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The tumour suppressor OPCML promotes AXL
inactivation by the phosphatase PTPRG in
ovarian cancer
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Abstract

In ovarian cancer, the prometastatic RTK AXL promotes motility,
invasion and poor prognosis. Here, we show that reduced survival
caused by AXL overexpression can be mitigated by the expression
of the GPI-anchored tumour suppressor OPCML. Further, we
demonstrate that AXL directly interacts with OPCML, preferentially
so when AXL is activated by its ligand Gas6. As a consequence, AXL
accumulates in cholesterol-rich lipid domains, where OPCML
resides. Here, phospho-AXL is brought in proximity to the lipid
domain-restricted phosphatase PTPRG, which de-phosphorylates
the RTK/ligand complex. This prevents AXL-mediated transactiva-
tion of other RTKs (cMET and EGFR), thereby inhibiting sustained
phospho-ERK signalling, induction of the EMT transcription factor
Slug, cell migration and invasion. From a translational perspective,
we show that OPCML enhances the effect of the phase II AXL inhi-
bitor R428 in vitro and in vivo. We therefore identify a novel mech-
anism by which two spatially restricted tumour suppressors,
OPCML and PTPRG, coordinate to repress AXL-dependent onco-
genic signalling.
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Introduction

Epithelial ovarian cancer (EOC) is one of the leading causes of

cancer-related deaths in women across the world and the most

lethal gynaecological malignancy [1]. Loco-regional dissemination

of the tumour is deadly, with only 10–15% of patients surviving

beyond 10 years [2]. Unfortunately, due to its relatively asymp-

tomatic nature and early propensity to dissemination, EOC is typi-

cally diagnosed at late stage. Patients’ tumours ultimately become

resistant to existing treatments, and thus, there is an unmet need for

alternative treatment strategies.

We have recently identified the receptor tyrosine kinase (RTK)

AXL as a pivotal node of oncogenic RTK cross-talk in ovarian

cancer [3,4]. AXL is an important driver of epithelial-to-mesen-

chymal transition (EMT) and tumour progression, and has been

implicated in promoting cell adhesion, survival, proliferation, motil-

ity and invasion [5]. AXL is a member of the TAM subfamily of

RTKs [6] with its only known ligand being growth arrest-specific-6

(Gas6). Binding of Gas6 to AXL results in homodimerisation of AXL

in a 2:2 stoichiometry with Gas6 and subsequent activation of the

AXL kinase domain [7]. In ovarian cancer, AXL overexpression

confers worse prognosis [3] and it is primarily expressed during

advanced-stage disease and at higher levels in peritoneal deposits

and metastases compared to the primary tumour [8]. Silencing AXL

in ovarian cancer cells abrogates peritoneal dissemination of the

tumour, and additionally, inhibiting the Gas6/AXL pathway hinders

further progression of established metastatic disease in vivo [9]. We

have recently shown that the adversely prognostic mesenchymal

subtype in ovarian cancer [10] presents sustained AXL signalling,
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which induces motility [3,11]. However, the mechanisms regulating

AXL signalling remain unknown [12]. Given AXL is known to

extensively transactivate other RTKs [3,13], identifying tumour

suppressors that can repress these networks of oncogenic interac-

tions would provide a promising platform for developing novel

therapeutics.

Opioid-binding protein/cell adhesion molecule-like (OPCML) is a

glycosylphosphatidylinositol (GPI)-anchored tumour suppressor that

is silenced in over 83% of ovarian cancer patients by loss of

heterozygosity (LOH) and epigenetic mechanisms [14] and corre-

lates with poor patient progression-free survival in ovarian and

breast cancers [15]. Hypermethylation of OPCML is also common in

many other cancers such as lung, brain, breast, cervical, and

gastrointestinal cancers and lymphomas, suggesting a conserved

tumour suppressor function across various tissues and functional

significance in their derived cancers [16]. We previously demon-

strated that OPCML inhibits proliferation in vitro and abrogates

tumorigenicity in vivo [14] by negatively regulating a repertoire of

RTKs, such as EPHA2, FGFR1, FGFR3, HER2 and HER4 [15]. Hence,

we sought to understand whether re-establishing this tumour

suppressor would also repress other oncogenic drivers such as AXL

in ovarian cancer.

Results

AXL overexpression-mediated impaired survival is mitigated by
OPCML expression

First, we analysed the impact of AXL expression within the ICGC

dataset of 154 patients [17]. AXL overexpression (above median)

conferred a significantly worse overall survival in this dataset

(HR = 1.997, P = 0.0170; Fig EV1A). In order to delineate the

advantage of OPCML expression, we analysed the OPCML promoter

methylation status in these patients. In the subset where there was

gene promoter methylation of OPCML, AXL overexpression again

demonstrated a significantly worse overall survival (HR = 1.929,

P = 0.0411; Fig EV1B). However, in the cohort without OPCML

promoter methylation, there was no such difference (P = 0.1505,

non-significant; Fig EV1C). Furthermore, when considering the

expression levels of AXL and OPCML using the CSIOVDB dataset for

1,868 EOC patients [18], a similar pattern was observed. AXL over-

expression conferred significantly worse overall survival

(HR = 1.335, P = 0.0013; Fig EV1D), and this was accentuated for

patients with low expression of OPCML (HR = 1.431, P = 0.0015;

Fig EV1E). However, in patients with high levels of OPCML, there

was no significant difference between overall survival for AXL-low

and AXL-high expression states (HR = 1.322, P = 0.0651; Fig EV1F).

In terms of progression-free survival from the TCGA, AXL over-

expression (highest quartile) tended to confer worse prognosis

(HR = 1.284, P = 0.1030, not significant; Fig EV1G), and this was

significantly accentuated in patients with low OPCML expression

(HR = 1.56, P = 0.0419; Fig EV1H). In patients with high levels of

OPCML, the negative impact of AXL overexpression was reduced

(HR = 1.12, P = 0.5960; Fig EV1I).

These findings suggest that the AXL overexpression-associated

worsened prognosis could be mitigated by OPCML expression,

underscoring the clinical and prognostic importance of OPCML. This

suggested that the tumour suppressor OPCML could modulate AXL

signalling and so we explored this hypothesis.

OPCML interacts with AXL

To assess whether OPCML could interact with and subsequently

abrogate the oncogenic properties of AXL, we transduced AXL-

expressing, OPCML-null (through somatic methylation) SKOV3 and

PEA1 ovarian cancer cell lines with OPCML or the control (Empty)

lentivirus to generate SKOV3-OPCML, SKOV3-Empty, PEA1-OPCML

and PEA1-Empty cell lines, which were used in subsequent experi-

ments (Fig 1A). In a mammalian 2-hybrid assay, a positive signal

was detected in SKOV3-OPCML cells that express both AXL and

OPCML (Fig 1B), suggesting for the first time an interaction between

OPCML and AXL. A GST pull-down assay was also carried out using

SKOV3-Empty cells, and AXL was detected in the eluate together with

GST-OPCML (Fig 1C). The interaction between endogenous AXL and

OPCML was also observed by co-immunoprecipitation in SKOV3-

OPCML cells, where OPCML co-precipitated with AXL (Fig 1D).

The localisation of the proteins at the plasma membrane was

analysed by immunofluorescence microscopy, and this revealed co-

localisation between AXL and OPCML in both SKOV3-OPCML and

PEA1-OPCML cells (Pearson’s correlation R = 0.804 and 0.754,

respectively, Fig 1E and F). This association was confirmed using

Förster resonance energy transfer (FRET; Fig 1G), as well as in situ

proximity ligation assay (PLA) Duolink (Fig 1H), both of which

demonstrated a clear proximity between AXL and OPCML. The

AXL-OPCML interaction was further confirmed in primary ovarian

tumour cells expressing both AXL and OPCML (Fig 1I and J) using

PLA (Fig 1K).

