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Brain metastasis is a major contributor to cancer mortality, yet, the genetic changes underlying the development of
this capacity remain poorly understood. RASSF proteins are a family of tumor suppressors that often suffer epigenetic
inactivation during tumorigenesis. However, their epigenetic status in brain metastases has not been well characterized.
We have examined the promoter methylation of the classical RASSF members (RASSF1A-RASSF6) in a panel of metastatic
brain tumor samples. RASSF1A and RASSF2 have been shown to undergo promoter methylation at high frequency in
primary lung and breast tumors and in brain metastases. Other members exhibited little or no methylation in these
tumors. In examining melanoma metastases, however, we found that RASSF6 exhibits the highest frequency of
inactivation in melanoma and in melanoma brain metastases. Most melanomas are driven by an activating mutation in
B-Raf. Introduction of RASSF6 into a B-Raf'*°°E-containing metastatic melanoma cell line inhibited its ability to invade
through collagen and suppressed MAPK pathway activation and AKT. RASSF6 also appears to increase the association
of mutant B-Raf and MST1, providing a potential mechanism by which RASSF6 is able to suppress MAPK activation.
Thus, we have identified a novel potential role for RASSF6 in melanoma development. Promoter methylation leading to
reduced expression of RASSF6 may play an important role in melanoma development and may contribute to brain

metastases.

Introduction

Malignant melanoma arises from melanocytes or cellular
derivatives of melanocytes.! Approximately 13,000 deaths a year
are due to melanoma in the USA.? Brain metastases in advanced
melanoma are frequent and are a major cause of death in the dis-
ease.” Genomic studies have identified oncogenic mutations in
the B-Raf gene as the most common driver of melanoma.? B-Raf
is a Serine/Threonine kinase that stimulates the MAPK pathway
by phosphorylating and activating MEK.” The most common
activating mutation is the V600E mutation that serves to consti-
tutively activate the kinase.* Thus, the MAPK pathway is hyper-
activated and cells remain in a highly proliferative state. Further
studies have shown that mutant B-Raf activity is also a key
requirement for extravasation.®

As activated B-Raf is so important in melanoma, a series of B-
Raf inhibitors have been developed. Initial clinical studies have
shown striking effects of the inhibitors in melanoma patients,
with the majority of patients showing tumor shrinkage. However,

the development of resistance to the drugs as single agents is com-
mon’; therefore, their overall impact on long-term survival
remains limited. A greater understanding of the genetic and epi-
genetic defects that collaborate with B-Raf to drive transforma-
tion and metastasis would facilitate the development of targeted
combination therapy.

RASSF proteins are members of a family of tumor suppres-
sors.® They modulate pro-apoptotic signaling pathways and are
frequently inactivated in human tumors by promoter methyla-
tion. The family members all contain a domain with a SARAH
motif that can bind the pro-apoptotic kinases MST1 and
MST2.® RASSF1A and RASSF5 have been reported to activate
the MST kinases.” Curiously, Ikeda et al. showed that the
RASSF6 family member actually inhibits MST kinase activity,'’
making RASSF6 somewhat unique. MST kinases have a number
of target proteins but perhaps the most important signaling path-
way that they modulate is referred to as the Hippo pathway."!

We have examined a series of brain metastases from different
tumor types. RASSFI1A and RASSF2 were subjected to epigenetic
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inactivation at high levels in lung and breast brain metastases, as
measured by promoter methylation, while RASSF6 was not.
However, the RASSF6 promoter was methylated at much higher
frequencies than RASSFIA or RASSF2 in melanoma brain
metastases, suggesting a particular role for RASSF6 in mela-
noma. Previously, only RASSF10, an N-terminal RASSF mem-
ber, has been found to be epigenetically downregulated in
melanoma.'? No studies have examined the functional conse-
quences of RASSF6 expression in melanoma cells. When we
introduced RASSFG into the B-Raf"°*°F driven metastatic mela-
noma A375 cell line, we observed little difference in growth
rate but a marked decrease in the ability of the cells to invade
through collagen gels. Molecular analysis showed that the activ-
ity of both the MAPK pathway and AKT was suppressed in the
RASSF6-transfected cells. Additionally, RASSF6 appears to
increase the association of mutant B-Raf and MST1, potentially
providing a mechanism for RASSF6 ability to modulate MAPK
activation. Thus, we identify an unanticipated role for RASSF6
loss in the development of melanoma and melanoma brain
metastases.

