligned on the surface of
resorbed bone (Figure 5A and supplementary material, Figure S5).
Immunohistochemically, MNCs were positive for Cathepsin K (Figure 5B), indicating
that the MNCs in the sections are osteoclasts [39]. In our cases (n=28), ameloblastoma
cells expressing ARL4C appeared to be separated from osteoclasts at a distance of 678.13
+ 51.49 pm (Figure 5A and supplementary material, Figure SS5), suggesting that

ameloblastoma may induce osteoclast formation indirectly. The number of osteoclasts in
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the ARL4C-positive section was more than that in the ARL4C-negative section,
suggesting that ARL4C expression may affect osteoclast formation in ameloblastoma
(Figure 5C).

To evaluate the involvement of ameloblastoma in osteoclast formation, AM-1 cells
expressing GFP or ARL4C-GFP were co-cultured with mouse BMCs and POBs; thus a
few TRAP-positive MNCs and many TRAP-positive mononuclear cells were observed
(Figure 6A). However, while MNCs and resorption pits on Osteo Assay Plate were indeed
observed (supplementary material, Figure S6A and S6B), co-culture with Keratinocyte
SFM medium for AM-1 cells greatly suppressed the number and the size of MNCs
compared to the culture with only a-MEM medium (data not shown). Here, TRAP-
positive cells were counted as osteoclast-like cells. Then, AM-1 cells induced TRAP-
positive cells, and the ARL4C expression further increased the number of TRAP-positive
cells (Figure 6A).

Several factors, such as the receptor activator of the NF-«xB ligand (RANKL; Tnfsf11),
its receptor (RANK; Tnfrsf11a) and its decoy receptor osteoprotegerin (OPG; Tnfrsf11b),
are reportedly required for osteoclastogenesis [38,40]. Because the RANKL/RANK
pathway regulates osteoclast differentiation, the balanced expression of RANKL and
OPG is considered critical for regulating osteoclast function. AM-1 cells dramatically
induced mouse TnfslI expression and reduced mouse 7nfsf1/b expression in mouse
BMCs and/or POBs using mouse-specific primers (Figure 6A; lower panels). ARL4C
expression further upregulated the mouse 7nfsf1/ mRNA levels (Figure 6A; lower
panels). The TNFSF11 and TNFRSF 1B expression in AM-1 cells was comparable to that
in HeLaS3, A549, SAS and NCI-H520 cells (supplementary material, Figure S6C).

ARLAC expression slightly, but significantly, upregulated human 7NFSFI1I mRNA
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expression in human AM-1 cells using human-specific primers (supplementary material,
Figure S6D). However, a few TRAP-positive cells were observed in the co-culture with
BMCs and AM-1 cells expressing ARL4C-GFP in the absence of POBs (data not shown),
indicating that the amount of RANKL expressed by AM-1 cells might not be sufficient
to induce osteoclastogenesis directly. In the co-culture with BMCs, POBs and AM-1 cells
expressing ARL4C-GFP, neutralizing antibodies specific to mouse RANKL, but not
human RANKL, reduced the number of TRAP-positive cells (Figure 6B). Therefore,
RANKL expression of POBs induced by AM-1 cells expressing ARL4C-GFP may lead
to up-regulation of osteoclast formation. Treatment with Rafl Kinase Inhibitor I or
PD184161 suppressed ARL4C expression in AM-1 and the number of TRAP-positive
cells (Figure 6C and supplementary material, Figure S6E). Finally, ARL4C-knockout
AM-1 cells reduced the number of TRAP-positive cells and mouse 7nfs// mRNA
expression (Figure 6D). Collectively, these results indicated that ameloblastoma cells
indirectly promoted osteoclast formation by regulating the balance of RANKL and OPG
in osteoblasts/stromal cells, and that the RAF1-MEK/ERK-dependent expression of

ARLA4C might be involved in the regulation of this balance.
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DISCUSSION

Recent studies have highlighted various gene mutations related to the MAPK pathway,
including FGFR2, BRAF, KRAS, NRAS and HRAS, in ameloblastoma, with BRAF V600E
being the most common (40-60%) [6,8,9,35], suggesting that BRAF V600E mutations
may be involved in the actiology of ameloblastoma development.

Consistently, our immunohistochemical analyses demonstrated that the expression of
BRAF V600E, which coincided 100% with the molecular detection of BRAF V600E
mutations [8], was observed in 25 (65.8%) of 38 cases. BRAF V600E mutations are
present in numerous malignant tumours, including melanoma, hairy cell leukemia,
papillary thyroid carcinoma and colorectal cancer [34,41-44], and these mutations induce
MEK/ERK activation, which is involved in tumorigenesis [45]. Previously, a
heterozygous BRAF V600E mutation was detected in ameloblastoma specimens and cell
lines [6,8,9,35]. Therefore, BRAF V600E mutations in ameloblastoma might be
associated with lower oncogenic potential compared to malignant tumours harboring
homozygous mutations. Notably, BRAF V600E positivity accompanied by ARL4C and
RAF1 negativity was seen in only 1 of 38 cases (2.6%) (see Table 2), suggesting that
BRAF V600E mutations alone may not be sufficient to induce ameloblastoma. Similarly,
BRAF V600E mutations were observed in 39 (89%) of 44 human cases of benign nevi,
indicating that BRAF activation alone is not sufficient for the development of melanoma
[46]. Another molecular mechanism besides heterozygous BRAF V600E mutation may
be involved in the development of ameloblastoma.

ARLAC was highly expressed with RAF1 and BRAF V600E in the lesional tissue of
ameloblastoma specimens. The RAFI-MEK/ERK pathway and BRAF V600E-

MEK/ERK pathways may cooperatively induce the expression of ARL4C in
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ameloblastoma. The current loss-of-function experiments using inhibitors or siRNAs
demonstrated that RAF1-MEK/ERK-ARL4C-ARNO-ARF6 pathway and BRAF V600E-
MEK/ERK pathway independently promote AM-1 cell proliferation. Collectively, these
results support the idea that their combined signal inhibition may be an effective
antitumour therapeutic strategy for patients with ameloblastoma. ARL4C reportedly
contributes to oncogenesis through its overexpression by multiple mechanisms in a cell-
context-dependent manner [15-17]. In ameloblastoma cells, ARL4C expression was
shown to depend on RAF1-MEK/ERK pathway (see Figure 2B), suggesting that the
RAF1-MEK/ERK pathway may be activated in ameloblastoma.