Since GPI-anchored proteins like OPCML are located in choles-

terol-enriched lipid domains, which can be isolated as “liquid-

ordered” detergent-resistant membrane (DRM) fractions, we also

investigated the effect of the OPCML-AXL interaction on the

membrane distribution of AXL. Upon fractionating the plasma

membrane into DRM and the “liquid-disordered” detergent-soluble

membrane (DSM) fraction, we observed that AXL was present in

both compartments of the membrane in control cells lacking OPCML

(Fig 1L). However, in cells expressing OPCML there was a shift in

AXL localisation from the DSM to the DRM compartment where

OPCML resides (Fig 1L and M), demonstrating that OPCML relo-

cates AXL into cholesterol-enriched domains. To our knowledge,

this is the first time that the interaction between OPCML and AXL

and the subsequent AXL redistribution have been evidenced.

Gas6 stimulation promotes OPCML-AXL interaction, thereby
altering AXL localisation and activation

To further understand the nature of the OPCML-AXL association,

we decided to investigate how the binding of AXL to its ligand Gas6

would affect the functional interaction between AXL and OPCML.

Given that the previous experiments were carried out in complete

medium, which contains many growth factors, we used serum-free

conditions to exclusively evaluate the effects of Gas6 addition. In

serum-free non-stimulated conditions, we demonstrated that

there was minimal co-localisation between AXL and OPCML in

SKOV3-OPCML as observed by immunofluorescence staining (Pear-

son’s correlation R = 0.22, Fig 2A and B). However, addition of
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Figure 1. OPCML interacts with AXL.

A Western blotting of AXL and OPCML protein levels in AXL-expressing, OPCML-null SKOV3 and PEA1 cell lines transduced with OPCML “O” or control Empty vector “E”.
B Mammalian 2-hybrid assay between OPCML and AXL.
C Western blotting of the OPCML-GST pull down. Input: 1/20 of SKOV3-Empty whole-cell lysate.
D Western blotting of the anti-AXL immunoprecipitation. Input: 1/100 of SKOV3-OPCML whole-cell lysate. IP, immunoprecipitated protein; IB, immunoblotted protein.
E Immunostaining of OPCML (red) and AXL (green) in SKOV3-OPCML and PEA1-OPCML cells. Scale bar = 10 lm.
F Pearson’s correlation R for AXL-OPCML co-localisation in (E).
G FRET efficiency for AXL-OPCML interaction in SKOV3-Empty “E” and SKOV3-OPCML “O”, using AXL-AXL FRET as a positive control. Cells were labelled with anti-Axl

rabbit (conjugated to donor probe) and anti-OPCML mouse (conjugated to acceptor probe), or anti-Axl mouse (conjugated to acceptor probe) and anti-Axl rabbit
(conjugated to donor probe).

H PLA of AXL-OPCML (red) in SKOV3 and PEA1 cells transduced with empty vector “E” or OPCML “O”. Scale bar = 50 lm.
I, J Primary ovarian tumour cells were characterised for AXL and OPCML levels by (I) Western blotting and (J) immunostaining. PAX8 was used to identify ovarian cancer cells.
K Quantitation of AXL-OPCML PLA in primary cells. PLA = PLA secondary antibodies only. FM = primary antibodies anti-AXL and anti-OPCML plus PLA secondary

antibodies. This assay was performed in full medium.
L Western blotting of membrane fractionation of SKOV3-Empty cells: total cell lysate “T”, liquid-disordered soluble fraction “S”, detergent-resistant membrane fraction

“R”. Caveolin-1 is used as a marker of the R fraction, and Calnexin is used as a marker for the S fraction, E, SKOV3-Empty; O, SKOV3-OPCML.
M Densitometry of AXL band intensities in (J) in S and R, normalised to AXL intensity in input.

Data information: Data are representative of at least three experiments with graphs depicting means � SEM; (E) was performed once due to the limited numbers of
primary cells; *P < 0.05, ***P < 0.01 and ****P < 0.0001 by Student’s t-tests.
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Gas6 strongly induced co-localisation within 30 min, and at 3 and

12 h, suggesting a sustained interaction between AXL and OPCML

in the presence of the ligand (Pearson’s correlation R = 0.68, 0.73,

0.83, respectively, Fig 2A and B). Interestingly, when we quantified

this interaction using PLA, we found negligible association between

the two proteins in non-stimulating conditions, but very strong and

temporally progressive interaction upon addition of Gas6 (Fig 2C

and D). This Gas6-induced AXL-OPCML interaction was also

observed in primary ovarian tumour cells (Fig 2E), though the effect

of serum starvation was limited probably due to the secretion of

autocrine growth factors. Furthermore, we could observe an

increase in the amount of OPCML immunoprecipitated with AXL

upon Gas6 treatment, suggesting again that the addition of Gas6

increases the affinity between AXL and OPCML (Fig 2F). We addi-

tionally determined that this interaction also occurred between

OPCML and the phosphorylated form of AXL (pAXL), as demon-

strated by co-immunoprecipitation of OPCML by anti-pAXL

(Fig 2G). A GST pull-down assay was also carried out, where pAXL

was detected in the eluate together with GST-OPCML, again

enhanced by Gas6 (Fig 2H). Thus, OPCML also binds to the active

form of AXL upon Gas6 stimulation.

When we analysed the effect of Gas6 addition on AXL distribu-

tion by membrane fractionation in SKOV3-Empty, the total AXL

protein was distributed between the DSM and DRM and this distri-

bution remained constant over time (Fig 2I). Surprisingly, the pool

of activated pAXL was detected almost exclusively in the DSM

(Fig 2I). Interestingly, in SKOV3-OPCML the increased interaction

between OPCML and AXL caused by the addition of Gas6 induced a

progressive shift of AXL from the DSM into the DRM, where the

GPI-anchored protein resides (Fig 2I and J). As a consequence, since

in the DRM AXL is mostly not phosphorylated, the total levels of

phosphorylated and activated AXL decreased in the presence of

OPCML (Fig 2I).

As it is known that the association with lipid domain affects

protein diffusion, we performed fluorescence recovery after photo-

bleaching (FRAP) experiments on SKOV3-Empty and OPCML cells

stimulated with Gas6 (Fig 2K). AXL recovery was less in SKOV3-

OPCML cells, particularly upon Gas6 stimulation, compared to

SKOV3-Empty cells (Fig 2K). The diffusion co-efficient dropped

from 0.51 to 0.36 in SKOV3-OPCML cells upon Gas6 stimulation,

while the reduction in SKOV3-Empty decreased from 0.66 to 0.57

(Fig 2L); this could be due to the increased association of AXL with

the immobile lipid fraction upon Gas6 stimulation in SKOV3-OPCML

(Fig 2M). To solidify our findings, FRET experiments were also

performed to quantitate the level of AXL-OPCML interaction upon

addition of Gas6 and a clear increase was observed at 30 min and

3 h (Fig 2N).

Given that OPCML continued to retain dephosphorylated AXL in

the DRM, we analysed Gas6-stimulated cells for the presence of the

ligand in the membrane fractions (Fig 2O). In the cells lacking

OPCML, there were elevated AXL, pAXL and Gas6 in the DSM

(Fig 2O). However in the presence of OPCML, Gas6 is sequestered

in the DRM along with AXL, which is dephosphorylated, implying

that, even though the RTK is still bound to its ligand, it has been

deactivated (Fig 2O). This suggests that Gas6 serves to trigger as

well as retain an enhanced OPCML-AXL interaction on the extracel-

lular side of the plasma membrane, regardless of the intracellular

phosphorylation status of the AXL kinase domain.

OPCML inhibits sustained Gas6/AXL signalling

Observing the changes in membrane distribution and activation

status of AXL upon binding to OPCML, we sought to understand

how OPCML would therefore affect the Gas6/AXL signalling

cascade. In order to ascertain that Gas6-induced effects were exclu-

sively through the AXL signalling node, AXL-depleted SKOV3 cells

were stimulated with Gas6. Upon AXL depletion, Gas6 addition did

not induce phosphorylation of AXL, or of AXL downstream effector

molecules such as ERK (Fig EV2A), or motility (Fig EV2B and C),

confirming that Gas6 activates the ERK pathway and motility exclu-

sively through AXL in these tumour cells.

SKOV3-Empty and PEA1-Empty cell lines were stimulated with

Gas6 over a 24-h time course. Gas6 induced the phosphorylation of

AXL leading to sustained activation of ERK for up to 24 h (Fig 3A

and B) and the induction of the EMT transcription factor Slug, a

key factor in cell motility and invasiveness [19,20] (Fig 3A and B).

