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Background: Wnt5a signaling induces asymmetric localization of the melanoma cell adhesion molecules (MCAM).
Results: Wnt5a promotes MCAM depalmitoylation and point mutations in MCAM that block palmitoylation are sufficient to
cause asymmetric MCAM localization.
Conclusion: Wnt5a induces polarized MCAM localization by promoting MCAM depalmitoylation.
Significance: These results reveal a mechanism for Wnt5a-induced polarized cell behavior.

Wnt5a signaling regulates polarized cell behavior, but the
downstream signaling events that promote cell polarity are not
well understood. Our results show that Wnt5a promotes depal-
mitoylation of the melanoma cell adhesion molecule (MCAM)
at cysteine 590. Mutation of Cys-590 to glycine is sufficient to
polarize MCAM localization, similar to what is observed with
Wnt5a stimulation. Inhibition of the depalmitoylating enzyme
APT1 blocks Wnt5a-induced depalmitoylation, asymmetric
MCAM localization, and cell invasion. Directly altering expres-
sion of the basal protein palmitoylation machinery is sufficient
to promote cell invasion. Additionally, cancer mutations in
palmitoyltransferases decrease MCAM palmitoylation and have
impaired ability to suppress cell invasion. Our results provide
evidence that Wnt5a induces protein depalmitoylation, which
promotes polarized protein localization and cell invasion.

The noncanonical Wnt pathway has been implicated in can-
cer progression and metastasis. Expression of the noncanonical
Wnt ligand Wnt5a is increased in multiple cancers, including
melanoma and gastric and colon cancer, which correlates with
poor outcome (1–7).

Wnt5a signaling has been best studied in developmental sys-
tems, where it regulates polarized cell behavior and directional
cell movement (8). In a cultured cell system, purified Wnt5a
induces the formation of a dynamic polarized structure com-
posed of Frizzled receptors, F-actin, and myosin II called the
Wnt5a-induced receptor, actin, and myosin polarity structure
(WRAMP4 structure) (9, 10). The localization of the WRAMP

structure correlates with membrane retraction and nuclear
movement and requires the cytosolic Wnt signaling protein
Disheveled, protein kinase C, and the small GTPase RhoB for
assembly (9, 10). This response also induces the polarized dis-
tribution of the melanoma cell adhesion molecule (MCAM), an
immunoglobulin family cell adhesion molecule that is up-reg-
ulated in melanoma and promotes cell invasion (9 –11). It is still
unclear what downstream effectors promote Wnt5a-induced
cell asymmetry.

Protein palmitoylation is a reversible lipid modification that
plays a role in the trafficking, localization, and function of trans-
membrane proteins, including the canonical Wnt coreceptor
LRP6, the cell adhesion molecule CD44, and integrin receptors
(12–16). The transfer of palmitate to cysteine residues within
target proteins is catalyzed by the DHHC family of four and
six-pass transmembrane proteins (17). The removal of palmi-
tate is mediated by the acyl-protein thioesterase enzymes APT1
and -2 (18). APT1 and -2 function to depalmitoylate proteins at
the membrane, such as H-Ras and GAP-43 (19).

There are increasing examples of the critical role for protein
palmitoylation in cell signaling. Protein palmitoylation plays a
distinct role in determining receptor levels and localization in
neurons and immune cells. The turnover of glutamate recep-
tors at neuronal synapses is promoted by depalmitoylation of
the postsynaptic density protein (PSD-95) in response to gluta-
mate receptor activity (20). Similarly, immune T-cells require
palmitoylation of T-cell co-receptors CD4 and CD8 for local-
ization to lipid rafts during immune synapse formation (21).
Aberrant palmitoylation is also implicated in human disease,
particularly neurological disorders, including Huntington dis-
ease and X-linked intellectual disabilities (22). However, the
function of protein palmitoylation in cancer is understudied.
Alterations in palmitoyltransferases have been identified in
cancer, but studies have mostly focused on H- and N-Ras mem-
brane localization mediated by palmitoylation (23, 24). Our
studies reveal a role for protein palmitoylation in regulating
Wnt5a-induced asymmetric receptor localization and cell
invasion.
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Materials and Methods

Purification of Recombinant Wnt5a—Wnt5a was purified
from mouse L-cells overexpressing human Wnt5a, as described
previously (25).