The overexpression of RAF1 has been observed in various cancers, such as lung
adenocarcinomas and multiple myeloma [47,48], suggesting that its overexpression may
be associated with tumorigenesis. RAF1 expression was clearly elevated in
ameloblastoma cell lines and specimens (see Figure 2D and 2E). Cancer samples bearing
BRAF V600E mutants did not contain RAS mutations [34,43], indicating their exclusive
relationship. However, wild-type BRAF forms a complex with RAF1 and then increases
RAF1 kinase activity, thereby stimulating the MEK/ERK pathway [33]. Although the
definitive mechanisms by which the BRAF V600E-MEK/ERK pathway alone did not
affect the expression of ARL4C remain unclear, two hypotheses are proposed. First, so-
called paradoxical MAPK activation due to BRAF inhibitor-mediated homodimerization
and heterodimerization of wild-type BRAF or RAFI1 [49] leads to the secondary
activation of the RAF1-MEK/ERK pathway, thereby maintaining the ARL4C expression.
Second, the contribution of BRAF V600E to MEK-ERK pathway activation may be
relatively low. Thus, it is possible that BRAF V600E is not sufficient to induce ARL4C

expression in the presence of RAF1 overexpression, because the complex formation of
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BRAF V600E and RAF1 inhibits the kinase activity of BRAF V600E and ERK activation
[50]. It is therefore intriguing to speculate that cooperative activation of BRAF V600E
and RAF1 would be the actiology of ameloblastoma cell proliferation and that such
cooperative activation might induce the clinical aggressiveness of ameloblastoma beyond
the category with benign neoplasia.

While some reports have shown that RANKL, which is secreted by ameloblastoma
cells, induces osteoclastogenesis [51,52], ameloblastoma cells appeared to be located
separately from osteoclasts in ameloblastoma specimens. We thus hypothesized that
ameloblastoma cells induce osteoclast formation indirectly. In support of this, the role of
stromal cells has been emphasized in the osteoclastogenesis of patients with
ameloblastoma [53]. In the current co-culture system, ameloblastoma cells induced
Tnfsf11 expression and reduced Tnfrsfl1b expression in mouse BMCs and/or POB,
indicating that the interaction of tumour cells and stromal cells/osteoblasts plays a pivotal
role in ameloblastoma mediated-osteoclast formation. Although the precise mechanism
underlying the upregulation of RANKL or the mechanism of OPG downregulation by
AM-1 was unclear, our findings were consistent with previous findings that oral
squamous cells induced osteoclast formation by increasing the RANK/OPG ratio of
osteoblasts/stromal cells through interaction with osteoblasts/stromal cells [31].

In summary, we found that ARL4C is highly expressed in ameloblastoma specimens
with high frequencies and in ameloblastoma cell lines. We also demonstrated that the
RAF1-MEK/ERK pathway induces ARL4C expression to regulate ameloblastoma
cellular growth positively and promote ameloblastoma-mediated osteoclast formation
(supplementary material, Figure S6F). Therefore, these results suggest that the RAF1-

MEK/ERK-ARLAC axis contributes to the development of ameloblastoma.
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Table 1. Clinical characteristics of ameloblastoma patients with ARL4C expression.

ARLAC positive ARLA4C negative
(n=28) (n=10)
Categorical variables
Age 39.9+16.7 34.9+20.9
Location
Mandible 22 (57.9%) 9 (23.7%)
Maxilla 6 (15.8%) 1 (2.6%)
Sex
Male 18 (47.4%) 6 (15.8%)
Female 10 (26.3%) 4 (10.5%)
Size
Mesiodistalxbuccolingual 37.7£18.5%x21.9£9.2 42.4+17.9%25.4+7.7
xvertical x27.3+13.5 x51.7429.9
Clinical prognosis
Primary 24 (63.2%) 6 (15.8%)
Recurrence 4(10.5%) 4 (10.5%)

Size was calculated by computed tomography scan.
Radiographically, image characteristics of ameloblastoma and ameloblastoma, unicystic

type were multilocular and unilocular, respectively.
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Table 2. ARL4C, BRAF V600E or RAF1 expression in ameloblastomas.

oNOYTULT D WN =

ARLA4C BRAF V600E RAF1 Number

10 - - - 2

24 + + - 0

26 + + + 19

-: Negative, +: Positive
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FIGURE LEGENDS

Figure 1. ARL4C is expressed in human ameloblastomas.

Ameloblastoma tissues (n=38) were stained with anti-ARL4C antibody and hematoxylin.
Ameloblastoma and ameloblastoma, unicystic type are examined, and ARL4C-positive
or -negative cases in each type are shown in the lower panel. Black boxes show enlarged
images. Black arrowheads indicate ameloblastoma cells that invade in the stroma. Scale

bars, 100 pm.

Figure 2. ARL4C expression depends on RAFI-MEK/ERK pathway in
ameloblastoma.

(A) ARL4C mRNA levels in HeLaS3, A549, SAS, NCI-H520 and AM-1 cells were
measured by quantitative RT-PCR. Relative levels of ARL4C mRNA expression were
normalized to GAPDH and expressed as fold-changes compared with expression in
HeLaS3 cells. (B) AM-1 cells were cultured without or with 10 uM PD184161, 10 uM
Rafl Kinase Inhibitor I or 10 uM SB590885 for 24 h. Cell lysates were probed with anti-
ARLAC, anti-phospho-ERK1/2, anti-ERK1/2 and anti-B-actin antibodies. (C) AM-1 cells
were transfected with control or four independent BRAF or RAF1 siRNAs. Cell lysates
were probed with anti-ARL4C and anti-B-actin antibodies. (D) RAFI mRNA levels in
HeLaS3, A549, SAS, NCI-H520 and AM-1 cells were measured by quantitative RT-PCR.
Relative levels of RAF'I mRNA expression were normalized to GAPDH and expressed
as fold-changes compared with expression in HeLaS3 cells. (E) Representative
ameloblastoma tissue stained with anti-RAF1 antibody, and hematoxylin was shown.
Dashed box and solid box indicate enlarged images of oral non-tumourous squamous cell

region and ameloblastoma (plexiform type), respectively. (F) Ameloblastoma tissues
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(n=38) were stained with anti-ARL4C, anti-RAF1 and BRAF V600E antibodies, and
hematoxylin. The numbers of cases with ARL4C-negative or ARL4C-positive, and
BRAF V600E- and RAF1-negative or BRAF V600E- and RAF1-positive were shown
below. (G) ARL4C mRNA levels in HeLaS3, AM-1, AB10 and ABSV cells were
measured by quantitative RT-PCR. Relative levels of ARL4C mRNA expression were
normalized to GAPDH and expressed as fold-changes compared with expression in
HeLaS3 cells (left panel). AB10 cells were cultured without or with 10 uM Raf1 Kinase
Inhibitor I for 24 h. ARL4C mRNA levels in AB10 were measured by quantitative RT-
PCR. Relative human 4ARL4C mRNA levels were normalized by human GAPDH and
expressed as fold-changes compared with levels in control cells (right panel). Scale bars,
1 mm (E), 40 um (F). Results are shown as means + s.d. of three independent experiments.

*P<0.01.

Figure 3. RAF1-dependent ARL4C expression is required for proliferation of
ameloblastoma cells.