OPCML expression reduced both the magnitude and the temporal

duration of AXL phosphorylation and, interestingly, the temporal

▸Figure 2. Gas6 stimulation promotes OPCML-AXL interaction, thereby altering AXL localisation and activation.

A–D SKOV3-OPCML cells stimulated with Gas6 over a 12-h time course and (A) stained with DAPI (cyan), anti-OPCML (green) and anti-AXL (red) antibodies (scale
bar = 10 lm), and (B) Pearson’s correlation R was calculated; (C, D) OPCML-AXL interaction (red) was visualised by PLA (scale bar = 50 lm) and quantified, n = 3.

E Quantitation OPCML-AXL PLA interaction in primary ovarian tumour cells, n = 1. The six data points represent the quantifications from six separate images (from
the same experiment).

F Co-immunoprecipitation with anti-AXL antibody in cells stimulated with Gas6 as indicated. Input: 1/50 of whole-cell lysate from SKOV3-OPCML cells. IP,
immunoprecipitated protein; IB, immunoblotted protein.

G Co-immunoprecipitation with anti-pAXL antibody in SKOV3-OPCML cells stimulated with Gas6.
H OPCML-GST pull-down assay in SKOV3-Empty cells stimulated with Gas6.
I Membrane fractionation in SKOV3-Empty “E” and SKOV3-OPCML “O” cells into the detergent-resistant “R” membrane fraction and the detergent-soluble “S”

fraction upon Gas6 stimulation.
J Ratio of AXL band intensity in “R” to total AXL “T” (T = S + R) from panel (I).
K–M (K) FRAP recovery curves. Black boxes represent median value, coloured boxes represent 1st–3rd quartile, and whiskers represent minimum to maximum values, (L)

diffusion co-efficient and (M) percentage of AXL localised in insoluble lipid domain or soluble plasma membrane fraction in SKOV3-Empty “E” and SKOV3-OPCML
“O” cells treated with Gas6.

N FRET efficiency in SKOV3-OPCML “O” cells stimulated with Gas6, and labelled with anti-Axl (donor probe) and anti-OPCML (acceptor probe).
O Western blotting of the “S” and “R” membrane fractions in SKOV3-Empty “E” and OPCML “O” cells stimulated with Gas6 for 3 h, for Gas6, AXL and pAXL.

Data information: Data are representative of at least three experiments with graphs depicting means � SEM, (E) was performed once due to the limited numbers of
primary cells; *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 by Student’s t-tests.
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duration of the phospho-ERK (pERK) response in both cell lines,

where pERK was completely abolished after 1–3 h post-Gas6 stimu-

lation (depending on the cell line; Fig 3A and B). This observation

was confirmed using immunofluorescence staining to visualise the

pERK response upon Gas6 treatment, and again, in the presence of

OPCML, only transient phosphorylation of ERK was observed

A

E

I

L M N O

J K

F G H

B

D

C

Figure 2.
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(Fig EV2D and E). The repression of the sustained pERK response

in OPCML-expressing cells had a profound effect in preventing Slug

induction (Fig 3A and B).

To expand our understanding of the tumour suppressor effect of

OPCML on the Gas6/AXL pathway at a systems level, reverse

phase protein array (RPPA) was carried out on SKOV3-Empty and

A

C

E F

D

B

Figure 3. OPCML represses oncogenic Gas6/AXL signalling.

A, B SKOV3 (A) and PEA1 (B) (EMPTY and OPCML transduced) cell lines were serum starved and stimulated with Gas6 over a 24-h time course. GAPDH was used as a
loading control.

C–E (C, E) RPPA data showing phospho-RTK and downstream signalling moieties activated by Gas6/AXL stimulation in SKOV3-EMPTY and SKOV3-OPCML. Data are
represented as Log2 normalised and median centred. The units of the colour key (green to magenta) represent �2.2 to +2.2 (Log2 normalised median centered). (D)
Western Blotting of SKOV3-EMPTY and SKOV3-OPCML upon AXL activation. GAPDH was used as loading control.

F Western blotting of non-targeting siRNA (NTrg)-, or siOPCML (si 6, si 7)-transfected FT190 cells stimulated with Gas6 over a 24-h time course. GAPDH was used as
loading control.

Data information: Data in (A, B, D, F) are representative blots of at least three experiments. RPPA analysis was performed in triplicate.
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SKOV3-OPCML cells. Upon Gas6 stimulation, we found elevated

phospho-EGFR (pEGFR) and phospho-cMET (pMET) levels in

SKOV3-Empty, both at 30 min and at 12 h (Fig 3C), analogous to

the higher and sustained pAXL status observed previously by

Western blotting, confirming the known cross-talk between AXL

and other RTKs [3,21,22]. However, this effect was completely abol-

ished in the presence of OPCML (Fig 3C), underscoring its potent

tumour suppressor function. These results were also independently

confirmed by Western blot (Fig 3D). A similar pattern was observed

immediately downstream of the RTK network, with adapter proteins

such as Shc, Src and Shp-2 displaying high phosphorylation levels

in SKOV3-Empty treated with Gas6, but not in SKOV3-OPCML cells

(Fig 3C). Further downstream in the signal cascade, MEK1, ERK and

JNK demonstrated similar strongly induced phosphorylation status

in SKOV3-Empty cells, which was abrogated by OPCML (Fig 3C),

confirming the pERK dynamics observed above. The sustained

phosphorylation of response proteins such as ELK1 [23], p90RSK

[24] and FRA1 [25] at 12 h in SKOV3-Empty cells was also

prevented by OPCML expression (Fig 3C and D). FRA1 activity has

been linked to the induction of the EMT transcription factors ZEB1,

Slug and motility [26–29], and this could explain the Slug induction

observed in control cells upon Gas6 stimulation of AXL [3,11,30,31]

and its consequent abrogation upon OPCML expression. Apart from

the MAPK cascade, the RPPA analysis also revealed suppression of

the AKT pathway by OPCML (Fig 3E). Therefore, functional proteo-

mics clearly revealed the extent of suppression of pro-oncogenic

signalling by OPCML at a systems level.

Silencing OPCML increases Gas6/AXL signalling in fallopian tube
epithelial cells

Given that OPCML overexpression in ovarian cancer cell lines

decreases oncogenic signalling, we examined whether silencing

OPCML (Fig 3F) in the non-cancerous OPCML-expressing fallopian

tube epithelial (FT190) cells [32] would show the opposite effect

and amplify Gas6/AXL signalling.

Non-targeting siRNA-transfected FT190 showed minimal

response to Gas6 stimulation with only a slight pERK response

at 20 min. In contrast, OPCML-silenced cells showed a strong

pERK response that persisted from 10 min until 1 h (Fig 3F).

Hence, silencing OPCML in a non-cancer system amplified the

Gas6/AXL signalling response, although over a shorter time

course than malignant SKOV3 or PEA1 cell lines, suggesting that

AXL is likely to be under tighter regulation in non-cancerous

systems.

OPCML inhibits Gas6/AXL-mediated increase in cancer cell
motility and invasion

As AXL has been widely described for its role in stimulating cell

migration and motility [33], we investigated how the suppression of

AXL signalling by OPCML would affect Gas6/AXL-mediated motility

in SKOV3 and PEA1 cells.

Both cell lines responded to Gas6 stimulation and showed a

significant increase in kinetic parameters of motility, such as

displacement and speed, compared to non-stimulated cells (Fig 4A

and B). In contrast, OPCML-expressing cells showed no change in

these parameters upon stimulation with Gas6, with displacement

and speed values at the same levels as non-stimulated cells (Fig 4A

and B).

We also analysed collective cell migration in both cell lines.