Results

Epigenetic inactivation of RASSF genes in brain metastases

The methylation status of the classical RASSF family
members, RASSFIA-RASSF6 was examined across a panel of
123 brain metastases originating from primary lung tumors

(n = 40), primary breast tumors (n = 40) and primary mela-
nomas (n = 43) (Fig. 1). We identified no methylation in
RASSF3, 4, or 5 in any type of the samples analyzed (exam-
ple shown in supplementary Fig. 1A). RASSFIA showed fre-
quent methylation in breast (21/34, 61.8%), lung (21/40,
52.5%), and melanoma (12/41, 29.3%) metastases. These
percentage methylation numbers for breast and melanoma are
somewhat lower than the values previously reported for the
primary tumors, whereas the percentage for lung tumors is
approximately 25% higher.">'* RASSF2 methylation was
observed frequently in breast (10/28, 35.7%) and lung (14/
40, 35%) metastases and infrequently in melanoma metasta-
ses (3/29, 10.3%). For RASSF6, we found infrequent methyl-
ation in metastases from both breast and lung tumors, 5.4%
and 10.2%, respectively; however, we identified high methyl-
ation frequency in brain metastases from melanomas (28/38,
73.7%). Representative methylation results are shown in
Figure 1. Clone sequencing confirmed CoBRA results and
demonstrated much lower methylation in non-cancerous
brain tissue (between 1 and 13% in the 3 samples examined;
representative data is shown in Fig. 2).

RASSF6 promoter methylation in melanomas
Our results for the RASSF family of genes and results from
other studies in cancer metastases suggest that genetic and epige-
netic changes are set up in the primary tumor and are maintained
in the metastases.'>'® This led us to assess the methylation status
of RASSF6 in malignant melanoma primary tumors. Again, we
found frequent RASSF6 pro-
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Figure 1. MSP/CoBRA results for RASSF1A, RASSF2 and RASSF6. MSP results are shown for 3 samples each for
breast, lung, and melanoma metastases to the brain for RASSF1A, with methylation-specific (MSP) PCR products
(M) shown adjacent to unmethylation-specific (USP) PCR products (U). CoBRA results are shown for 3 samples each
for breast, lung, and melanoma metastases to the brain for RASSF2, RASSF6. In each case, undigested product (U) is
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Figure 2. Sequencing results for RASSF6 melanoma metastases to the brain and normal brain samples. The figure shows clone sequencing results
for 2 melanoma metastases to the brain (samples 47 and 48) and 2 non-cancerous brain samples (samples non-cancerous brain 1 and non-cancerous
brain 3). In each case, a single line represents a single allele and black and white circles represent methylated and unmethylated CpGs respectively. Meth-
ylation Indexes (Mls) are given for each sample as a percentage of methylated CpGs out of the total number of CpGs analyzed.

blot with an antibody directed against RASSF6 (Supplemen-
tary Fig. 1B).

RASSF6 inhibits melanoma invasion

We generated a matched pair of A375 cells transfected with a
HA-tagged RASSFG6 expression plasmid or an empty vector. We
confirmed RASSFG expression via
western  analysis using antibodies

invasion through collagen. To determine if this result might sim-
ply be due to death by anoikis rather than reduced invasion, we
assayed the cells for anoikis. Cells were induced to suspension cul-
ture by poly-HEMA treatment of the tissue culture dishes. After 5
d, cell viability was assayed by trypan blue staining, revealing little
cell death in either cell line (Fig. 4C).
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RASSF6  (Supplementary Fig. 1C). I MR R SR
The matched pair of cell lines were e B E R ST
then assayed for their ability to prolif-
erate and to invade through a colla- -
gen matrix. Figure 4A shows that at
5 d after plating the RASSFG-express-