(A) AM-1 cells were transfected with control or four different RAF1 siRNAs. The cells
were cultured for the indicated numbers of days, and cell numbers were counted (left
panel). AM-1 cells were cultured without or with 0.1 and 0.5 uM Rafl Kinase Inhibitor I
for the indicated numbers of days, and cell numbers were counted (right panel). (B) AM-1
cells were cultured without or with 0.5 pM Rafl Kinase Inhibitor I and/or 5 uM
SB590885 for the indicated numbers of days, and cell numbers were counted. (C) AM-1
cells expressing GFP or ARL4C-GFP were cultured without or with 1 uM Rafl Kinase
Inhibitor I for 24 h. Cell lysates were probed with anti-ARL4C, anti-phospho-ERK1/2,

anti-ERK1/2 and anti-B-actin antibodies (left panels). AM-1 cells expressing GFP or
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ARLAC-GFP were cultured without or with 0.5 uM Rafl Kinase Inhibitor I for the
indicated numbers of days, and cell numbers were counted (right panel). (D) AM-1 cells
expressing GFP or ARL4C-GFP were transfected with control or RAF1 #1 siRNA. The
cells were cultured for the indicated numbers of days, and cell numbers were counted.

Results are shown as means + s.d. of three independent experiments. *P < 0.01. **P <

0.05.

Figure 4. ARL4C expression is involved in the proliferation of ameloblastoma cells.
(A) Lysates of ARL4C knockout AM-1 cells were generated and cell lysates were probed
with anti-ARL4C and anti-B-actin antibodies. (B) ARL4C control or knockout AM-1 cells
were cultured for the indicated numbers of days, and cell numbers were counted. (C) AM-
1 cells were cultured without or with 1, 5 and 10 uM SecinH3 for the indicated numbers
of days, and cell numbers were counted. (D) AM-1 cells were cultured without or with 5
uM SecinH3 and/or 5 uM SB590885 for the indicated numbers of days, and cell numbers
were counted. (E) ARL4C control or knockout AM-1 cells were transfected with mock
or ARF6Q¢7L and cells lysates were probed with anti-ARF6 and anti-B-actin antibodies
(upper panels). ARL4C control or knockout AM-1 cells expressing mock or ARF6Q67-
were cultured for the indicated numbers of days, and cell numbers were counted (lower
left panel). AM-1 cells expressing mock or ARF62¢7L were cultured without or with 0.5
pM Rafl Kinase Inhibitor I for the indicated numbers of days, and cell numbers were
counted (lower right panel). Results are shown as means + s.d. of three independent

experiments. *P < 0.01. **P < 0.05.

Figure 5. ARL4C expression in ameloblastoma induces osteoclast formation in the
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ameloblastoma tissues.

(A) Ameloblastoma tissues, which were intraosseous, were stained with H&E. Boxes
show enlarged images. Black arrowheads and white arrowheads indicate ameloblastoma
cells and multinucleated cells, respectively. Dotted lines and black lines indicate the
border between ameloblastoma and stroma, and between bone and stroma, respectively.
(B) Ameloblastoma tissues, which were intraosseous, were stained with anti-Cathepsin K
antibody and hematoxylin. White arrowheads indicate multinucleated cells. Black lines
indicate the border between bone and stroma. (C) Representative osteoclasts were shown
in the ARL4C-negative or ARL4C-positive specimens. Osteoclasts cell number was
counted in the ARL4C-negative or ARLA4C-positive specimens (n=22). White
arrowheads indicate osteoclasts. Boxes indicate enlarged images. Dotted lines and black
lines indicate the border between ameloblastoma and stroma, and between bone and

stroma, respectively. Scale bars, 200 pm (A) and 50 um (B and C). **P < 0.05.

Figure 6. ARL4C expression in ameloblastoma induces osteoclast formation
indirectly.

(A) AM-1 cells (2 x 10* cells) and mouse BMCs (2 x 10° cells) were co-cultured with
POBs (1 x 10* cells) for 7 days in 48-well plates. After the culture, cells were fixed and
stained for TRAP (upper left panels), and TRAP-positive cells were counted (upper right
panel). Mouse Tnfsf11 or Tnfrsf11b mRNA levels were measured by quantitative RT-
PCR. Relative mouse Tnfsf11 or Tnfrsfl1b mRNA levels were normalized by mouse
GAPDH and expressed as fold-changes compared with levels in control cells (lower
panels). (B) AM-1 cells and mouse BMCs were co-cultured with POBs without or with

neutralizing antibodies to mouse RANKL (10 ng/mL) or human RANKL (10 ng/mL) for
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7 days in 48-well plates. After the culture, cells were fixed and stained for TRAP (left
panels), and TRAP-positive cells were counted (right panel). (C) AM-1 cells and mouse
BMCs were co-cultured with POBs without or with10 pM Raf1 Kinase Inhibitor I or 10
uM PD184161 for initial 2 days and cultured for total 7 days in 48-well plates. After the
culture, cells were fixed and stained for TRAP (left panels). Human ARL4C mRNA levels
were measured by quantitative RT-PCR. Relative human ARL4C mRNA levels were
normalized by human GAPDH and expressed as fold-changes compared with levels in
control cells (right panel). (D) ARL4C-knockout AM-1 cells and mouse BMCs were co-
cultured with POBs for 7 days in 48-well plates. After the culture, cells were fixed and
stained for TRAP (upper left panels), and TRAP-positive cells were counted (upper right
panel). Mouse Tnfsf11 or Tnfrsfl1b mRNA levels were measured by quantitative RT-
PCR. Relative mouse Tnfsfl1 or Tnfrsfl1b mRNA levels were normalized by mouse
GAPDH and expressed as fold-changes compared with levels in control cells (lower
panels). Results are shown as means =+ s.d. of three independent experiments. Scale bars,

200 ym. *P <0.01. **P < 0.05.

35

http://mc.manuscriptcentral.com/jpath

Page 36 of 61



Page 37 of 61 The Journal of Pathology

Ameloblastoma

oNOYTULT D WN =

Follicular type Plexiform type

Ameloblastoma, unicystic type (luminal type)

Ameloblastoma

ARL4C

W Positive
ONegative

Amoloblastoma,
41 unicystic type

42 0 20 40 60 80 100
43 ARLAC staining (%)

45 Figure 1: ARL4C is expressed in human ameloblastomas.

47 190x254mm (300 x 300 DPI)

60 http://mc.manuscriptcentral.com/jpath



oNOYTULT D WN =

The Journal of Pathology Page 38 of 61

ARL4C B kDa c kDa
* -25 -25
100+ ARLAC w— A ARLAC s i s— — —
T
> ERK2- . -50
ﬁ 80 * : gERK1- - —— oo B-actin —
4 RNA &
h4 . ERK2- P— siRNA: & » AT
E 60 ERKT- e e a— a— o& *—&
o © BRAF kDa
540 Practin s ———— 50 ‘ 25
& ARL4C —— S |
201 P ° o
& & FLF -50
& & &S @9 B-actin
\(\e\:’-‘ v 0\;2?3 W LS SiRNA: R A
& R a—
D E RAF1
RAF1 RAF1 e ,

o
T
1
1

1
|
i .
E L4 : :
k] g | |
1
26 : ]
4 I '
£ . ]
4 4r : ]
% 1 :
-_— 1
€2t ' :
_______________ o -
0 e ] Ameloblastoma (plexiform type)
P D O D (N : B
oF vS::D' X \*f) Ys!‘ ; 3\, -
© '
F L
Ameloblastoma (plexiform type)
ARL4C RAE1 BRAF V600E 0
i & o
g *e Y O B G
B : o3 ARL4C ARL4C
e ‘u ) ‘ ;2
- - e ] * _
- . o ‘-:; E » ™ E 250 o] 1.2
. PP\ 2@ 200 210
\
X B Pans, | '\ %150 %D.E
st LRGSR E - E06 *
e o e O BARREEy - g‘]OO « 204
BRAF V600E and RAF1 - B
—_— 5 50 © 0.2
Negative Positive r o o
Negative 5 5 (50%) SN0 A S @
ARL4C P S N &
Positive 9 119(67.9%) ‘Zg,’" &P & & \p‘l\@‘\
S
AB10