Cell Culture and Transfection—HEK293T and WM239A
cells were cultured in RPMI medium containing 10% FBS.
MDA-MB-231 breast carcinoma cells were cultured in DMEM
containing 10% FBS. All transfections were carried out using
TransIT-LT1 (Mirus) according to the manufacturer’s instruc-
tions. Plasmid-containing cells were selected with 6 �g/ml
G418 or 100 �g/ml hygromycin. Palmostatin B (Calbiochem
Millipore) was resuspended in DMSO and used at 1–5 �M final
concentration. DMSO served as a vehicle control for palmosta-
tin B. siRNAs (Dharmacon) were transfected with DMRIE-C
(Life Technologies, Inc.) transfection reagent according to the
manufacturer’s instructions (control duplex, catalog no. D-
001210-02; Disheveled-2 duplex, catalog no. D-004069-02).

Antibodies and Immunostaining—Anti-MCAM antibody
(sc-18837) was from Santa Cruz Biotechnology. Anti-GFP
(Ab290) antibody was from Abcam. Anti-FLAG M2 antibody
was from Sigma. Anti-CD44 (catalog no. 3570) antibody was
from Cell Signaling Technologies. Anti-ZDHHC20 antibody
(catalog no. HPA014702) was from Sigma, and Ab110478 was
from Abcam. Anti-caveolin 1 antibody (7C8) (catalog no.
ab17052) was from Abcam.

Click Chemistry Palmitoylation Assay—WM239A mela-
noma cells and MDA-MB-231 breast cancer cells were grown
in 6-cm dishes for 48 h and serum-starved for 15 h. Medium
was switched to serum-free medium containing 100 �M pal-
mitic acid azide (Life Technologies) and incubated for 4 h at
37 °C. HEK293T cells were not serum-starved and were labeled
in RPMI containing 10% FBS. Control buffer or purified Wnt5a
(150 ng/ml) was added and incubated for 30 min at 37 °C.
Medium was removed, and cells were washed three times in
PBS. Cells were lysed in 200 �l of lysis buffer (50 mM Tris, pH
7.5, 1% SDS, 1 �g/ml leupeptin, 1 �g/ml aprotinin, and 2 �g/ml
pepstatin A). Lysates were sonicated and centrifuged at 15,000
rpm for 10 min. 50 �l of lysate was reacted with biotin alkyne
(Life Technologies) using the Click-IT assay (Life Technolo-
gies) in a 200-�l final reaction volume as per the manufacturer’s
protocol. Biotinylated proteins were isolated using streptavi-
din-agarose (Pierce) and washed five times in wash buffer (50
mM Tris, pH 7.5, 0.1% SDS) and analyzed by SDS-PAGE and
immunoblotting.

Acyl-Biotinyl Exchange (ABE) Assay—The ABE assay was
performed as described (26).

Immunoprecipitation—HEK293T cells were seeded in 6-well
plates. Each well of HEK293T cells was transfected with 2 �g of
plasmids in total, including 1 �g of each plasmid as indicated.
48 h after transfection, cells were washed once with PBS and
lysed by scraping in immunoprecipitation buffer (1% Triton
X-100, 50 mM Tris, pH 7.5, 150 mM NaCl, and protease inhibi-
tors). Lysates were incubated at 4 °C for 15 min while rotating
and centrifuged at 17,000 � g for 10 min at 4 °C. For FLAG tag
immunoprecipitation, the supernatant was added to 5 �l of
prewashed anti-FLAG M2 magnetic beads (Sigma) and incu-
bated at 4 °C overnight while rotating. For GFP tag immuno-

precipitation, the supernatant was incubated with anti-GFP
antibody overnight at 4 °C, followed by incubation with Protein
A-Sepharose (GE Healthcare) for 2 h. Then the beads were
washed four times and resuspended in 50 �l of SDS loading
buffer and analyzed by SDS-PAGE and immunoblotting by stan-
dard methods.