Gap closure measurements showed that SKOV3-Empty and

PEA1-Empty responded to Gas6 stimulation and rapidly closed

the gap, while the untreated cells did not (Fig 4C–F). However,

OPCML-expressing cells did not respond to Gas6 stimulation and

showed no difference in collective cell migration compared to

their untreated counterparts (Fig 4C–F). Migrating SKOV3-Empty

cells had elevated pERK staining at 12 h upon Gas6 stimulation,

while this was absent in SKOV3-OPCML cells (Fig EV3A), thus

confirming our previous observations that OPCML blunts the

pERK response to Gas6 and consequently prevents Gas6/AXL-

mediated motility. To verify that it was indeed the MEK/ERK

axis that was responsible for Gas6/AXL-induced motility, SKOV3-

Empty cells were treated with the MEK inhibitor PD0325901

[34]. MEK inhibition did not prevent pAXL response, but abro-

gated pMEK, pERK, pFRA1 and Slug induction (Fig EV3B–D), as

well as Gas6/AXL-induced motility (Fig EV3E–H).

To evaluate the effect of OPCML on cell invasion in a

three-dimensional environment, SKOV3-Empty and SKOV3-

OPCML cells were seeded as spheroids into a matrix of

basement membrane extract. Compared to their untreated

counterparts, Gas6-stimulated SKOV3-Empty spheroids showed

peripheral invasive cells migrating into the matrix after

3 days, while OPCML-expressing cells remained unresponsive

▸Figure 4. OPCML abrogates Gas6/AXL-mediated increase in cell motility and invasion.

A–F Single-cell tracking analysis upon stimulation with Gas6 over 12 h of Empty “E” or OPCML “O” (A) SKOV3 cells or (B) PEA1 cells. Gap closure assay and analysis of
Empty “E” or OPCML “O” SKOV3 (C, D) and PEA1 (E, F) cells; dashed white lines represent initial boundary and scale bars = 200 lm.

G Spheroid invasion assay of Empty “E” or OPCML “O” SKOV3 spheroids 72 h post-stimulation with Gas6. Scale bars = 1 mm.
H Invasion from (G) was quantified and normalised to spheroid volume prior to the addition of chemotactic medium.
I Western blotting of fallopian tube epithelial (FT190) cells transfected with non-targeting siRNA (NTrg) or two siRNA for OPCML (si 6 and si 7). GAPDH was used as

loading control.
J Analysis of Gas6-stimulated single-cell motility of FT190 cells transfected with siRNA for OPCML compared to non-targeting siRNA control.
K, L (K) Western blotting of ovarian cancer cell lines PEO1, OVCA429, SKOV3, HEYA8 expressing different levels of AXL, and transduced with Empty vector control “E”, or

OPCML “O”, and (L) densitometry.
M, N Quantitation of gap closure assays of ovarian cancer cell lines PEO1, OVCA429, SKOV3, HEYA8 transduced with OPCML “O”, or Empty vector control “E”; dashed

white lines represent initial boundary and scale bars = 200 lm.

Data information: Data are representative of at least three experiments with graphs depicting means � SEM: *P < 0.05, **P < 0.01, and ***P < 0.001 by Student’s
t-tests.
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to Gas6 stimulation (Fig 4G and H), underscoring the

relevance of the tumour suppressor effect in a 3D microenvi-

ronment.

We also performed phenotypic assays with OPCML-silenced

FT190 cells (Fig 4I). In single-cell motility assays, we demonstrated

that siOPCML increased displacement compared to non-targeting

siRNA-transfected FT190 (Fig 4J). However, as expected there was

no further increase in motility in response to Gas6 stimulation

(Fig 4J), as the pERK response to Gas6 was not sustained beyond

1 h (Fig 3F). We have previously shown that a sustained pERK

response is required for Gas6-induced motility [3].

Furthermore, in order to assess whether OPCML-mediated

suppression of AXL is possible for a range of AXL/OPCML ratios,

we transduced ovarian cancer cell lines expressing different levels

of AXL with OPCML (Fig 4K and L). In subsequent gap closure

assays, it was evident that OPCML-mediated suppression of AXL-

driven motility was achievable for a range of AXL/OPCML ratios

(Fig 4L–N).

OPCML inhibits AXL directly, as well as the AXL-RTK network

As AXL has been shown to amplify its signalling via RTK cross-talk

[3], we sought to examine the direct effect of OPCML on AXL inhibi-

tion by silencing HER2, EGFR and cMET. Cells depleted of HER2,

EGFR and cMET still responded to Gas6 stimulation and showed

increased gap closure compared to unstimulated control, but this

was reduced compared to Gas6-driven motility in control cells; as

expected, OPCML still suppressed this motility that was exclusively

AXL driven (Fig EV4A–C). This implies that while OPCML can

inhibit AXL in isolation, the drastic reduction in motility is

evidenced by OPCML attenuating the AXL-RTK network.

Furthermore, as AXL tends to function in synergy with these

RTKs, and given OPCML is a known regulator of RTK networks, we

performed additional membrane fractionation experiments to evalu-

ate the activation/inactivation of these RTKs upon OPCML modula-

tion of AXL (Fig EV4D and E). In Gas6-stimulated conditions

(Fig EV4D), or complete serum (Fig EV4E), the phosphorylated

forms of the RTKs resided in the soluble membrane fraction, though

to a reduced level in the OPCML-expressing cells. Upon Gas6 stimu-

lation, in OPCML-expressing cells there was accumulation of total

AXL, cMET, HER2 and EGFR into the insoluble membrane fraction,

wherein phosphorylation could not be detected (Fig EV4D), while

this RTK shift did not occur in control cells. This signifies that

OPCML inhibition extends beyond AXL to also affect the AXL-driven

RTK network.

Also, in order to compare the efficacy of OPCML suppression

of AXL, motility of SKOV3 and PEA1 cells upon OPCML overexpres-

sion was compared to knockdown of AXL (Fig EV5A–C). Over-

expressing OPCML in SKOV3 and PEA1 had the same effect in

reducing motility as silencing AXL; furthermore, silencing AXL after

OPCML overexpression did not further reduce motility, suggesting

OPCML had already repressed AXL-driven motility (Fig EV5A–C).

Similarly, in spheroid invasion assays, OPCML overexpression was

comparable to AXL-knockdown (Fig EV5D and E). This suggests

that the overexpression of OPCML has the same effect as silencing

AXL. Also, no additional effect was evident upon silencing AXL in

OPCML-overexpressing cells, suggesting that the tumour suppressor

has already inhibited the AXL axis.

The integrity of cholesterol-enriched lipid domains is crucial for
OPCML modulation of AXL signalling

In order to determine whether the change in compartmentalisation

of AXL into cholesterol-enriched lipid domains is crucial for the

suppressor action of OPCML, experiments were carried out to

disrupt the integrity of the DRM.

Methyl-b-cyclodextrin (MBCD) was used to deplete cholesterol

from the DRM and solubilise GPI-anchored and other transmem-

brane proteins into the DSM [35]. In SKOV3-OPCML cells, 30-min

treatment with MBCD was sufficient to deplete cholesterol as

evidenced by lack of cholesterol-bound Filipin staining [36]

compared to the untreated control (Fig 5A). This cholesterol deple-

tion lasted up to 12 h post-MBCD treatment (Fig 5A) and, as

expected, induced a shift of OPCML and Caveolin-1 into the DSM

(Fig 5B).

In SKOV3-OPCML cells, OPCML caused the accumulation of AXL

in the DRM, but upon MBCD treatment, there was no such accumu-

lation (Fig 5B and C). Therefore, perturbing cholesterol concentra-

tion prevented OPCML, and by extension, AXL, from accumulating

in the DRM, the compartment where AXL resides in its dephospho-

rylated state. As a consequence, the levels of phosphorylated AXL

remained high throughout the MBCD-treated Gas6-stimulated time

course (Fig 5B–D) and the downstream signalling was restored in

OPCML-expressing SKOV3 (Fig 5D–F). The pAXL and pERK activa-

tion persisted from the early time point of 30 min to 12 h in MBCD-

treated SKOV3-OPCML cells, consistent with complete loss of func-

tion of OPCML upon disruption of cholesterol-enriched domains

(Fig 5D–F).