Figure 2: ARL4C expression depends on RAF1-MEK/ERK pathway in ameloblastoma.

http://mc.manuscriptcentral.com/jpath



Page 39 of 61 The Journal of Pathology

A —H-Control B -~ Control

-O-Raf1 #1 -=-0uM - SB590885

-/%x-Raf1 #2 -©-0.1uM —A— Raf1 Kinase Inhibitor |
--©-Raf1 #3 -A- 0.5 M -<>- SB590885+

--%-Raf1 #4 - _ Raf1 Kinase Inhibitor |

inase

oNOYTULT D WN =

siRNA

Raft K
Inhibitor |

—_
—_
[=2]

(4]

IS
=2}

1N
w

N

—_
w
Cell number (% 105 cells)
Cell number (% 10° cells)
Cell number ( % 105 cells)
~

o
o
o

4
Days Days

22 GFP ARL4C-GFP
kDa =
23 -
50- - .-ARLA4C-

GFP

1

ell number ( % 105 cells)

w
2]

26 25- — —
—_— -ARLAC

N
~

-pERK?2
29 a7.

o
m
X
x
@

|

. . -ERK2 <11
-ERK1 J

I

Il
|
|

31 .
32 50- — -actin

|

4 6

w
w
o
Se
o
So
o
(=)}
o

2 4
AN Days 2 Days

S - Control GFP —= Control
-+~ Raf1 Kinase Inhibitor | - Raft #1
36 ~ Control ARL4C- 2 Control

-4 Raf1 Kinase Inhibitor | | GFP --£%- Raft #1
37 siRNA

w w
[N
C
A, %,
s
%
%,
C
o
%,

By
1
Oy,
i

GFP

ARL4C-
GFP

45 Figure 3: RAF1-dependent ARL4C expression is required for proliferation of ameloblastoma cells.

60 http://mc.manuscriptcentral.com/jpath



oNOYTULT D WN =

The Journal of Pathology

o |-=-0uM - Control
A ¢ E -S- 1M D —&- SecinH3
ARL4C knockout § -2 5 M —A- SB590885
Mock  #1 #2  KDa ~- 10 M -2 SecinH3+5B590885
.25 .
ARLAC | a— '
‘ ' -50 _
B-actin  cu——— S B
L6+ @
8 8. }
B -5 Mock ) ° X
-4 #1 | ARL4C X -
_ -©- #2 | knockout o 4t ] ]'
£ E
2 Lol
Dol 8
2 ©
3
S
x 0 0 :
e 2 5 4 0 2 4 6
ays Da
£ E ARL4C o
2 Mock knockout #1 kpa
%
o
0 L
0 2 4 6

(=2
T

Cell number ( % 105 cells)
Y

N

Cell number ( X 105 cells)

0 - - .0 . . ,
0 2 Days 4 6 0 2 Days 4 6
—& Control | pock -5~ Control Mock

Raf1 Kinase
—A- ARFET 53 Inhibitor |
-{3- Control | ARL4C —A— Control Q671
-A- ARFE7L| knockout #1 -A- ﬁﬂsgi{gﬁ’se s

Figure 4: ARL4C expression is involved in the proliferation of ameloblastoma cells.

190x254mm (300 x 300 DPI)

http://mc.manuscriptcentral.com/jpath

Page 40 of 61



Page 41 of 61 The Journal of Pathology

—— TR
Ameloblastoma

oNOYTULT D WN =

R I Vo )
A wWN-=O

WINDNNNNNNNNONN=S == =22
O VWO NOOULA WN-—-=-OWVOONOWU

*ok

401

w
—_

30

w
N

20F

w W
W

Number of osteoclasts

w w W
N Oy

A DA DDA DMDWW
“ubhwNnN-=00VO®

Figure 5: ARL4C expression in ameloblastoma induces osteoclast formation in the ameloblastoma tissues.

LuuuuumuuuubdbpdDhDND
WoONOOTULD WN=0VKNO

http://mc.manuscriptcentral.com/jpath

(o))
o



oNOYTULT D WN =

The Journal of Pathology

A Control AM-1/GFP AM-1/ARL4C-GFP
) ) " - l
- i -
g .
~ & . - *
> A 2
— _—A .- i A 1 L 1 1
5 mTnfsfi1 _ mTnfrsf11b, 0 100 200 300 400
g o T — E 1  —— TRAP positive cell number
= 30 Z
% 20 % 05
o 10 b
2 0 2
x S O ®© ‘0\ (<Q b\o
2 & 3 N3 © & © N Q
<2 5 x F
AM- AM-1
B Control Anti-mRANKL Anti-hRANKL
. ¥ iy Control
K " ! Anti-mRANKL
' 2
o . : Anti-hRANKL
' 0 100 200 300 400
TRAP positive cell number
C Control Raf1 Kinase Inhibitor | PD184161
: e % RGN hARL4C
° f_rﬁ
2 2
. o é
X 0.5
"‘,‘ g 0
= ety e ©
) AN
& &
T F S
b ARLAC knockout &E <
Mock #1 #2
o :_A s .
A -_ o] :c - ’ :|t
i LY K ad =
¥ . - g e [} > *
g, 7 . 22 g %
i T o
. <k
_ mTnfsf11 _ mTnfrsf11b 0 200 400 600
[ = 1 3 TRAP positive cell number
o Q@
< ! < !
£ %
L 05 X 0.5
2o 20
= N ® N
A . 4 3 & 2
o ARL4C x ARL4C
knockout knockout

Figure 6: ARL4C expression in ameloblastoma induces osteoclast formation indirectly.

http://mc.manuscriptcentral.com/jpath

Page 42 of 61



Page 43 of 61

oNOYTULT D WN =

The Journal of Pathology

Supporting Information

ARLAC expression, due to RAF1I-MEK/ERK pathway, promotes ameloblastoma

cell proliferation and osteoclast formation

A short running title: ARL4C expression in ameloblastoma

Shinsuke Fujii'*, Takuma Ishibashi! T, Megumi Kokura! T, Tatsufumi Fujimoto', Shinji
Matsumoto??3, Satsuki Shidaral'!, Kari J Kurppa?, Judith Pape’, Javier CatonS, Peter R
Morgan’, Kristiina Heikinheimo®, Akira Kikuchi?, Eijiro Jimi®'® and Tamotsu

Kiyoshima'

Laboratory of Oral Pathology, Division of Maxillofacial Diagnostic and Surgical
Sciences, Faculty of Dental Science, Kyushu University, 3-1-1 Maidashi, Higashi-ku,
Fukuoka 812-8582, Japan

“Department of Molecular Biology and Biochemistry, Graduate School of Medicine,
Osaka University, 2-2 Yamadaoka, Suita 565-0871, Japan