-—- --:.mmgo“‘;;-------
. : & - o

O 1 * N 4 S ak
2% 4% oY 4% Y WV VeV Vet
" Ve e Ve " " " " " " r

LR

RASSF6

ing cells showed a ~20% growth
reduction. However, Figure 4B shows
that at the same time point, the cells
~60% inhibition of

trol is also shown (Pos).

showed a

Figure 3. CoBRA results for RASSF6 in primary melanomas. CoBRA results are shown for 11 melanomas
(1-14) and 4 normal melanocytes (21-24) with (+) and without (—) BstUI digestion. A positive BstUl con-
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stabilization.'> To examine if RASSF6

E , & was able to stabilize p53 in A375 mela-
DayS Dy . noma cells, western analysis was per-
! formed for p53 in the RASSF6-
Day 3 -H4 RASSFE | S— .explressing and vector cell.lines. Surpris-
| . ingly, p53 protein expression levels were
. = Vector Day3 . i not influenced by the presence of
Day1 g RASSF6 in A375 cells (Fig. 5A).
0 50 100 150 0 500 1000 1500 2000 2500 RASSFI1A fails to decrease MAPK
Cells x 10¢ No. Cells activation in A375s
To determine if other RASSF family
members were also able to influence
MAPK activation in A375 cells, a
matched pair of A375 cells transfected
C. with HA-tagged RASSF1A or empty vec-
g 100 tor were generated. We confirmed
§ 80 RASSF1A expression via western analysis
5 e using antibodies directed against HA
E 0 (Supplementary Fig. 2A). RASSFIA did
= not decrease phosphorylation of MAPK
g s (Supplementary Fig. 2), showing that
2 0 RASSF6 has a distinct effect on MAPK
Vector RASSF6 activation in A375 cells.
Figure 4. RASSF6 inhibits melanoma invasion. (A). A375 cells transfected with empty vector or RASSFG increases mutant B-Raf
RASSF6 expression construct were seeded in 6 well plates and counted over the time course of 3 d. association with MST1
P-values were calculated using an unpaired t test and were as follows: P = 0.2692 for day 3 and P = RASSF1A can negatively modulate
0.1186 for day 5. (B). A375 cells transfected with empty vector or RASSF6 expression construct were the Raf/MAPK pathway by controlling
seeded onto collagen-plugged transwells and incubated for 3 or 5 d. Invasion across the transwell . . 20
membrane was measured by fixing, staining, and counting cells that had traversed the membrane. the association of MST2 with c-Raf.
Lower axis is number of cells that had invaded to the distal side of each transwell membrane. | MST2 does not bind B-raf, but the
P — 0.3069 for day 3 and P — 0.0167 for day 5. (C). Cells were suspended in Poly-HEMA treated plates |  related MST1 will bind mutant B-Raf.*!
to prevent adhesion and cell viability measured by Trypan blue staining after 5 d. P = 0.0712. In an effort to determine a mechanism

RASSF6 inhibits MAPK activation

Like many melanomas, A375 cells contain an activated B-Raf'
mutation.'” Activated B-Raf hyperactivates the MAP kinase path-
way to drive growth and transformation.'® To investigate the
mechanism by which RASSF6 might suppress invasion, we there-
fore examined the status of the MAPK pathway in the A375 cells.
Western blotting with phospho-specific anti-sera showed that the
MAPK pathway was approximately 50% less active in the
RASSF6-expressing cells than in the vector cells alone. (Fig. 5A).

RASSF6 suppresses Akt phosphorylation

Given the finding that RASSF6 decreases MAPK phosphory-
lation, several other MAPK markers were examined to see if
RASSF6 influenced other signaling pathways. RASSF6 did not
appear to influence phosphorylation of p38, but phosphorylated
Akt was greatly diminished in cells expressing RASSF6 (Fig. 5A).

RASSEF6 has no influence on p53 levels
RASSF6 has been shown to facilitate MDM2 degradation in
human colon carcinoma and osteosarcoma cells, leading to p53
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by which RASSF6 might suppress
MAPK activation in A375 cells, we
examined the interaction of RASSFG,
MST1, and mutant B-Raf"**°F, We performed co-immunopre-
cipitation studies using a GFP-tagged B-Raf"*°F, Myc-tagged
MSTT1, and Flag-tagged RASSF6. While RASSF6 does not bind

B-Raf"*°F directly, it does appear to increase the association of

B-Raf"*°F and MST1 (Fig. 6).