Furthermore, we asked whether the loss of signalling

suppression was exclusively due to disruption of the lipid

domains, or possibly due to loss of interaction between AXL

and OPCML. Interestingly, even upon loss of lipid domain integ-

rity, AXL-OPCML interaction could still be visualised post-Gas6

stimulation (Fig 5G and H). This interaction rapidly reached

maximal values at 30 min in the presence of MBCD and was

retained until 12 h, unlike the control SKOV3-OPCML, where

the AXL-OPCML interaction accumulated more slowly over time

(Fig 5G and H). This could be due to enhanced mobility of

OPCML through the membrane following the disruption of

cholesterol-enriched domains, increasing the probability of bind-

ing activated AXL.

AXL sequestered in cholesterol-enriched domains by OPCML is
dephosphorylated by PTPRG

We hypothesised that the OPCML-mediated change in membrane

localisation of AXL could expose AXL to phosphatases that could

dephosphorylate it. In order to identify a candidate phosphatase,

we scrutinised the proteins that we had previously identified by

proteomics of cholesterol-enriched domains [37] and we found

only one tyrosine phosphatase, PTPRG, in the same membrane

compartment as OPCML. We first performed a membrane frac-

tionation and verified that PTPRG was located primarily in the

DRM (Fig 6A). A co-immunoprecipitation with anti-AXL antibody

showed a clear signal for interaction with PTPRG, but only in

OPCML-expressing SKOV3 cells (Fig 6B). Subsequently, we

performed PLA and FRET to determine the interaction between
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AXL and PTPRG (Fig 6C and E). Interestingly, the expression of

OPCML dramatically increased the interaction between AXL and

PTPRG in both assays (Fig 6C and E). Furthermore, Gas6 stimu-

lation, after serum starvation, increased the interaction between

AXL and PTPRG only upon OPCML expression in both PLA and

FRET (Fig 6D and F), demonstrating that the OPCML-mediated

compartmentalisation of AXL in the DRM is crucial for the inter-

action of the kinase with the phosphatase. In order to validate

the functionality of the AXL-PTPRG interaction, we silenced the

phosphatase in SKOV3-Empty and SKOV3-OPCML cells (Fig 6G).

As expected, siPTPRG did not have an effect on Gas6/AXL

signalling in SKOV3-Empty cells as the RTK signals from the

soluble fraction and is not modulated by the lipid domain-bound

phosphatase (Fig 6G). However in SKOV3-OPCML cells, silencing

PTPRG enabled sustained pAXL and consequently pERK signal-

ling (Fig 6G), suggesting that OPCML represses AXL oncogenic

signalling by promoting PTPRG access to the RTK. From our

findings, we can conclude that OPCML blocks Gas6/AXL onco-

genic signalling principally by stabilising AXL in the lipid

domain fraction, where the raft-bound phosphatase PTPRG

dephosphorylates pAXL (Fig 6H).

OPCML sensitises ovarian cancer cells to the AXL inhibitor R428
in vitro and in vivo

In order to investigate whether the OPCML-induced abrogation of

signalling could translate into a potential clinical application,

SKOV3-Empty and SKOV3-OPCML cells were treated with the AXL

inhibitor R428 [38]. When we measured growth inhibition in R428-

treated cells, we could observe that OPCML reduced the mean GI50

of R428 from 2.84 to 1.09 lM, resulting in a 2.6-fold decrease in the

dose of the inhibitor required for a GI50 effect (Fig 7A). Further-

more, in the presence of OPCML, cells showed attenuation of Gas6/

AXL signalling at lower doses of R428 compared to control cells in

both Western blot and immunofluorescence (Fig 7B and C). AXL,

AKT and ERK phosphorylation were attenuated when SKOV3-Empty

cells were incubated with R428 at 2.84 lM, but not at lower doses,

while upon OPCML expression, Gas6/AXL signalling was curtailed

at 1.09 lM of the drug (Fig 7B and C). This sensitisation to the AXL

inhibitor could be a consequence of the combined effect of OPCML

down-regulation of Gas6/AXL signalling and R428 inhibition of the

catalytic kinase domain of AXL.

To translate the AXL signalling inhibition into a biologically rele-

vant in vivo system, we chose the chick chorion allantoic membrane

(CAM) assay; it would have been unfeasible to evaluate sensitisa-

tion in nude mice as OPCML completely suppresses tumour growth

in this model [14]. SKOV3-Empty and SKOV3-OPCML cell lines were

pre-incubated with R428, embedded in Matrigel, deposited on the

CAM and allowed to form tumours. The in ovo findings substanti-

ated the in vitro signalling inhibition results, with the SKOV3-Empty

forming large tumours that were significantly suppressed with

2.84 lM, but less with 1.09 lM of R428 (Fig 7D and E). Interest-

ingly, SKOV3-OPCML showed significant sensitisation to the lower

concentration of R428 (Fig 7D and E). Of note, at 1.09 lM of R428,

SKOV3-OPCML showed enhanced (approximately threefold) sensiti-

sation to AXL inhibition, compared with SKOV3-Empty (Fig 7D and E).

The relative ratio of OPCML to AXL expression is predictive of
patient overall survival in multiple cancers

In order to expand the clinical relevance of OPCML expression to

different cancers, we analysed the relative amounts of OPCML to

◀ Figure 5. The integrity of lipid domains is crucial for OPCML modulation of AXL signalling.

A Filipin staining of SKOV3-OPCML cells treated for 30 min with 5 mM MBCD and allowed to recover for 0, 30 min and 12 h in serum-free (SF) medium. Scale bar =
50 lm.

B Western blotting of SKOV3-OPCML cells treated with MBCD and separated into the detergent-resistant “R” membrane fraction and the detergent-soluble “S”
fraction upon Gas6 stimulation.

C Ratio of AXL band intensity in “R” or pAXL band intensity in “S” relative to total AXL “T” from SKOV3-OPCML “O” in (B).
D MBCD treatment of SKOV3-Empty and SKOV3-OPCML cell lines was followed by the analysis of Gas6 signalling kinetics by Western blot. GAPDH was used as

loading control.
E, F Signalling kinetics are presented for pAXL and pERK in SKOV3-Empty “E” and SKOV3-OPCML “O”, treated with MBCD and no treatment control, normalised to

GAPDH, from (D).
G PLA assay of AXL-OPCML interaction (red) upon Gas6 stimulation in both MBCD-treated and MBCD-non-treated SKOV3-OPCML cells. Scale bar = 50 lm.
H Quantification of PLA signals from (G).

Data information: Data are representative of at least three experiments with graphs depicting means � SEM.

▸Figure 6. AXL sequestered in the lipid domains by OPCML is dephosphorylated by PTPRG.

A Western blotting of the “S” and “R” membrane fractions in SKOV3-Empty “E” and OPCML “O” cells for PTPRG.
B Western blotting of the anti-AXL immunoprecipitation in SKOV3-Empty “E” and OPCML “O” cells for AXL and PTPRG. Input: 1/100 of SKOV3-Empty or SKOV3-OPCML

whole-cell lysate. IP, immunoprecipitated protein; IB, immunoblotted protein.
C, D PLA assay of PTPRG-AXL interaction (red) in SKOV3-Empty “E” and OPCML “O” cells grown in (C) complete medium (scale bar = 50 lm), or (D) stimulated with Gas6

(scale bar = 50 lm).
E, F FRET efficiency of AXL-PTPRG interaction in SKOV3-Empty “E”, and SKOV3-OPCML “O” cells in (E) complete medium, or (F) Gas6-stimulated; cells were labelled with

anti-Axl (donor probe) and anti-PTPRG (acceptor probe).
G Western blotting of SKOV3-Empty “E” and OPCML “O” cells transfected with non-targeting siRNA (NTrg) or siRNA smartpool for PTPRG, stimulated with Gas6 over a

24-h time course. GAPDH was used as loading control.
H Model of the mechanism of action of Gas6/AXL in cancer cells (left panel) and modulation by OPCML and PTPRG (right panel).

Data information: Data are representative of at least three experiments with graphs depicting means � SEM: *P < 0.05, **P < 0.01, by Student’s t-tests.
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AXL in different patient cohorts representing glioma, ovarian, lung,

gastric, colorectal and renal cancers. In all these different cancer

datasets, those patients with a high (above median) OPCML to AXL

ratio had significant and substantial advantage in overall survival

compared to patients with a low OPCML to AXL ratio (Fig 8A–L).