SIntegrated Frontier Research for Medical Science Division, Institute for Open and
Transdisciplinary Research Initiatives (OTRI), Osaka University, Suita 565-0871, Japan
“Institute of Biomedicine and MediCity Research Laboratories, University of Turku, and
Turku Bioscience Centre, University of Turku and Abo Akademi University, Turku, FI-
20520, Finland

SDivision of Surgery and Interventional Science, Department of Targeted Intervention,
Centre for 3D Models of Health and Disease, University College London, Gower Street,

London, WCI1E 6BT, UK

1

http://mc.manuscriptcentral.com/jpath



oNOYTULT D WN =

The Journal of Pathology Page 44 of 61

%Department of Anatomy and Embryology, Faculty of Medicine, University Complutense
Madrid, 28040 Madrid, Spain

"Head & Neck Pathology, King’s College London, Guy’s Hospital, London, SE1 9RT,
UK

8Department of Oral and Maxillofacial Surgery, Institute of Dentistry, University of
Turku and Turku University Hospital, FI-20520, Finland

%Oral Health/Brain Health/Total Health Research Center, Faculty of Dental Science,
Kyushu University, 3-1-1 Maidashi, Higashi-ku, Fukuoka 812-8582, Japan

19Laboratory of Molecular and Cellular Biochemistry, Faculty of Dental Science, Kyushu
University, 3-1-1 Maidashi, Higashi-ku, Fukuoka 812-8582, Japan

Present address: Department of Orthodontics, Tokyo Dental College, 1-2-2 Masago,
Mihamaku, Chiba 261-8502, Japan

TThese authors contributed equally to this work as second authors.

*Corresponding author. Laboratory of Oral Pathology, Division of Maxillofacial
Diagnostic and Surgical Sciences, Faculty of Dental Science, Kyushu University

3-1-1 Maidashi, Higashi-ku, Fukuoka 812-8582, Japan

Phone: +81-92-642-6328; Fax: +81-92-642-6329

E-mail: sfujii@dent.kyushu-u.ac.jp

2

http://mc.manuscriptcentral.com/jpath



Page 45 of 61

oNOYTULT D WN =

The Journal of Pathology

Supplementary Materials and methods

Immunohistochemistry

Immunohistochemical staining was performed on 5-um-thick paraffin sections. Antigen
retrieval (Dako, Carpentaria, CA, USA), elimination of the endogenous peroxidase
activity (Dako), and blocking (Dako) were carried out as previously mentioned [23,24].
Then the sections were reacted with each primary antibody (used at 1:100 for ARL4C,
RAF1 or BRAF V600E) at 4°C overnight. The sections were incubated with secondary
antibody (Histofine Simple Stain MAX PO, Nichirei, Tokyo, Japan) for 1 h at RT. The
immunoreactivity was visualized with DAB substrate solution (Histofine). Subsequently,
the sections were counterstained with hematoxylin. When the total area of a tumor lesion
showed >40% staining, the results were defined as ARL4C, RAF1 or BRAF V600E
positive. ARL4C (ab122025), RAF1 (ab137435) or BRAF V600E (ab228461) antibody

was obtained from Abcam (Cambridge, UK).

Cell lines and reagents

When necessary, the inhibitors, PD184161 (Sigma-Aldrich, Steinheim, Germany), Rafl
Kinase Inhibitor I (Merck Millipore, Darmstadt, Germany), SB590885 (Sigma-Aldrich),
PD168393 (Merck Millipore) or SecinH3 (TOCRIS Bioscience, Bristol, UK) were used.
Dabrafenib (GSK2118436), Vemurafenib, and anti-phospho-ERK1/2 (Thr202/Tyr204)
(4370), anti-ERK1/2 (4695S) and anti-Arf6 (3546) antibodies were obtained from Cell
Signaling Technology (Beverly, MA, USA). Anti-B-catenin (610153) and anti-B-actin
(A5441) antibodies were from BD Biosciences (San Jose, CA, USA) and Sigma-Aldrich,
respectively. BRAF (ab33899) antibody was obtained from Abcam. Anti-Cathepsin K

(sc-48353) antibody was obtained from Santa Cruz Biotechnology (Dallas, TX, USA).
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Rat anti-mouse RANKL neutralizing monoclonal antibody and mouse anti-human

RANKL monoclonal antibody were obtained from Oriental Yeast Co., Tokyo, Japan.

Plasmid construction and infection using lentivirus harboring a cDNA

To generate AM-1 cells that stably express GFP, ARL4C-GFP or ARF667L parental
cells (5 x 10* cells/well in a 12-well plate) were treated with lentivirus and 10 pg/mL
polybrene. The cells were then centrifuged at 1200 x g for 1 h, and incubated for another
24 h. The incubated cells demonstrating stable expression of GFP or ARL4C-GFP were
selected and maintained in culture medium containing 5 pg/mL Blasticidin S (FUJIFILM

Wako, Osaka, Japan) [27].
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Supplementary Figure Legends
Figure S1. ARL4C expression depends on RAFI-MEK/ERK pathway in

ameloblastoma.

(A) AM-1 cells were transfected with control or B-catenin siRNA. Cell lysates were
probed with anti-ARL4C, anti-B-catenin and anti-f-actin antibodies (left panels). AM-1
cells were cultured without or with 10 uM PD168393 for 24 h. Cell lysates were probed
with anti-ARL4C, anti-phospho-ERK1/2, anti-ERK1/2 and anti-B-actin antibodies
(middle panels). AM-1 cells were transfected with control or B-catenin siRNA, and were
cultured without or with 10 uM PD168393 for 24 h. Cell lysates were probed with anti-
ARLAC, anti-phospho-ERK1/2, anti-ERK1/2, anti-B-catenin and anti-B-actin antibodies
(right panels). (B) AM-1 cells were cultured without or with 1 uM Dabrafenib, 1 uM
Vemurafenib or 1 pM Rafl Kinase Inhibitor I for 24 h. Cell lysates were probed with
anti-ARL4C, anti-phospho-ERK1/2, anti-ERK 1/2 and anti-B-actin antibodies. (C) AM-1
cells were transfected with control or four independent BRAF or RAF1 siRNAs, and
BRAF or RAFI mRNA levels were measured by quantitative RT-PCR. Relative BRAF or
RAFI mRNA levels were normalized by GAPDH and expressed as fold-changes
compared with levels in control siRNA transfected cells. Cell lysates were probed with
anti-BRAF, anti-RAF1 or anti-B-actin antibody. (D) AM-1 cells were cultured without or
with 0.1, 0.5, 1 and 10 uM Rafl Kinase Inhibitor I for 24 h, and then cell lysates were
probed with anti-ARL4C, anti-phospho-ERK1/2 or anti-ERK1/2 antibody. (E) AM-1
cells were cultured without or with 10 uM SB590885 and/or 1 uM Raf1 Kinase Inhibitor
I for 24 h, and then cell lysates were probed with anti-ARL4C, anti-phospho-ERK1/2,
anti-ERK1/2 or anti-B-actin antibody. (F) AM-1 cells were cultured without or with 10

uM PD184161, 10 uM Rafl Kinase Inhibitor I or 10 uM SB590885 for 24 h, and EGRI,
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FOSLI1, CCNDI or C-Myc mRNA levels were measured by quantitative RT-PCR.
Relative EGRI, FOSLI1, CCNDI or C-Myc mRNA levels were normalized by GAPDH
and expressed as fold-changes compared with levels in control cells. (G) Percentages of
RAF1-positive or -negative cases in ameloblastoma or ameloblastoma, unicystic type, or
in mandible or maxilla are shown. (H) RAF 1 mRNA levels in HeLaS3, AM-1, AB10 and
ABSYV cells were measured by quantitative RT-PCR. Relative levels of ARL4C mRNA
expression were normalized to GAPDH and expressed as fold-changes compared with
expression in HeLaS3 cells. Results are shown as means + s.d. of three independent

experiments. * P <0.01. **P <0.05.