Silencing of Human DHHC20 —The oligonucleotides for
shDHHC20 and shCtrl construct were synthesized (Integrated
DNA Technologies) and inserted into the pLKO.1 vector.
shCtrl encodes the non-targeting sequence of SHC002 (Sigma).
The shRNA target sequence of human DHHC20 is 5�-GAG-
CTCTGCGTGTTTACTATT-3� (shDHHC20-1). WM239A
cells were transduced with lentivirus encoding shCtrl or
shDHHC20 and selected by puromycin treatment (1 �g/ml).
DHHC20 was rescued by expressing human DHHC20 contain-
ing a silent mutation in the shRNA 1 targeting sequence using
the pRRL lentiviral vector or the vector alone as a control.

Collagen Invasion Assay—96-well plates were coated with 50
�l/well sterile 1.5% noble agar and solidified at room tempera-
ture for 10 min. 200 �l of 2.5 � 104 cells/ml cell suspension was
added to each well. Spheroids formed at 37 °C and 4.0% CO2 for
24 h. Collagen matrix was prepared on ice using Advanced Bio-
matrix Pur Col purified bovine collagen, Hyclone RPMI 1640
(5�) with sodium bicarbonate diluted to 1� in total volume,
and 10% FBS. Sterile NaOH was then added to correct collagen
pH. 75 �l of collagen matrix was added to new wells and allowed
to solidify at 37 °C for 1 h. Spheroids were resuspended in 125 �l
of collagen matrix and transferred to wells containing 75 �l of
collagen. After collagen solidified at 37 °C, 100 �l of fresh
medium was added on top of collagen. Medium was changed
after day 3. Images were taken every 24 h for 6 –12 days. Wnt5a
was added at a final concentration of 150 ng/ml and replaced in
the medium every 48 h. Palmostatin B was added at a final
concentration of 10 �M on day 3 and replaced in the medium
every 48 h.

Live Cell and FRET Sensitized Emission Imaging—All live cell
imaging was performed on a Leica AF6000 inverted microscope
at 37 °C under 5% CO2. Relative CFP/YFP FRET efficiencies
were determined using Leica LAS AF software Method 1:
EA(i) � B � A � B � C � �)/C, where EA is the apparent FRET
efficiency; A, B, and C correspond to the intensities of the three
signals (donor, FRET, and acceptor); and � and � are calibration
factors generated by acceptor only and donor only references.
Cells were grown on Matek glass-bottomed dishes, and imaging
was performed in Hanks’ buffered saline solution with 1% FBS
and 2 mM glutamine.

Xenograft Assay—Hairless CB17 mice (Charles River) were
injected subcutaneously in the posterior flank with 1 � 106 cells
mixed 1:1 with Matrigel (BD Biosciences). Tumors were mea-
sured by caliper when first palpable. After 3 weeks, tumors were
removed and frozen in O.C.T medium and sectioned at �30 °C
in 8-�m-thick sections. Sections were fixed in 4% paraformal-
dehyde, permeabilized in 0.1% Tween in TBS (TBST), and
blocked with 5% BSA in TBST. Antibodies were diluted 1:200,
and secondary antibody was diluted 1:1000. Sections were
scored blind for straight borders between the tumor and the
adjacent tissue or detached cells across the entire interface
between the tumor and the adjacent tissue.
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Results
Wnt5a Induces Protein Depalmitoylation via APT1—Wnt5a

was previously shown to induce asymmetric localization of
MCAM (9, 10). When we examined other membrane proteins,
we found a similar asymmetric localization of the hyaluronic
acid receptor CD44 in WM239A melanoma cells upon Wnt5a
treatment (Fig. 1A). We also found that the lipid raft protein
caveolin-1 (Cav-1) is excluded from the region of asymmetri-
cally localized MCAM (Fig. 1B). It has been reported that
palmitoylation of proteins can promote the association with
lipid microdomains in the plasma membrane (27). CD44 and
MCAM have both been reported to be palmitoylated, which
may play a role in promoting the asymmetric localization (14,
28).