Discussion

Certain members of the RASSF family of tumor suppressors
are inactivated by promoter methylation at high frequency in a
broad range of cancers.”> However, RASSFG has only previously
been reported to be epigenetically inactivated at high frequency
in neuroblastomas®® and leukemias.** Here we show that
RASSFG has an extraordinarily high frequency of promoter meth-
ylation in melanomas and melanoma brain metastases, but not in
other solid tumors. Indeed, the frequency of methylation in the
brain metastases far exceeds that of RASSIA or RASSF2. Previ-
ously, this methylation has been shown to correlate well with loss

of expression of RASSFG6.>* This suggests that the tumor
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Figure 5. RASSF6 inhibits MAPK and Akt
activation. (A). Western analysis followed
by densitometry quantification was used to
compare the level of MAP Kinase activation
in the RASSF6 +/— A375 cells. A representa-
tive blot is shown with a bar graph showing
the average of 3 assays. The presence of the
overexpressed HA-tagged RASSF6 expres-
sion construct in the cells was confirmed by
western blotting with HA. Additionally, acti-
vation of other signaling pathways was
examined by western analysis for phospho
and total Akt, phospho p38, and p53. Repre-
sentatives of experiments performed in
duplicate are shown. (B). Quantification of
densitometric analysis of phospho ERK rela-
tive to total ERK. P = 0.0153. (C). Quantifica-
tion of densitometric analysis of phospho
and total Akt. P = 0.0091.

of phosphorylated YAP, the classic assay
for Hippo activity (Supplementary
Figs. 1D and 1E). Therefore, RASSF6
must be acting via some other pathway.
As mutant B-Raf is a key driver of mela-
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noma and constitutively activates the
MAP Kinase pathway, we also assayed
the effects of RASSF6 on the steady state
levels of MAPK phosphorylation. A sig-
nificant suppression of MAPK signaling
was observed in the RASSF6-transfected
A375 cells. This suppression was not
observed in A375 cells expressing
RASSFI1A, suggesting RASSF6 has a dis-
tinct ability to modulate MAPK signaling
in A375 melanoma cells.

suppressor role of RASSF6 may be particularly pertinent to mela-
noma development and metastasis. Thus, RASSF6 methylation
status could potentially act as a marker for predisposition to mel-
anoma brain metastasis. We also assayed methylation for multi-
ple RASSF family members in addition to RASSF6. We were
unable to discern any particular pattern or trend of co-methyla-
tion in the tumors in this relatively small sample size.

These data implicate RASSF6 downregulation as a compo-
nent of metastasis and invasion. The collagen invasion assays we
performed support this concept, as RASSF6 was an effective sup-
pressor of invasion. The reduced invasion observed in the pres-
ence of RASSF6 was not simply due to reduced growth or
anoikis upon suspension, as these properties were little affected
by the addition of RASSF6. The best-characterized tumor sup-
pressor pathway modulated by the RASSF family is the Hippo
pathway. Classically, RASSFIA binds the MST kinases and pro-
motes their activation to initiate a kinase cascade leading to the
regulation of the transcriptional regulator YAP.'' RASSF6 also
binds the MST kinases but curiously appears to inhibit their acti-
vation.'” When we examined the effects of RASSF6 on Hippo
signaling in the A375 cells, we observed no change in the status
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MAPK activation can promote inva-

sion,”” and B-Raf-induced MAPK activa-

tion has been reported to play a key role in extravasation.® Thus,

the loss of an inhibitor of B-Raf/MAPK should promote invasion
and metastasis.