Figure S2. The effect of BRAF V600E signaling on the proliferation of
ameloblastoma cells.

(A) AM-1 cells were cultured without or with 0.1, 1 and 5 uM SB590885 for the indicated
numbers of days, and cell numbers were counted. (B) AM-1 cells expressing GFP or
ARLAC-GFP were cultured without or with 5 pM SB590885 for the indicated numbers

of days, and cell numbers were counted. *P < 0.01.

Figure S3. ARL4C expression is involved in the migration of ameloblastoma cells.

(A) AM-1 cells were transfected with control or two independent ARL4C siRNAs, and
ARL4C mRNA levels were measured by quantitative RT-PCR. Relative ARL4C mRNA
levels were normalized by GAPDH and expressed as fold-changes compared with levels
in control siRNA transfected cells. Cell lysates were probed with anti-ARL4C and anti-
B-actin antibodies. (B) AM-1 cells were transfected with control or two different ARL4C

siRNAs, and then the cells were placed in Transwell chamber for the migration assay.
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Migration activities are expressed as the percentage of control cells. (C, D) AM-1 cells
expressing GFP or ARL4C-GFP were transfected with control or ARL4C #1 siRNA. (C)
Cell lysates were probed with anti-ARL4C and anti-f-actin antibodies. (D) The cells were
placed in Transwell chamber for the migration assay. Migration activities are expressed

as the percentage of control cells. Scale bars, 200 um. *P < 0.01. **P < 0.05.

Figure S4. Generation of ARL4C knockout cells.

(A) Schematic drawing of the targeting site of the single guide RNA at exon of human
ARLAC gene. (B) Sequences of ARL4C with PAM sequences labeled in red in knockout
AM-1 cells are shown. Blue letter indicates mutated nucleotide. (C) ARL4C control or
knockout AM-1 cells were placed in Transwell chamber for the migration assay.
Migration activities are expressed as the percentage of control cells. Scale bars, 200 pum.

*P<0.01.

Figure SS. ARL4C expression in ameloblastoma tissues.

Ameloblastoma tissues, which were located in bone tissue, were stained with H&E.
Dashed box and solid box indicate enlarged images. White arrowheads indicate
osteoclasts. Representative ameloblastoma tissue stained with anti-ARL4C antibody, and
hematoxylin was shown (dashed box). Dotted lines and black lines indicate the border
between ameloblastoma and stroma, and between bone and stroma, respectively. Scale

bar, 100 pm.

Figure S6. ARL4C expression in ameloblastoma induces osteoclast formation.

(A, B) AM-1 cells expressing ARL4C-GFP (2 x 10* cells) and mouse BMCs (2 x 10°
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cells) were co-cultured with POBs (1 x 10* cells) for 7 days in 48-well plates. (A) After
7 days of culture, cells were fixed and stained for TRAP. Box shows enlarged image. (B)
The bone-resorbing activity of osteoclasts was assessed using an Osteo Assay Plate after
7 days of culture. Cells were removed by the 5% of hypochlorous acid solution.
Resorption pits (black arrowheads) were observed under a microscopy. (C) Human
TNFSF11 or human TNFRSF1B mRNA levels in HeLaS3, A549, SAS, NCI-H520 and
AM-1 cells were measured by quantitative RT-PCR. Relative levels of human TNFSF11
or human TNFRSF 1B levels were normalized to GAPDH and expressed as fold-changes
compared with expression in HeLaS3 cells. (D) Human TNFSF11 or human TNFRSFIB
mRNA levels were measured by quantitative RT-PCR. Relative human TNFSF11 or
human 7NFRSF1B mRNA levels were normalized by human GAPDH and expressed as
fold-changes compared with levels in control cells. (E) AM-1 cells and mouse BMCs
were co-cultured with POBs without or with 10 uM PD184161 or 10 uM Rafl Kinase
Inhibitor I for initial 2 days and cultured for total 7 days in 48-well plates. After the culture,
cells were fixed and stained for TRAP and TRAP-positive cells were counted. (F) A
schematic model of RAF1-MEK/ERK-dependent ARL4C expression and its function in
ameloblastoma. Results are shown as means + s.d. of three independent experiments. *P

<0.01. Scale bars, 100 um (A), 200um (B).
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Table S1. The clinicopathological data of the patients with ameloblastoma.
Size THC
Sample Age Sex Location | Histology (Mesw.dlstalx Primary/ BRAF
no. buccolingualx recurrence ARLA4C RAF1
vertical) V600E
Left Ameloblastoma, Ist
1 16 Male posterior | unicystic type 23.2x17.8%36.0 = + +
. . recurrence
mandible | (luminal type)
Left Ameloblastoma
2 40 Female | posterior (follicular type) 30.0x16.0x20.0 | Primary + + +
mandible | VO YPe
Left Ameloblastoma .
3 42 Male mandible | (follicular type) 25.0x15.0x44.0 | Primary + + +
Right Ameloblastoma, Ist
4 32 Male posterior | unicystic type 38.4x35.3x60.0 S = = =
3 . recurrence
mandible | (luminal type)
Right
5 13 Female | posterior z\rlnzlic;bl:tfma) 26.4%23.4x19.3 | Primary + = +
mandible plexiiorm type
6 39 | Male | Mandible | AMCIOPIBSIOMA g 69074314 | Primary + — —
(plexiform type)
Left
7 40 | Male | posterior | Ameloblastoma i 5g4 03 0x134 | 18 + + +
. (follicular type) recurrence
mandible
Right
8 54 Male posterior Amel.oblastoma 30.0x14.1x9.7 Primary + + +
. (plexiform type)
maxilla
Right
9 30 | Female | body ?‘f:’li‘gﬁtt"m; 42.3x25.0x21.3 | Primary + + +
mandible pex P
Middle
10 51 | Male | anterior éﬁﬁi"?ﬁs’:"“g 54.0x14.0x53.0 i:; e + — +
mandible wariyp !
Right
11 12 Female | posterior (Arlr;eli(;(l:i:tfm:) 64.5%28.7x34.0 rl:é rrence = + +
mandible pex P y
Left
12 60 | Male posterior z\fn;flotilas:orr;e; 52.7x19.1%47.0 | Primary + - -
mandible orewiaryp
Left Ameloblastoma,
13 19 Female | posterior | unicystic type 31.7x20.9x61.9 | Primary + + +
mandible | (luminal type)
Richt Ameloblastoma,
14 39 Male B unicystic type 43.9x28.3%35.7 | Primary = + +
mandible .
(luminal type)
Left Ameloblastoma,
15 16 Male posterior | unicystic type 72.8x54.1x29.1 | Primary + = +
mandible | (luminal type)
Left Ameloblastoma,
16 20 Female | posterior | unicystic type 31.7x20.9x61.9 | Primary = + +
mandible | (luminal type)
Left Ameloblastoma .
17 45 Male mandible | (plexiform type) 16.8x10.3x19.5 | Primary +
Middle
18 44 | Male | anterior | Amelovlastoma o4 15209 | Primary + — +
. (follicular type)
mandible
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Left