To measure the levels of palmitoylated MCAM and CD44,
cells were metabolically labeled with palmitic acid azide for 6 h,
followed by conjugation to biotin using copper-catalyzed click
chemistry and capture with streptavidin beads. Immunoblot-
ting showed that the levels of palmitoylated MCAM and CD44
decreased in WM239A melanoma cells within 30 min of Wnt5a
treatment, whereas the total levels remained unchanged (Fig.
1C). Wnt5a stimulation also decreased the levels of palmitoy-
lated CD44 in the breast cancer cell line MDA-MB-231 and in
WM239A cells (Fig. 1C). We finally asked if Wnt5a decreases
CD44 palmitoylation in the non-transformed breast epithelial
cell line MCF10A. In MCF10A cells, we could not detect palmi-
toylated CD44 by metabolic labeling, which is dependent on
palmitoylation turnover. Instead an alternative assay was used
to directly measure protein palmitoylation without metabolic
labeling. The ABE assay uses hydroxylamine (HAM) to cleave
palmitate from proteins exchanging it with biotin, allowing
palmitoylated proteins to be isolated on streptavidin beads.
Using the ABE assay, the level of palmitoylated CD44 decreased
after 45 min of Wnt5a treatment. The level of palmitoylated
Cav-1 was also monitored in the same samples. However,
unlike CD44, the levels of palmitoylated Cav-1 remained
unchanged. When hydroxylamine is left out of the preparation
as a negative control (�HAM), the levels of CD44 and caveo-
lin-1 are below detection (Fig. 1D).

The acyl-protein thioesterase 1 (APT1/LYPLA1) enzyme
depalmitoylates proteins and is inhibited by the small molecule
palmostatin B (29). We found that treatment with palmostatin
B (1 �M) blocked the Wnt5a-induced decrease of palmitoylated
MCAM (Fig. 1E). Treatment with Wnt5a stimulated cells with
palmostatin B for 1 h also decreased the percentage of cells with
asymmetrically localized MCAM (11.0 � 2.4% (S.E.)) compared
with cells pretreated with DMSO control (18.2 � 3.6% (S.E.);
Student’s t test, p � 0.023) (Fig. 1F).

We next asked whether inhibition of the adaptor protein
Dvl2 that is required for both canonical and noncanonical Wnt
signaling pathways affects MCAM palmitoylation (30, 31).
Inhibition of Dvl2 by siRNA decreased levels of palmitoylated
MCAM in WM239A cells although total levels of APT1 were
decreased. This indicates that the loss of MCAM palmitoyla-
tion with Dvl2 inhibition is not caused by increased APT1 pro-
tein levels (Fig. 1G). The decrease in APT1 observed with Dvl2
siRNA could indicate that APT1 is a transcriptional target of
the canonical Wnt pathway, which also requires Dvl proteins.

To confirm that the decrease in MCAM palmitoylation was not
caused by a decrease in incorporation of labeled palmitate, the
ABE assay was used to directly detect palmitoylated MCAM. In
MCAM-GFP-expressing WM239A cells, we found that inhibi-
tion of Dvl2 with two separate siRNA duplexes reduced MCAM
palmitoylation to levels similar to the negative control without
hydroxylamine treatment (�HAM) (Fig. 1H).

To determine whether APT1 might be directly regulated
by Wnt5a signaling, we examined possible APT1 interac-
tions with Dvl2. FLAG-tagged Dvl2 was immunoprecipi-
tated in HEK293T cells and was found in a complex with
APT1-HA that decreased upon Wnt5a treatment compared
with control-treated cells (Fig. 1I). These results suggest that
Wnt5a may regulate APT1 function through an interaction
between APT1 and Dvl2.

Mutation of Cysteine 590 Promotes Asymmetric MCAM
Localization—The intracellular domain of MCAM contains
one cysteine (Cys-590). Although human and zebrafish MCAM
have only 32% identity, the cysteine residue is evolutionarily
conserved (Fig. 2A). A single amino acid substitution of Cys-
590 to glycine or serine measurably reduces palmitoylation of
MCAM-GFP (Fig. 2B). We reasoned that blocking MCAM
palmitoylation may also be sufficient to promote asymmetric
MCAM localization. Time lapse imaging of cells expressing
uniformly distributed C590G mutant MCAM-GFP showed
relocalization to one end of the cell in 57% (n � 52) of recorded
cells, compared with only 4% (n � 23) of WT MCAM-GFP-
expressing cells (Fig. 2 (C–E) and supplemental Movies S1 and
S2). The C590G mutant MCAM-GFP was also excluded from
caveolin-containing regions of the plasma membrane, recapit-
ulating what we observed in Wnt5a-treated cells (Fig. 2F).