The mechanism by which RASSF6 acts to suppress the B-Raf/
MAPK pathway is still unclear but may involve a similar mecha-
nism to that reported for RASSFIA and c-Raf. RASSFIA modu-
lates the binding of MST2 with c-Raf, a negative regulatory
interaction.”® MST2 does not bind B-Raf, but MST1 does bind
with mutant B-Raf"**°® 2! Our finding that RASSFG strongly
enhances the association of MST1 with mutant B-Raf"**°" pro-
vides a plausible potential novel mechanism for the action of
RASSF6 on B-Raf signaling.

We also found that RASSF6 can suppress AKT activation in
the B-Raf-transformed melanoma cells. AKT activity has been
linked to invasion and metastasis,*® suggesting that this may also
contribute to the action of RASSF6. How RASSF6 suppresses
AKT is not known; however, MST2 can interact with AKT?”
and RASSF6 binds MST2, suggesting there are ample further
opportunities for cross regulation.

Thus, we identified a potential role for RASSF6 loss of func-

tion in the development of melanoma and melanoma brain
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Figure 6. RASSF6 increases the association of BRAFV5°°F and MST1.
HEK 293 cells were transfected with constructs for mutant B-Raf
(BRAFY6%%) 'MST1, and RASSF6. Cell lysates were immunoprecipitated
(IP) with GFP-Trap® Beads (Allele Biotechnology, ACT-CM-GFA0050) and
immunoblotted (IB) for the presence of MST1 (top panel). Cell lysates
were also immunoblotted for total levels of MST1, RASSF6, and
BRAFV6%%E_ A representative blot is shown.

metastasis. Interestingly, RASSFI0 is also methylated in malig-
nant melanomas.'”> RASSF10 is an N-terminal RASSF family
member, while RASSF1-6 are C-terminal members, and both
RASSF6 and RASSF10 exhibit aberrant promoter methylation in
childhood leukemias .** Future research may involve the analysis
of RASSF10 overexpression in malignant melanoma cells to
determine if this N-terminal RASSF member has similar effects
on invasion and MAPK activation as RASSFG6, and if the proteins
co-operate. The high frequency of RASSF6 promoter methyla-
tion in melanoma may serve as a novel diagnostic tool to monitor
melanoma development. The suppression of invasion by RASSF6
in a melanoma cell line supports the concept of epigenetic ther-
apy aimed at reactivating RASSF6 to inhibit melanoma invasion
and metastasis.

Materials and Methods

Patient samples

A selection of 40 lung, 40 breast, and 43 melanoma metastases
to the brain, 11 non-cancerous brain samples, 10 primary mela-
nomas and 4 normal melanocyte samples were used for this
study. Ethical guidelines of the University Hospital Carl Gustav
Carus Dresden were followed for sample collection and institu-
tional review board approval was obtained for the study from the
University of Birmingham.

Methylation analysis

All DNA for this was study was bisulphite modified by using
the Qiagen EpiTect kit (Qiagen, Rockville MD) according to the
manufacturer’s instructions. Combined bisulphite restriction
analysis (CoBRA) was used to analyze the methylation status of
RASSF2-RASSF6 using the primer sequences shown in Supple-
mentary Table 1, Essentially as described in.2*?*! All CoBRA
PCR products were digested with BstUTI (Fermentas, Pittsburgh,
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PA) overnight at 37°C prior to visualization on a 2% agarose gel.
The methylation status of RASSFIA was assessed using methyla-
tion -specific PCR (MSP) using primers listed in Supplementary
Table 1. Selected CoBRA PCR products were cloned into the
pGEM-T Easy vector system (Promega, A1360) according to the
manufacturer’s instructions. Single colony PCR was performed
using the forward primer: 5-TAATACGACTCACTATAGGG-
3; and reverse primer: 5'-ACACTATAGAATACTCAAGC-3'.
Sequencing was then carried out on up to 12 colonies using a

3730 DNA Analyzer (Applied Biosystems, 37308).

Molecular cloning

GFP-BRAFY®*F was generated by PCR amplification of
human BRAFY®°’ obtained from Addgene. The PCR product
was TOPO cloned into pGEM-T-Easy (Promega, Madison WI)
and subcloned into pEGFP-C1 (Clontech, Mountain View CA)
using Sall and Xmal restriction enzymes. Myc-MST1 was a gen-
erous gift from Jonathan Chernoff (Fox Chase Cancer Center,
PA). Flag-RASSFG has been previously described.”