19 18 | Male | posterior ?T;:?E::fm:) 27.6x20.8x20.2 | Primary
mandible P P
Right Ameloblastoma,

20 33 Female magn dible unicystic type 43.3%24.0x24.2 | Primary

(luminal type)

Left

21 66 | Male | posterior ?‘f;eli‘ggﬁtt"m; 33.9x14.1x13.8 | Primary
mandible pex P

2 18 | Male | Right | Ameloblastoma | &) (364006 | primary
mandible | (plexiform type)
Middle

23 14 Female | anterior ?Ilteli?z:t:)m:) 59.2x31.5x28.7 | Primary
mandible pex P
Right

24 32 Female | posterior (Af:;filc(:ltizstton; 27.5%16.7x22.3 | Primary
mandible P

25 49 | Male | Mandible gﬁiﬁ?gﬁi‘;’;‘; 2.8x26.4x24.0 | Primary
Right

26 60 | Male | body E}“;Ek’l;zstt"m*; 70.9%17.7x28.0 frd e
mandible ollicular type ecurrence
Right 1 4 eloblastoma | 75.6x28.2x120. |

27 15 Male posterior (plexiform type) | 0 Primary
mandible prextiorm type

28 48 | Female | =T Ameloblastoma | ¢} 435 9,375 | Primary
maxilla (plexiform type)

29 64 | Male | e Ameloblastoma *| 35 ), )5 4x50.0 | 15t
maxilla (plexiform type) recurrence

30 66 | Male | o Ameloblastoma | 3} 3,54 7,450 | 18t
maxilla (plexiform type) recurrence

31 s4 | Male | Leftbody | Ameloblastoma | 35 51067 | primary
maxilla (plexiform type)
Left Ameloblastoma .

32 61 Male maxilla (plexiform type) 31.2x16.4x26.3 | Primary
Left Ameloblastoma \

33 36 Male mandible | (plexiform type) 33.6%x29.1x29.2 | Primary
Right Ameloblastoma .

34 28 Female mandible | (plexiform type) 26.5x16.7x13.3 | Primary
Middle

35 56 Female | anterior é:)l;leiiol;zsttong 13.2x10.2x11.0 | Primary
mandible wartyp
Left

36 39 Female | anterior (Ar;;ili(;(l:ﬁtfm:) 29.2x18.8x17.7 | Primary
maxilla P P

37 73 | Female | Mandible | AmeloPIastoma | ) 5355756 | Primary

(plexiform type)

Right

38 23 | Male | posterior ?Ti‘i‘;‘bﬁt:’ma) 30.8x23.4x41.3 | Primary
mandible plexttorm type

Size was calculated by computed tomography scan.

Radiographically, image characteristics of ameloblasotma and ameloblastoma, unicystic

type were multilocular and unilocular, respectively.
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1

2

3

4

5

6 Table S2. Designs for siRNAs used in this study.

7

8 siRNA Sequence

?O Human RAF1 #1 GCAAAGAACAGTGGTCAAT
11 Human RAF1 #2 GGATTTCGATGTCAGACTT
12

13 Human RAF1 #3 GCTGCATCTCTCCTACAAT
1;} Human RAF1 #4 GCTTGCATGACTGCCTTAT
16 Human BRAF #1 CCAACTTGATTTGCTGTTT
1; Human BRAF #2 GCATCAATGGATACCGTTA
19 Human BRAF #3 GCTGTGCTGTTTACAGAAT
;‘1) Human BRAF #4 GGAAGTGTTGGAGAATGTT
2 Human ARLAC #1 GGCTGTGAAGCTGAGTAAT
;j Human ARLA4C #2 GAGTGCGTCAAGAAAGAAT
25 Human B-catenin CCCACTAATGTCCAGCGTT
;? randomized control CAGTCGCGTTTGCGACTGG

11
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Table S3. Quantitative RT-PCR primers used in this study.

Gene Primers
human ARL4C Forward 5'-CTAACATCTCGGCCTTCCAG-3'
Reverse 5'-TCTGCTTGAGGGACTTCCTG-3’
human BRAF Forward 5'-ACCACCCAATACCACAGGAA-3’
Reverse 5'-CATTGGGAGCTGATGAGGAT-3’
human RAF1 Forward 5'-ACCCATTCAGTTTCCAGTCG-3'
Reverse 5'-GCTACCAGCCTCTTCATTGC-3’
human EGR1 Forward 5'-TGACCGCAGAGTCTTTTCCT-3'
Reverse 5'-TGGGTTGGTCATGCTCACTA-3’
human FOSL1 Forward 5'-AGCTGCAGAAGCAGAAGGAG-3’
Reverse 5'-GGAGTTAGGGAGGGTGTGGT-3'
human CCNDI1 Forward 5'-GATGCCAACCTCCTCAACGA-3’
Reverse 5'-GGAAGCGGTCCAGGTAGTTC-3’
human C-Myc Forward 5'-TTCGGGTAGTGGAAAACCAG-3’
Reverse 5'-CAGCAGCTCGAATTTCTTCC-3'
human RANKL Forward 5'-AGAGCGCAGATGGATCCTAA-3'
Reverse 5'-TTCCTTTTGCACAGCTCCTT-3'
human OPG Forward 5'-GGCAACACAGCTCACAAGAA-3'
Reverse 5'-CTGGGTTTGCATGCCTTTAT-3’
human GAPDH Forward 5'-GCACCGTCAAGGCTGAGAAC-3'
Reverse 5'-TGGTGAAGACGCCAGTGGA-3’
mouse RANKL Forward 5'-AGCCGAGACTACGGCAAGTA-3’
Reverse 5'-GCGCTCGAAAGTACAGGAAC-3’
mouse OPG Forward 5'-CTGCCTGGGAAGAAGATCAG-3’
Reverse 5'-TTGTGAAGCTGTGCAGGAAC-3’
mouse GAPDH Forward 5-TGTGTCCGTCGTGGATCTGA-3'
Reverse 5'-TTGTGAAGCTGTGCAGGAAC-3’
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Fujii et al., Figure S1
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Figure S1. ARL4C expression depends on RAF1-MEK/ERK pathway in ameloblastoma.