The C590G Mutation Promotes MCAM Self-association—
We next asked whether the localization of C590G MCAM is
distinct from WT MCAM. In Wnt5a-treated cells expressing
both WT MCAM-YFP and C590G MCAM-CFP, we found
both forms of MCAM were asymmetrically localized at one end
of the cell, but there was a clear separation of the peak signal
intensity between the WT MCAM-YFP from C590G MCAM-
CFP (Fig. 3A and supplemental Movie S3). This is in contrast to
WT MCAM-CFP and WT MCAM-YFP in which the positions
of the peak intensities were closely aligned (Fig. 3B and supple-
mental Movie S4). The separation of the WT MCAM from the
C590G MCAM may indicate a difference in affinity between
MCAM molecules that could promote the accumulation of
C590G MCAM to a spatially distinct membrane domain while
excluding WT MCAM.

To address whether complex formation between C590G
MCAM-GFP mutant receptors is preferential to formation
with WT receptors, C590G MCAM-GFP was immunoprecipi-
tated from HEK293T cells expressing either FLAG-tagged WT
MCAM or C590G MCAM. We found the interaction between
C590G MCAM-GFP and C590G MCAM-FLAG was 4-fold
higher than with WT MCAM-FLAG (Fig. 3C).

Finally, live FRET imaging of WT MCAM-CFP and WT
MCAM-YFP was performed in Wnt5a-stimulated cells to de-
termine whether MCAM-MCAM interactions could be
detected in a spatially distinct region. We found that the highest
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FRET emission was at regions of asymmetrically localized
MCAM (Fig. 3D).

APT1 Is Necessary and Sufficient to Promote Cell Invasion—A
three-dimensional collagen spheroid invasion assay was used to

measure cell invasion of melanoma cells in the presence or
absence of Wnt5a (32). A significant increase in collagen inva-
sion was observed with Wnt5a added every 48 h compared with
control treated cells (749.7 � 50.8 versus 576.7 � 74.9 �m
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(S.E.); Student’s t test, p � 2.50 � 10�3) (Fig. 4A). Inhibition of
APT1 with 10 �M palmostatin B blocked the Wnt5a-induced
increase in invasion (516.0 � 60.7 �m (S.E.); Student’s t test,
p � 9.27 � 10�5) (Fig. 4A). The modest effect of Wnt5a on
collagen invasion might be caused by poor diffusion of the
35-kDa Wnt5a ligand through the collagen matrix. To deter-
mine whether blocking APT1 is sufficient to inhibit cell inva-
sion in collagen, shRNA was used to reduce APT1 expression
(Fig. 4B). Expression of APT1 shRNA decreased invasion of
WM239A cells (54.1 � 18.3 �m (S.D.)) compared with shRNA
control-expressing cells (393.3 � 44.3 �m (S.D.); Student’s t
test, p � 1.46 � 10�4) by day 12 (Fig. 4C). Conversely, overex-
pression of APT1-CFP-FLAG is sufficient to increase cell inva-
sion (500.9 � 54.1 �m (S.E.)) relative to control CFP-FLAG-
expressing cells (178.7 � 42.0 �m (S.E.); Student’s t test, p �
2.05 � 10�9) by day 7 (Fig. 4, D and E).

We next asked whether blocking MCAM palmitoylation spe-
cifically is sufficient to promote cell invasion. Expression of
C590G or C590S MCAM-GFP increased collagen invasion
(from 356 � 71.2 to 518 � 46.6 �m (S.D.)) compared with wild
type MCAM-GFP-expressing cells (179 � 47.8 �m (S.D.);
Student’s t test, p � 0.0001) (Fig. 4F).