This is representative of our in vitro observations, as the relative

A

C

D E

B

Figure 7.
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balance between the tumour suppressor OPCML and the oncogene

AXL is crucial in determining effective tumour suppression or onco-

gene activation. A high OPCML/AXL ratio implies there are rela-

tively more tumour suppressor moieties capable of modulating AXL

into the lipid domains, while with a low OPCML/AXL ratio, there

will be residual AXL signalling from the soluble fraction promoting

oncogenesis.

Discussion

Ovarian cancer is a lethal gynaecological malignancy presenting

with non-specific symptoms that delay detection. The resultant poor

overall survival in the advanced disease state creates great unmet

need to find therapeutically relevant targets to improve patient

outcome. AXL has recently emerged as a promising therapeutic

target in ovarian cancer [3,9] where it is overexpressed and confers

poor prognosis [3,39,40]. However, the biology of AXL regulation

remains to be elucidated, and understanding of these regulatory

mechanisms will serve to identify novel targets and design appropri-

ate drug candidates targeting relevant biology.

In this study, as a result of clinical insights suggesting a survival

modulating link between AXL and OPCML, we found that Gas6-

mediated AXL activation is profoundly diminished by the GPI-

anchored tumour suppressor OPCML. The interaction between

OPCML and AXL is enhanced in the presence of Gas6, as OPCML

shows a higher affinity for AXL when bound to its ligand. This bind-

ing leads to the redistribution of AXL from the soluble membrane

fraction to the cholesterol-rich, detergent-insoluble membrane

compartment. As AXL accumulates into this compartment through

its chaperone interaction with OPCML, we discovered that it is

brought into close proximity with PTPRG, a phosphatase localised

in cholesterol-enriched domains. PTPRG then dephosphorylates

pAXL, thereby inactivating it. This suggests that, while typically the

role of the ligand is to activate the RTK, in the presence of OPCML

Gas6 ultimately leads to the inactivation of AXL by promoting the

interaction with OPCML/PTPRG.

The change in AXL localisation by OPCML not only prevents the

RTK downstream signalling, but also prevents AXL-mediated trans-

activation of other RTKs such as EGFR and cMET, with which it has

previously been shown to interact [3,21]. The dramatic reduction in

AXL activation and RTK cross-talk abrogates downstream oncogenic

responses from the Ras/MEK1/ERK and the PI3K-AKT pathways.

This attenuation of the sustained oncogenic signalling prevents

induction and activation of response proteins such as ELK1, p90RSK

and FRA1. As a consequence, ERK/FRA1-induced cell motility [33]

via the EMT transcription factor network involving ZEB1 [26,30]

and Slug [31,41] is also profoundly inhibited. We have previously

shown that mesenchymal-type ovarian cancer cells, which have a

potent response to Gas6 signalling in terms of motility and invasion,

are characterised by a sustained pERK response, while epithelial-

type ovarian cancer cells, which do not show increased motility in

response to Gas6, present only a brief pERK activation [3]. The re-

introduction of OPCML in mesenchymal-type ovarian carcinoma

cells such as SKOV3 or PEA1 modifies the temporal pERK response

to that of an epithelial-like signalling state, inhibiting the Gas6-

mediated cellular motility response and abrogating the pERK/EMT

pathway. Conversely, as expected, silencing OPCML in non-

cancerous fallopian tube epithelial (FT190) cells increases the pERK

response to Gas6/AXL signalling; however, in these “normal” cells

siRNA inhibition is insufficient to stimulate motility as seen in the

fully neoplastic state.

To our knowledge, this is the first report to describe the spatial

constraint of AXL signalling in discrete membrane compartments,

and how this can be affected by GPI-anchored proteins such as

OPCML. Given that the liquid-disordered membrane fraction and

the cholesterol-enriched fraction contain distinct subsets of proteins

[42–45], the change in AXL membrane localisation from one

compartment to the other exposes the RTK to phosphatases, such as

PTPRG, which are specifically localised in cholesterol-enriched

domains, resulting in dephosphorylation and inactivation of the

AXL kinase domain. PTPRG has been previously shown to function

as a strong tumour suppressor by repressing various oncogenic

kinases in several cancers [46–51]. However, this is first time it has

been shown to de-phosphorylate AXL. The novelty of the interaction

between PTPRG and AXL is underscored by the requirement of an

interacting partner such as OPCML to partition the RTK into a speci-

fic membrane compartment that facilitates exposure of activated

AXL to the phosphatase. Given that OPCML may negatively regulate

other RTKs directly as well as through cross-talk inhibition, a more

general speculation is that OPCML may represent a master molecu-

lar “off” switch for many RTKs and thereby represent a negative

regulator of RTK networks.

From a clinical perspective, we observed that a high OPCML/

AXL ratio confers a better overall survival in patients affected by dif-

ferent types of cancer, underscoring the potentiality of developing

therapeutic agents based on targeting OPCML/AXL pathways.

Furthermore, similarly to what we have recently shown for HER2

and EGFR inhibitors [52], OPCML modulation of AXL signalling

sensitises cancer cells to the AXL inhibitor R428, as evidenced by

the dramatic decrease in signalling kinetics in vitro and the suppres-

sion of tumour growth in ovo. Likewise, given that AXL confers

resistance to EGFR-targeted therapies [22,53,54] by diversifying

signalling, as well as resistance to PI3K inhibitors due to association

with EGFR [13], OPCML abrogation of AXL activation in synergy

with such inhibitors could improve tumour responses without

◀ Figure 7. OPCML potentiates the effects of the AXL inhibitor R428 in vitro and in vivo.

A Mean GI50 of SKOV3-Empty “E” and SKOV3-OPCML “O” cells upon R428 treatment.
B Western Blotting of SKOV3-Empty “E” and SKOV3-OPCML “O” cells pre-incubated with either no drug (DMSO only control), 1.09 lM R428 or 2.84 lM R428 for an hour

and stimulated with Gas6 for the indicated times. GAPDH was used as loading control.
C Immunofluorescence staining of pERK (red) and OPCML (magenta) in SKOV3-Empty “E” and SKOV3-OPCML “O” cells treated with R428 and stimulated with Gas6 for

the indicted time points. Scale bars = 50 lm.
D CAM assay of SKOV3-Empty “E” and SKOV3-OPCML “O” cells pre-treated with R428. Scale bars = 1 mm.
E Quantification of the fluorescence intensity of the tumours from (D).

Data information: Data are representative of at least three experiments with graphs depicting means � SEM: n.s., not significant, **P < 0.01, Student’s t-tests.
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enhancing treatment toxicity (as demonstrated by its limited impact

on normal fallopian tube epithelial cells). Given the frequent methy-

lation inactivation of OPCML, the development of mimetics to

restore expression/function on the surface of cancer cells as extra-

cellular tumour suppressor therapy represents a promising approach

for cancer treatment and has been shown to induce tumour

regression in mouse models [14,15]. Furthermore, the findings in

this study suggest that OPCML-based therapeutics would be effec-

tive in modulation of RTK networks as opposed to linear systems.

The effectiveness of disrupting nodes of oncogenic signalling would

lie in minimising the bypass redundancy of RTK cross-talk, and this

could represent an effective treatment strategy.

A B C

D E F

G H I

J K L

Figure 8. OPCML/AXL ratio is predictive of patient outcome in silico.

A–L The relative ratio of OPCML to AXL was calculated, and above median values were defined as high OPCML/AXL (red), and below median values were defined as low
OPCML/AXL (green). Kaplan–Meier curves showing overall patient survival of high OPCML/AXL and low OPCML/AXL cancer patient groups from (A) ovarian GSE9891,
(B) ovarian GSE26712, (C) ovarian TCGA, (D) ovarian GSE31245, (E) ovarian GSE73614, (F) low-grade glioma TCGA, (G) lung TCGA, (H) gastric GSE15459, (I) gastric
GSE62254, (J) colorectal GSE17536, (K) colorectal GSE41258, (L) renal TCGA. HR, Hazard ratio. Cox regression was used to calculate statistical significance.
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Materials and Methods

Cell culture

SKOV3, PEO1, OVCA429 and HEYA8 from ATCC and PEA1 from

Cancer Research UK were cultured in RPMI 1640, 10% FBS, 1%

penicillin and streptomycin (Sigma-Aldrich) and grown at 37°C in

5% CO2. The fallopian tube epithelium cell line FT190 was a kind

gift from the laboratory of Professor Ronny Drapkin, Dana Farber

Cancer Institute, USA, and maintained in DMEM-Ham’s F12 50/50

media, 1% penicillin and 2% Ultroser G serum substitute (Pall

France SA).