(A) AM-1 cells were transfected with control or B-catenin siRNA. Cell lysates were probed with
anti-ARL4C, anti-B-catenin and anti-B-actin antibodies (left panels). AM-1 cells were cultured
without or with 10 yM PD168393 for 24 h. Cell lysates were probed with anti-ARL4C, anti-
phospho-ERK1/2, anti-ERK1/2 and anti-B-actin antibodies (middle panels). AM-1 cells were
transfected with control or B-catenin siRNA, and were cultured without or with 10 yM PD168393
for 24 h. Cell lysates were probed with anti-ARL4C, anti-phospho-ERK1/2, anti-ERK1/2, anti-3-
catenin and anti-B-actin antibodies (right panels). (B) AM-1 cells were cultured without or with 1
MM Dabrafenib, 1 yM Vemurafenib or 1 yM Raf1 Kinase Inhibitor | for 24 h. Cell lysates were
probed with anti-ARL4C, anti-phospho-ERK1/2, anti-ERK1/2 and anti-B-actin antibodies. (C) AM-
1 cells were transfected with control or four independent BRAF or RAF1 siRNAs, and RAF1 or
BRAF mRNA levels were measured by quantitative RT-PCR. Relative BRAF or RAF1 mRNA
levels were normalized by GAPDH and expressed as fold-changes compared with levels in
control siRNA transfected cells. Cell lysates were probed with anti-BRAF, anti-RAF1 or anti-3-
actin antibody. (D) AM-1 cells were cultured without or with 0.1, 0.5, 1 and 10 uM Raf1 Kinase
Inhibitor | for 24 h, and then cell lysates were probed with anti-ARL4C, anti-phospho-ERK1/2 or
anti-ERK1/2 antibody. (E) AM-1 cells were cultured without or with 10 uM SB590885 and/or 1 yM
Raf1 Kinase Inhibitor | for 24 h, and then cell lysates were probed with anti-ARL4C, anti-phospho-
ERK1/2, anti-ERK1/2 or anti-B-actin antibody. (F) AM-1 cells were cultured without or with 10 uM
PD184161, 10 uM Raf1 Kinase Inhibitor | or 10 yM SB590885 for 24 h, and EGR1, FOSL1,
CCND1 or C-Myc mRNA levels were measured by quantitative RT-PCR. Relative EGR1, FOSL1,
CCND1 or C-Myc mRNA levels were normalized by GAPDH and expressed as fold-changes
compared with levels in control cells. (G) Percentages of RAF1-positive or -negative cases in
amaloblastoma or amaloblastoma, unicystic type, or in mandible or maxilla are shown. (H) RAF1
mMRNA levels in HeLaS3, AM-1, AB10 and ABSV cells were measured by quantitative RT-PCR.
Relative levels of ARL4C mRNA expression were normalized to GAPDH and expressed as fold-
changes compared with expression in HeLaS3 cells. Results are shown as means =+ s.d. of three
independent experiments. * P < 0.01. **P < 0.05.
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Figure S2. The effect of BRAF V600E signaling on the proliferation of ameloblastoma cells.
(A) AM-1 cells were cultured without or with 0.1, 1 and 5 yM SB590885 for the indicated numbers
of days, and cell numbers were counted. (B) AM-1 cells expressing GFP or ARL4C-GFP were
cultured without or with 5 yM SB590885 for the indicated numbers of days, and cell numbers

were counted. *P < 0.01.
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Fujii et al., Figure S3
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Figure S3. ARL4C expression is involved in the migration of ameloblastoma cells.

(A) AM-1 cells were transfected with control or two independent ARL4C siRNAs, and ARL4C
MRNA levels were measured by quantitative RT-PCR. Relative ARL4C mRNA levels were
normalized by GAPDH and expressed as fold-changes compared with levels in control siRNA
transfected cells. Cell lysates were probed with anti-ARL4C and anti-B-actin antibodies. (B) AM-1
cells were transfected with control or two different ARL4C siRNAs, and then the cells were placed
in Transwell chamber for the migration assay. Migration activities are expressed as the
percentage of control cells. (C, D) AM-1 cells expressing GFP or ARL4C-GFP were transfected
with control or ARL4C #1 siRNA. (C) Cell lysates were probed with anti-ARL4C and anti-B-actin
antibodies. (D) The cells were placed in Transwell chamber for the migration assay. Migration

activities are expressed as the percentage of control cells. Scale bars, 200 ym. *P < 0.01.
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Fujii et al., Figure S4
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Figure S4. Generation of ARL4C knockout cells.

(A) Schematic drawing of the targeting site of the single guide RNA at exon of human ARL4C
gene. (B) Sequences of ARL4C with PAM sequences labeled in red in knockout AM-1 cells are
shown. Blue letter indicates mutated nucleotide. (C) ARL4C control or knockout AM-1 cells were
placed in Transwell chamber for the migration assay. Migration activities are expressed as the
percentage of control cells. Scale bars, 200 um. *P < 0.01.

http://mc.manuscriptcentral.com/jpath



oNOYTULT D WN =

The Journal of Pathology Page 60 of 61

{ =

Fujii et al., Figure S5
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Figure S5. ARL4C expression in ameloblastoma tissues.

Ameloblastoma tissues, which were located in bone tissue, were stained with H&E. Dashed box
and solid box indicate enlarged images. White arrowheads indicate osteoclasts. Representative
ameloblastoma tissue stained with anti-ARL4C antibody, and hematoxylin was shown (dashed
box). Dotted lines and black lines indicate the border between ameloblastoma and stroma, and
between bone and stroma, respectively. Scale bar, 100 um.
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Figure S6. ARL4C expression in ameloblastoma induces osteoclast formation.

(A, B) AM-1 cells expressing ARLAC-GFP (2 x 10* cells)and mouse BMCs (2 x 108 cells) were
co-cultured with POBs (1 x 10* cells) for 7 days in 48-well plates. (A) After 7 days of culture,
cells were fixed and stained for TRAP. Box shows enlarged image. (B) The bone-resorbing
activity of osteoclasts was assessed using an Osteo Assay Plate after 7 days of culture. Cells
were removed by the 5% of hypochlorous acid solution. Resorption pits (black arrowheads) were
observed under a microscopy. (C) Human TNFSF11 or human TNFRSF1B mRNA levels in
HelLaS3, A549, SAS, NCI-H520 and AM-1 cells were measured by quantitative RT-PCR. Relative
levels of human TNFSF11 or human TNFRSF1B levels were normalized to GAPDH and
expressed as fold-changes compared with expression in HeLaS3 cells. (D) Human TNFSF11 or
human TNFRSF1B mRNA levels were measured by quantitative RT-PCR. Relative human
TNFSF11 or human TNFRSF1B mRNA levels were normalized by human GAPDH and expressed
as fold-changes compared with levels in control cells. (E) AM-1 cells and mouse BMCs were co-
cultured with POBs without or with 10 yM PD184161 or 10 yM Raf1 Kinase Inhibitor | for initial 2
days and cultured for total 7 days in 48-well plates. After the culture, cells were fixed and stained
for TRAP and TRAP-positive cells were counted. (F) A schematic model of RAF1-MEK/ERK-
dependent ARL4C expression and its function in ameloblastoma. Results are shown as means +
s.d. of three independent experiments. *P < 0.01. Scale bars, 100 ym (A), 200pm (B).
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