C590G MCAM-GFP Expression Alters Local Cell Invasion in
Vivo—To determine whether blocking MCAM palmitoylation
affects melanoma cell invasion in vivo, a xenograft tumor model

was used to measure local invasion by tumors expressing WT or
C590G MCAM-GFP in CB17 SCID mice. Tumors grown from
WM239A cells expressing palmitoylation-resistant C590G
MCAM-GFP or WT MCAM-GFP stained positively for endog-
enous MCAM and contained regions of MCAM-GFP-express-
ing cells within the tumor (Fig. 5, A and B). The WT tumors had
compact borders with very few areas where cells had separated
from the primary tumor (Fig. 5A). In contrast to the WT
tumors, the C590G MCAM-GFP-expressing tumors contained
regions where melanoma cells appeared to detach from the pri-
mary tumor and invaded the adjacent tissue (Fig. 5B, arrows).
Quantification of tumors performed blindly confirmed that
mice with the C590G tumors had more MCAM-GFP-express-
ing cells in the adjacent tissue (78.0 � 14.2% of fields imaged)
compared with the WT MCAM-GFP-expressing tumors
(41.6 � 12.0% of fields imaged; Student’s t test, p � 0.006) (Fig.
5C). This difference was not attributable to increased tumor
growth because no appreciable difference in tumor volume
between the C590G MCAM-GFP- and WT MCAM-GFP-ex-
pressing tumors was observed (406.9 � 116.6 versus 489.5 �
46.3 mm3 (S.D.); Student’s t test, p � 0.84) (Fig. 5D). The growth
rates of WT and C590G MCAM-GFP-expressing cells in two
dimensions were also the same (Fig. 5E). Tumor F0 was
removed from the data set because of the unusual shape and
size relative to the other tumors (975.00 mm3, flat and multi-
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lobed). These results, together with the increased invasion in
collagen, suggest that the palmitoylation state of MCAM pro-
motes more invasive cell behavior.

Palmitoyltransferase DHHC20 Is Asymmetrically Local-
ized—A previous proteomic study of WM239A cells identified
only two palmitoyltransferases, DHHC20 and DHHC5 (10).
We chose to focus on DHHC20, because only one unique pep-
tide was identified for DHHC5, whereas six peptides were iden-
tified for DHHC20. DHHC20 has also been shown to promote a
transformation-like phenotype when exogenously expressed in
NIH3T3 cells (33). Indirect immunofluorescence showed that
endogenous DHHC20 protein is asymmetrically localized,
overlapping with a filamentous actin (F-actin) structure in 9.3%
of the cells (Fig. 6, A and B). This staining was abolished by
expression of DHHC20 shRNA (data not shown). Cells were
co-stained for both MCAM and DHHC20, and of the cells with
asymmetric MCAM (9.9%), approximately half also display an
adjacent but non-overlapping asymmetric pattern of DHHC20
(5.7%) (Fig. 6, A and B). In contrast to MCAM asymmetry, the

asymmetric localization of DHHC20 is independent of Wnt5a
treatment (Fig. 6, A and B).

Loss of DHHC20 Reduces MCAM Palmitoylation—To deter-
mine whether DHHC20 palmitoylates MCAM, DHHC20
expression was inhibited by shRNA. Immunoblotting detected
two bands at the approximate molecular weight of DHHC20,
but the higher molecular weight band was effectively reduced
by DHHC20 shRNA (Fig. 6C). When palmitoylated MCAM
was measured in control shRNA- and DHHC20 shRNA-ex-
pressing cells, the level of palmitoylate MCAM was greatly
reduced (Fig. 6C).

We next asked whether the protein palmitoylation pathway
might be altered in cancer. Published exome sequencing data
sets of human tumor samples were searched to identify muta-
tions in MCAM or the DHHC family of palmitoyltransferases.
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Mutations in MCAM cysteine 590 were not identified in mela-
noma. However, mutations in a palmitoyltransferase DHHC15
were found in two of eight melanoma samples (K145Q and
Trp-5 stop (W5X)) in one study and two additional mutations
(E98K in melanoma and P160S in ovarian cancer) in two inde-
pendent studies (Table 1) (34 –36). Although DHHC15 mRNA
was not detected by quantitative PCR in WM239A melanoma
cells, DHHC20 is 55% identical to the DHHC15 and contains
amino acids analogous to those mutated in DHHC15, allowing
us to test the effect of the mutations on melanoma behavior
(Fig. 6D and Table 1).