Tissue culture and transfections

A375 melanoma cells (ATCC, CRL-1619™) were grown in
DMEM/10% fetal bovine serum and transfected using Lipofect-
amine 2000 (Invitrogen, Carlsbad, CA) before selecting in
500 pg/mL G418. HA-tagged RASSF6 expression plasmids
have been described previously.”” HA-tagged RASSFIA was
cloned into the pBABE expression construct.”> Growth curve
analysis was performed by plating 50,000 cells per well in 6 well
plates. Cells were allowed 24-hour growth after plating, and then
one well was trypsinized and counted using a hemocytometer
every 24 hours for 6 d. All experiments were repeated in triplicate
for each cell line. Collagen invasion assays were performed by
preparing 30% collagen plugs from Rat tail collagen I (BD scien-
ces, San Jose CA) in 8 pM pore transwell membrane inserts.
Collagen (200 pl)was used for each 24 well transwell insert. Cells
(5,000) were reconstituted in 500 pL of serum-free DMEM and
added to the top of each collagen-filled insert. Complete medium
(2 mL) was placed in each well. Cells were allowed to invade for 3
and 5 d before membranes were isolated, fixed and stained for
cells using a Diff-Quik Stain Set (Fisher, Pittsburgh, PA). Each
assay was performed in duplicate. Anoikis assays were performed
by plating cells in Poly-HEMA (Sigma, St. Louis MS)) coated
dishes and measuring cell death by trypan blue staining after 5 d.

Drug treatments and immunoprecipitation studies

A375 cells were treated with 0.2 pM 5-azacitidine (Sigma) or
0.5 uM nanaomycin A (obtained from the National Cancer
Institute/Developmental Therapeutics Program Open Chemical
Repository) for 48 hours. Control cells were treated with
DMSO. Cells were lysed in RIPA buffer as previously
described.”" Cell lysates (1 mg) were immunoprecipitated using
RASSF6 antibody (Proteintech, Chicago, IL) and TrueBloc®
Anti-Rabbit Ig IP beads (eBioscience). Experiments were per-
formed in duplicate.

For  co-immunoprecipitation  studies, GFP-tagged
BRAFY%F, Myc-tagged MST1, and Flag-tagged RASSFG were
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transfected into HEK-293 cells via jetPRIME® transfection
reagent (Polyplus transfection, Illkirch Fr). After 48 hours, cells
were lysed in modified RIPA buffer (50 mM Tris-HCI, ph 7.4,
200 mM NaCl, 1% NP-40). Lysates were incubated with GFP-
Trap® beads (Allele Biotechnology, San Diego, CA), and washed
with lysis buffer. Co-immunoprecipitation experiments were pet-
formed in triplicate.

Western blotting

Cells were lysed in RIPA buffer as previously described.”” Pro-
teins were run on a 4-15% Tris-Glycine gel (Bio-Rad, Hercules,
CA) and transferred to 0.2 wM nitrocellulose membranes (Bio-
Rad). Antibodies used were: phospho-p44/p42 MAP Kinase
(Thr 202/Thr 204), p44/p42 MAP Kinase, phospho p38 MAPK
(Thr 180/Tyr 182), YAP and phospho YAP (S127), Akt and
Phospho Akt (§473) (Cell Signaling Boston MA), RASSF6 (Pro-
teintech, Chicago, IL), B-actin (Sigma), p53 (Do-1) (Santa Cruz,
Santa Cruz, CA) and HA (Covance, MMS-101P). Secondary
antibodies were goat anti-mouse and goat anti-rabbit from KPL
(54-12-50) and TrueBlot® anti-rabbit IgG HRP (Rockland,
Rockville, MD). Western Blots were developed using an
enhanced chemiluminescence kit from West Pico (Thermo Sci-
entific, Pittsburgh, PA) or West Femto Enchance ECL (Pierce,
Pittsburgh, PA).

Statistical analysis

P values were calculated via unpaired t-tests for all indicated
samples. Microsoft Excel software was used for all statistical
analyses.
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