Primary cell culture

At the time of cytoreductive surgery for advanced primary high-

grade serous ovarian cancer, ovarian tumour was collected and

immediately transferred to the laboratory for culturing. The project

was performed under the Hammersmith and Queen Charlotte’s and

Chelsea Research Ethics Committee approval 05/QO406/178 and

supplied by the Imperial College Healthcare NHS Trust Tissue Bank,

following full patient consent. Primary tumour cells were isolated as

described previously [55] and cultured in RPMI 1640, 20% FBS, 1%

penicillin–streptomycin, 2 mM sodium pyruvate (Sigma) and

2.5 lg/ml insulin (Sigma).

shRNA-mediated AXL-knockdown

Validated AXL MISSION shRNA (TRCN0000001040 and

TRCN0000001041) and control shRNA [sh-Luciferase targeting

(#SHC007)] bacterial glycerol stocks were purchased from Sigma-

Aldrich. Virus generated from transfected 293T cells was used to

generate stable clones (selected and maintained with 5 lg/ml puro-

mycin) for loss-of-function studies in experiments measuring inva-

sion.

siRNA-mediated gene silencing

For siRNA-mediated AXL silencing in SKOV3 parental, SKOV3-

OPCML-overexpressing and SKOV3-Control, and PEA1-OPCML-

overexpressing and PEA1-Control cells, siAXL sequences (#J-

003104-10, 12 13) from Dharmacon On-Target Plus were utilised

along with a pooled non-targeting sequence (#D-001810-10-05). The

siRNA transfection was carried as per manufacturer’s protocol, at

final concentration of 25 nM, and knockdown was evaluated at

48 h using immunoblotting. For loss of tumour suppressor function

studies, siRNA-mediated OPCML silencing in FT190 cell lines was

performed using siOPCML sequences (#J-011743-06, 07) from Dhar-

macon On-Target Plus along with the pooled non-targeting

sequence.

Antibodies

AXL C89E7 rabbit mAb (#8661), phospho-AXL Tyr702 D12B2 rabbit

mAb (#5724), phospho-AKT Ser473 D9E XP� rabbit mAb (#4060),

phospho-AKT Thr308 D25E6 XP� rabbit mAb (#13038), AKT pan

11E7 rabbit mAb (#4685), GAPDH D16H11 XP� rabbit mAb (#5174),

Slug C19G7 rabbit mAb (#9585), phospho-FRA1 Ser265 D22B1

rabbit mAb (#5841), phospho-HER2/Erb2 Tyr1248 rabbit mAb

(#2247), HER2/Erb2 29D8 rabbit mAb (#2165), phospho-EGFR

Tyr1068 D7A5 XP� rabbit mAb (#3777), phospho-Met Tyr1234/1235

3D7 rabbit mAb (#3129), and cMET 25H2 mouse mAb (#3127) were

purchased from Cell Signaling Technology (CST). Phospho-ERK1

pT202/pY204+ phospho-ERK2 pT185/pY187 mouse mAb

(ab50011), ERK1/2 rabbit pAb (ab17942), AXL mouse mAB

(ab89224) were purchased from Abcam. EGFR/ErbB1 goat pAb

(E1157) was bought from Sigma-Aldrich. OPCML goat pAb (AF2777)

was obtained from R&D Systems. The above-listed primary antibod-

ies were used in immunoblotting at 1:1,000 dilution.

OPCML mouse mAb (MAB27771, Clone 341723) from R&D

Systems and the previously listed pERK and AXL antibodies were

used 1:100 for immunostaining and Duolink.

AXL mouse mAB (ab89224) from Abcam and phospho-AXL

Tyr691 (SAB4504605) from Sigma-Aldrich were used in Co-

immunoprecipitation experiment of AXL and OPCML.

Western blotting

Whole-cell lysates were generated by lysis with RIPA buffer (#R0278,

Sigma-Aldrich), along with protease (#539134) and phosphatase

(#524625) inhibitor cocktails (Calbiochem, Boston, MA). BCA assay

was used to evaluate protein concentrations (#23225, Thermo

Scientific, Rockford, IL). SDS–PAGE gels were transferred onto PVDF

membranes (#IPFL00010, Millipore, Billerica, MA). Membranes were

blocked with Li-COR blocking buffer (#927-40000) and subsequently

probed with primary antibodies diluted in 5% BSA/TBST, overnight

at 4°C. Incubation with secondary antibodies containing fluo-

rophores at 1:20,000 dilution (IRDye 800CW-conjugated goat anti-

mouse #926-32210 or anti-rabbit #926-32211, IRDye 680-conjugated

goat anti-mouse #926-32220 or anti-rabbit #926-32221, and IRDye

800CW-conjugated donkey anti-goat #926-32214 antibodies, LI-COR

Biosciences, Lincoln, NE) enabled visualisation on the Odyssey

Infrared Imaging System from LI-COR Biosciences.

Mammalian 2-hybrid

Assays were performed as described previously [52] with the extra-

cellular domain of Axl cloned in the pVP16 vector downstream of

the SV40 promoter and VP16 activation domain.

GST pull-down assay

Recombinant GST-OPCML proteins were utilised to study the bind-

ing of OPCML to target proteins. The GST-OPCML proteins were

immobilised by Magne-GSTTM Pull-Down System (Promega) through

the GSH-linked magnetic particles and were incubated with cell

lysates. Beads were then washed three times, and proteins were

eluted by adding directly SDS sample buffer onto the particles and

by boiling the sample for 5 min.

Co-immunoprecipitation assay

Co-immunoprecipitation experiments were carried out using the

Pierce CO-IP Kit (#26149, Thermo Fisher Scientific) as per manufac-

turer’s protocol. For the antibody immobilisation step, 50 lg of AXL

mAb (ab89224) or 100 lg of pAXL pAb (SAB4504605) was diluted

16 of 20 EMBO reports 19: e45670 | 2018 ª 2018 The Authors

EMBO reports OPCML inactivates AXL in ovarian cancer Jane Antony et al



onto the AminoLink Plus Coupling Resin. The cell lysates were

precleared with control agarose resin, and co-immunoprecipitation

was carried out by adding the precleared cell lysate to the antibody

immobilised resin, with end-over-end-mixing at 4°C overnight. After

elution, the sample was analysed by SDS–PAGE gel and followed by

immunoblotting to detect protein–protein interaction.

Immunofluorescence microscopy

Cells were seeded on 13-mm glass coverslips in full medium and left

to adhere for 24 h to reach 50% confluence. After the appropriate

treatments, cells were fixed with ice-cold 100% methanol for 5 min

at �20°C and then rehydrated thrice in PBS for 5 min each. Cover-

slips were blocked for 30 min with 3% BSA/PBS and then incubated

with 1:100 dilution of primary antibodies in 1% BSA/PBS for 1 h in

a moist environment. After three washes with PBS, cells were incu-

bated with fluorophore labelled secondary antibodies (Alexa Fluo-

rophores Life technologies, Donkey-anti-mouse Alexa Fluor� 488

R37114, Alexa Fluor� 546 A10036, Alexa Fluor� 680 A10038;

Donkey-anti-rabbit Alexa Fluor� 488 R37118, Alexa Fluor� 546

A10040, Alexa Fluor� 680 A10043; or Donkey-anti-goat Alexa Fluor�

488 A11055, Alexa Fluor� 546 A11056, Alexa Fluor� 633 A21082) at

1:200 dilution in 1% BSA/PBS for 1 h. After three washes with PBS,

the coverslips were mounted using ProLong� Gold Antifade Reagent

with DAPI (Thermo Fisher Scientific) as mounting media. Images

were taken with the SP5 Leica Confocal system.