We first asked whether DHHC20 can palmitoylate MCAM.
Ectopic expression of DHHC20 in HEK293T cells increased the
levels of MCAM-GFP palmitoylation by 2-fold compared with
cells transfected with the empty vector alone (Fig. 6E). Expres-
sion of DHHC20 harboring the mutations K151Q and P157S
reduced MCAM palmitoylation below the levels in cells trans-
fected with empty vector (Fig. 6E). However, the K151Q and
P157S mutations did not reduce the levels of palmitoylated
MCAM down to the levels of the catalytic mutation in the
DHHC domain C156S required for enzymatic activity (Fig. 6E)
(37).

Co-immunoprecipitation of the DHHC20-CFP-FLAG E95K
and K151Q mutants showed increased interaction with

MCAM-GFP by 2- and 4-fold, respectively, relative to WT
DHHC20-CFP-FLAG (Fig. 6F). The increased interaction with
MCAM could also contribute to inhibition of transferase activ-
ity by decreasing substrate release.

The expression of the DHHC20 mutations was examined to
make sure the differences in function were not due to defects in
expression. We found that the expression and localization of
the DHHC20 mutant proteins were indistinguishable from
those of the WT fusion protein (Fig. 6G). The expression is also
consistent with the expression of a DHHC20-GFP fusion pro-
tein reported by others (38).

Palmitoyltransferase DHHC20 Inhibits Cell Invasion—If
reduced protein palmitoylation promotes cell invasion, we
would expect inhibition of DHHC20 to also increase cell inva-
sion. Cells expressing DHHC20 shRNA invaded farther into
collagen (339.4 � 26.9 �m S.D.) compared with nonspecific
shRNA control expressing cells (82.6 � 22.5 �m (S.D.); one-
way ANOVA with Tukey’s multiple comparison test, p �
0.0001) (Fig. 7, A and B). Expression of shRNA-resistant
DHHC20 partially rescued the increased invasion of the
DHHC20 shRNA-expressing cells (211.0 � 38.2 �m (S.D))
compared with rescue with an empty vector control (329.7 �
70.5 �m (S.D.); one-way ANOVA with Tukey’s multiple com-
parison test, p � 0.0001) (Fig. 7, A and B).

Finally, we asked whether overexpression of DHHC20 is suf-
ficient to suppress the increased invasion mediated by C590G
MCAM-GFP expression. Expression of WT DHHC20 in
C590G MCAM-GFP-expressing cells decreased invasion in
collagen (157.6 � 26.2 �m (S.D.)) compared with control vec-
tor-expressing cells (305.9 � 55.2 �m (S.D.)) (Fig. 7, C and D).
This indicates that there are probably other targets of DHHC20
that suppress cell invasion when palmitoylated in addition to
MCAM. Expression of DHHC20 harboring the mutation P157S
was unable to significantly decrease invasion compared with
control cells (268.7 � 43.4 versus 305.9 � 55.2 �m (S.D.); one-
way ANOVA with Tukey’s multiple comparison test, p �
0.369). Similarly, cells expressing the K151Q mutation also dis-
play significantly higher levels of invasion than WT DHHC20-
expressing cells (233.8 � 38.5 versus 157.6 � 26.2 �m (S.D.);
one-way ANOVA with Tukey’s multiple comparison test, p �
0.012) (Fig. 7, C and D). The levels of DHHC20 expression in the
cell lines are shown (Fig. 7, E and F). These results demonstrate
that the mutations found in human tumor samples that reduce
enzyme function also impair the ability of DHHC20 to suppress
cell invasion.

Discussion

Our results reveal that Wnt5a signaling rapidly induces
depalmitoylation of cell adhesion molecules MCAM and
CD44. Wnt5a induced MCAM asymmetry, and increased
collagen invasion was blocked by the APT1 inhibitor, palmo-
statin B. Furthermore, a single point mutation that blocks
MCAM palmitoylation is sufficient to phenocopy Wnt5a-
induced asymmetric MCAM localization and promote inva-
sive cell behavior in melanoma cells in vitro and in vivo.
Although another function of cysteine 590 cannot be ruled
out, the fact that inhibition of APT1 blocks asymmetric
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MCAM localization supports this interpretation. These
results implicate the palmitoylation pathway in regulating
invasive cell behavior.

Decreasing protein palmitoylation by overexpressing APT1
is sufficient to increase cell invasion, and conversely inhibition
of APT1 by shRNA inhibits cell invasion. It is not known
whether APT1 activity has specificity for certain protein sub-
strates, and it is possible that overexpression of APT1 may func-
tion to decrease the global levels of palmitoylated proteins,
including MCAM and CD44, causing either decreased cell
adhesion or increased cell motility. Although the palmitoyla-
tion-resistant MCAM mutant C590G does increase melanoma
cell invasion, overexpression of DHHC20 is sufficient to sup-

press this effect. This would suggest that depalmitoylation of
MCAM alone is not necessarily sufficient to promote cell inva-
sion. Therefore, it is not unexpected that a mutation in the
palmitoylated cysteine in MCAM has not yet been identified in
tumor samples.

Our studies reveal alternative mechanisms that could lead to
decreased palmitoylation of MCAM, such as loss of function
mutations in palmitoyltransferases found in human tumor
samples. These mutations attenuate the enzyme’s ability to
palmitoylate MCAM and the ability to suppress invasion of the
C590G MCAM-expressing cells. It should be noted that in cells
expressing the mutant forms of DHHC20, the level of MCAM-
GFP palmitoylation was lower than the levels of empty vector
control cells. This could be caused by a dominant negative
effect of DHHC proteins described previously by others (17, 39,
40). Palmitoyltransferases use a two-step catalytic process
involving autopalmitoylation followed by transfer of palmitate
to the substrate (41, 42). We observed a notable increase in
DHHC20 palmitoylation in the K151Q mutation compared
with WT that could be caused by a block in transfer of palmitate
from DHHC20 to MCAM (Fig. 6E).
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TABLE 1
DHHC protein mutations identified in tumor samples

Tumor
ZDHHC15
mutation

ZDHHC20
amino acid Reference

Metastatic melanoma E98K E95K Ref. 35
Metastatic melanoma K145Q K151Q Ref. 34
Metastatic melanoma W5Xa NA Ref. 34
Ovarian carcinoma P160S P157S Ref. 36

a Early stop mutation.
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It will be important to understand how Wnt5a signals to the
palmitoylation machinery. The downstream Wnt5a signaling
events that increase protein depalmitoylation involve the Wnt
adaptor protein Dvl2. Inhibition of Dvl2 by siRNA causes a
marked reduction in palmitoylated MCAM in melanoma cells.
These results suggest that Wnt5a may modulate APT1 function
through the disruption of an inhibitory interaction with Dvl2.
Although ectopic expression of APT1 is sufficient to increase
cell invasion, it did not increase polarized MCAM localization
(data not shown). Therefore, we hypothesize that Wnt5a sig-
naling may regulate APT1 activity spatially through interaction
with Dvl2, causing spatial changes in MCAM palmitoylation.
Alternatively, Wnt5a could signal through DHHC20 and alter
its activity. However, we have yet to see any obvious changes in
DHHC20 protein level or interaction with MCAM in the pres-
ence or absence of Wnt5a. Future studies will examine changes
in DHHC20 activity in response to Wnt5a.

Wnt5a treatment appears to promote localization of MCAM
into membrane domains that are separate from caveolin-con-
taining membrane regions. A similar localization was observed
when MCAM palmitoylation was blocked with the cysteine
mutation. This partitioning of MCAM into membrane sub-

domains could play a role in promoting the polarized MCAM
localization. The increase in MCAM self-interaction induced
by inhibiting MCAM palmitoylation could further facilitate the
assembly of MCAM into asymmetric membrane domains.

Note Added in Proof—Supplemental Movie 4 showing asymmetric
co-localization of wild type MCAM-YFP (red) and wild type
MCAM-CFP (green) in Wnt5a-treated WM239A melanoma cells
was inadvertently omitted from the version of this article that was
published on May 5, 2015 as a Paper in Press. The supplemental
movie is now available online.
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