Förster resonance energy transfer technique

FRET assay was performed using acceptor photobleaching method with

proteins of interest being labelled with primary antibodies conjugated

to FRET donor or acceptor probes using Lightning-Link� PE/Cy5 FRET

Couples (SKU: 764-0010). Conjugation was performed as per manufac-

turer’s protocol. Acceptor photobleaching was performed on SP5 Leica

Confocal system according to prior established protocols [56], followed

by calculation of FRET efficiency by determining increased donor signal

intensity, normalised to acceptor photobleaching.

Duolink Proximity Ligation Amplification (PLA) assay

For PLA assay (Duolink, OLink Biosciences, Sigma-Aldrich

#DUO92102, #DUO92104), the various cell lines were seeded on 13-

mm glass coverslips. After the required treatments, the initial part of

the immunofluorescence protocol was followed to label the fixed

cells with primary antibodies from two different species (e.g.,

mouse anti-OPCML and rabbit anti-AXL). The rest of the protocol

was followed as per manufacturer’s instructions.

Membrane fractionation

Cells were grown in complete medium in a 150-cm dish to reach

80% confluence and osmotically lysed in a low salt buffer (20 mM

Tris–HCl, pH 7.0) containing protease and phosphatase inhibitors.

The cell suspension was passed through a 22-gauge needle three

times, and an aliquot was retained for whole-cell lysate analysis.

The cell suspension was centrifuged at 63,000 g (45,000 rpm) using

an ultracentrifuge, for 1 h at 4°C. The membrane pellet was resus-

pended in ice-cold PBS plus inhibitors and centrifuged a second

time at 45,000 rpm, for 30 min at 4°C. The membrane pellet was

resuspended in ice-cold PBS, 1% Triton X-100, plus inhibitors and

allowed to incubate for 30 min at 4°C. The detergent-treated

membrane fraction was then centrifuged a third time at 45,000 rpm

for 1 h at 4°C. The supernatant or the “disordered” detergent-

soluble membrane fraction (DSM) was removed and retained for

analysis. The remaining pellet or the “ordered” detergent-resistant

insoluble membrane fraction (DRM) was solubilised in 1% SDS.

The DRM was resuspended in a volume of 1% SDS equal to the

volume of DSM.

Kinetic stimulation studies with Gas6

The cell lines were seeded to attain 70% confluence, serum starved

overnight and activated with 400 ng/ml Gas6 (#885-GS, R&D

Systems) for 0, 10, 20, 30 min, 1, 3, 6, 12 and 24 h, and lysates

were collected for analysis.

Fluorescence Recovery After Photobleaching (FRAP)
measurements and analysis

Mouse anti-Axl Fab was fluorescently conjugated and used to label

SKOV3 cells at 37°C for 0.5 h. A circular spot, covering up to 1% of

the surface area of the cell, was bleached with high laser power,

and the subsequent recovery of fluorescence was recorded with 1/

100-1/50 of the bleaching laser power for 4 min. FRAP recordings

were carried out in CO2-independent medium (Gibco) with 10%

FBS on the SP5 Leica Confocal live imaging microscope at 37°C. The

experimental data were corrected for bleaching occurring during

recording, normalised to a prebleach fluorescence intensity and fit-

ted to a 2D diffusion model. The theoretical fit adjusted the charac-

teristic recovery time, the postbleach fluorescence intensity

immediately after photobleaching and the fluorescence intensity at

infinite time after photobleaching. The apparent diffusion co-

efficient, D (calculated from the characteristic recovery time), and

the fraction recovered were derived from the theoretical fits for

every experiment and subsequently averaged. This protocol was

adapted from previously established techniques [57].

Reverse phase protein array (RPPA)

The cell lines were serum starved overnight and treated with

400 ng/ml Gas6 for 0, 30 min or 12 h. Whole-cell lysates were

generated by lysis with RIPA buffer, along with protease and phos-

phatase inhibitor cocktails.

RPPA procedure involved serial dilution of samples and subse-

quent colorimetric detection by antibodies upon tyramide dye

amplification [58]. Spot intensity assessment was using R package

developed in-house at MD Anderson Cancer Center with protein

levels being quantified by SuperCurve method (http://bioinforma

tics.mdanderson.org/OOMPA). Data were log-transformed (base 2)

and median-control normalised across all proteins within a

sample.

Single-cell motility tracking

The cell lines were seeded at 50% confluence in ibidi 24-well plate

and serum starved overnight. They were stained for an hour with
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Hoechst nuclear dye (Life Technologies #62249, 1:500,000) for an

hour and then stimulated with 400 ng/ml Gas6, while control cells

were left untreated and visualised under the SP5 Leica Confocal

system overnight at intervals of 10 min. The results were analysed

with ImageJ software using Trackmate� to calculate kinetic parame-

ters.

Gap closure assays

The cell lines were seeded at 100% confluence into culture inserts

(Ibidi #80209) in a 24-well plate and serum starved overnight. Cell

Mask membrane dye (Life Technologies #C10049, 1:4,000) was

added for an hour, the insert removed to generate a 500-lm gap

and stimulated with 400 ng/ml Gas6. Control cells were not stimu-

lated. The cells were visualised under the SP5 Leica Confocal

system overnight at intervals of 10 min. The results were analysed

with ImageJ software to generate the gap closure at 12 h post-Gas6

stimulation.

Spheroid invasion assay

Five thousands cells were seeded in a Cultrex� 96-Well Kit (3D

Spheroid BME Cell Invasion Assay, Trevigen, #3500-096-K), and the

assay was performed as per manufacturer’s protocol. The spheroids

were grown under normal cell culture condition at 37°C and 5%

CO2, and invasion was monitored over a period of time. Results

were documents on Day 3.

Cholesterol depletion

Methyl-b-cyclodextrin (MBCD, #C4555, Sigma-Aldrich) was used to

deplete cholesterol. SKOV3-OPCML cells were grown on 13-mm

coverslips and treated with 5 mM MBCD for 30 min at 37°C; control

cells were maintained without cholesterol depletion. Following

MBCD treatment, cells were allowed to recover for 0, 30 min and

12 h in serum-free medium, then fixed with ice-cold methanol for

5 min and rehydrated thrice with PBS. The cells were stained with

0.05 mg/ml filipin (#C4767, Sigma-Aldrich) diluted in PBS for 1 h at

room temperature and rinsed thrice with PBS. The coverslips were

mounted in non-DAPI mounting medium, and the filipin staining

was observed under the 405 nm wavelength of a fluorescent micro-

scope.

AXL inhibitor studies

The cell lines were seeded so as to obtain 80% confluence at the

end of study, incubated with R428 (Selleckchem, #BGB324) at vary-

ing doses between 0 and 80 lM for 48 h to calculate GI50 doses.

Cell Titer MTS cell proliferation assay (Promega #G3580) was used

to evaluate 50% growth inhibition.

Chick Chorion Allantoic Membrane (CAM) model

All the procedures involving chicken embryos were performed in

agreement with community and national legislation (Directive

2010/63/EU; Animals Scientific Procedures Act 1986) and also in

agreement with the Basel Declaration. The procedure received prior

approval by the competent National Authority (project licence:

PPL70/7997) and by Imperial College’s Animal Welfare and Ethical

Review Body.

Fertilised chicken eggs were purchased from Henry Stewart &

Co. Ltd (Fakenham, UK) cleaned and incubated at 37°C with 55%

relative humidity on embryonic day (ED) 1, and CAM assay was

performed according to established protocols [59]. Between ED7

and ED10, 106 cells in 100 ll Matrigel (BD Biosciences) were inocu-

lated onto the membranes. Tumour growth and viability of the

embryo were checked daily. Tumour dimensions were measured

using SteREO Discovery.V8 microscope (Zeiss, Germany) with Zen

2.0 blue edition software (Zeiss).

Statistical analysis

Statistical analyses were conducted using Matlab � R2012a version

7.14.0.739 and statistics toolbox version 8.0 (MathWorks; Natick,

MA). Kaplan–Meier analyses were conducted using GraphPad Prism
� version 5.04 (GraphPad Software; La Jolla, CA). Statistical signifi-

cance of the Kaplan–Meier analysis was calculated by log-rank test.

Gaussian distribution and variance equality of the data were veri-

fied.

Expanded View for this article is available online.
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