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SUMMARY

Association of aberrant glycosylation with melanoma progression is based mainly on analyses of
cell lines. Here we present a systems-based study of glycomic changes and corresponding
enzymes associated with melanoma metastasis in patient samples. Upregulation of core
fucosylation (FUT8) and downregulation of a-1,2 fucosylation (FUT1, FUT2) were identified as
features of metastatic melanoma. Using both in vitro and in vivo studies, we demonstrate FUT8 is
a driver of melanoma metastasis which, when silenced, suppresses invasion and tumor
dissemination. Glycoprotein targets of FUT8 were enriched in cell migration proteins including
the adhesion molecule LICAM. Core fucosylation impacted L1ICAM cleavage and the ability of
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L1CAM to support melanoma invasion. FUT8 and its targets represent therapeutic targets in
melanoma metastasis.

In Brief/eTOC Blurb

Using a systems-based approach to assess glycosylation in matched primary and metastatic
melanoma samples, Agrawal et al. find increased core fucosylation mediated by FUT8 in
metastatic melanoma. FUTS8 facilitates invasion and tumor dissemination, in part due to reduced
cleavage of core fucosylated LICAM.
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INTRODUCTION

The incidence of melanoma in the Western world doubles every 20 years (Giblin and
Thomas, 2007). Despite recent approval of new therapies (i.e. BRAF, MEK and immune
checkpoint inhibitors), metastatic melanoma remains, for the most part, an incurable disease.
Identification of determinants of melanoma metastasis is a key step towards effectively
controlling tumor progression. Aberrant glycosylation is often observed as a hallmark of
cancer and is implicated in processes from cell signaling and communication to immune
modulation and tumor invasion (Bird-Lieberman et al., 2012; Christiansen et al., 2014;
Meany and Chan, 2011; Pinho and Reis, 2015; Stowell et al., 2015). Glycosylation is
controlled by the actions of glycosyltranferases and glycosidases on glycoproteins and/or
lipids. Differential expression of these enzymes in cancer produces glycoproteins with
specific cancer-associated alterations in glycans. Aberrant glycosylation is not just a
consequence of cancer, but also a driver of malignant phenotype, directly impacting key
processes supporting tumor progression and metastasis including cell adhesion, motility,
invasion, and immune evasion(Ciborowski and Finn, 2002; Gaziel-Sovran et al., 2011;
Sackstein et al., 2008). Alterations in glycosyltransferase expression have been associated
with both pro-metastatic and metastasis suppressor functions (Christiansen et al., 2014).
Currently, few systematic studies of glycans in cancer exist to sort out these roles, none
related to melanoma. In general, glycomic studies on cancer to date fall short of pinpointing
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enzymes responsible for the biosynthesis of observed aberrant glycan motifs and/or their
relevant glycoprotein targets (Sugahara et al., 2012). Glycosylation remains an understudied
portion of cancer biology due to issues including difficulties in glycan analysis and complex
biosynthetic pathways (Agre et al., 2016; Rakus and Mabhal, 2011).

Although there has been much interest in the role of glycosylation in melanoma metastasis,
the vast majority of glycan analyses in melanoma has been limited to mouse models and
tumor cell lines, where aberrant glycosylation has been linked to cancer progression
(Christiansen et al., 2014; Laidler et al., 2006). The relevance of this data to melanoma
patient samples is unknown, as there is little data on glycosylation in clinical cohorts, mainly
due to the small size of primary melanomas and limitations in the analytical techniques used
(Christiansen et al., 2014; Kinoshita et al., 2014; Rakus and Mahal, 2011). Previously, our
group reported on the role of aberrant glycosylation in promoting melanoma cell invasion
and immunosuppression (Gaziel-Sovran et al., 2011). We found that miR-30b/d, upregulated
in a patient-derived signature associated with metastasis, drives tumor dissemination by
targeting both GALNT7 and GALNT1, enzymes that are initiators of canonical O-linked
glycan biosynthesis. This suggests that aberrant glycosylation can drive melanoma
metastasis and points to the need for a more systematic study of glycosylation in clinical
samples of melanoma.

Systematic dissection of the melanoma glycome and associated glycogenes in clinical
samples reveals altered protein fucosylation linked to metastatic behavior

Although glycosylation has been studied in melanoma, these studies have focused on mouse
models and tumor cell lines to the exclusion of clinical samples. The relevance of these
studies to melanoma progression in patients is thus largely unknown (Christiansen et al.,
2014). To examine the relationship between melanoma progression and altered glycosylation
in a clinical cohort we utilized lectin microarrays (Figure 1A), our high-throughput
technology for glycomic analysis (Bird-Lieberman et al., 2012; Pilobello et al., 2007). Our
microarrays include 102 lectin and antibody probes, providing specific information on the
glycan repertoire of cellular glycoproteins (Table S1) (Pilobello et al., 2013). We performed
lectin microarray analysis on formalin-fixed paraffin-embedded (FFPE) patient-matched
primary and metastasis tissues (n=17 patients; n=34 samples total). Samples were
macrodissected to remove contamination of the melanoma sample by surrounding tissues
such as skin. Glycomic profiles of the melanoma samples resolved into multiple clusters of
primary and metastatic melanomas based on lectin binding (Figure S1A). A closer analysis
of the data identified a subset of lectins whose binding differentiated between primary and
metastatic melanoma (paired t test, p<0.05; Figure 1B). In general, metastatic tumors
showed higher levels of poly/multiantennary-A-acetyl-lactosamine (polyLacNAc, bound by
lectins: DSA, WGA), a-2,6 sialic acids (SNA and TJA-I), and core fucose (a-1,6 fucose;
PSA, LcH) and lower levels of a-1,2 fucose structures (UEA-I, TIA-Il and SNA-II) than the
corresponding primary samples (Figure 1B). To gain insight into the biosynthetic
underpinnings of these changes, we correlated our lectin microarray data with publicly
available transcriptomic data including TCGA (Riker et al., 2008; Xu et al., 2008), focusing

Cancer Cell. Author manuscript; available in PMC 2018 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Agrawal et al.

Page 4

on glycogenes (glycosyltransferases) known to be involved in the synthesis of glycan
epitopes bound by lectins discriminating between primary and metastatic melanoma (Figure
1C). Consistent with our observed glycan changes, metastatic melanomas displayed higher
expression levels of Atglycan branching enzymes (MGAT2, MGAT4A), polylactosamine
extension enzymes (B3GNT?2), sialyltransferases (ST6GAL1, ST6GALZ2) and the core
fucosyltransferase FUT8 than primary melanomas, and lower levels of enzymes responsible
for a-1,2 fucosylation (FUT1, FUT2) across multiple datasets (Figure 1C). Altered
expression of these glycogenes would explain the changes in glycan structures associated
with melanoma progression revealed by our glycomic analysis.

We hypothesized that the glycosylation patterns observed in metastasis could contribute to
melanoma aggressive behavior. Therefore, we assessed the effects of silencing identified
glycogenes on cellular invasion, a biological property required by tumors for metastasis. We
conducted a siRNA mini-screen for select glycosyltransferases identified as putative “pro-
metastatic’ (MGAT2, MGAT4A, FUT8, ST6GAL1L, ST6GAL2, B3GNT2, B3GNT3) or
‘anti-metastatic’ (FUT1, FUT2) factors based on lectin microarray or glycogene expression
data. Studies were conducted in two melanoma cell lines (SkMel147 and WM3211) (Figure
1D, S1B-E). FUT8 knockdown consistently suppressed the invasion capacity of melanoma
cells, while silencing of FUT1 or FUT2 had the opposite effect (Figure 1D). FUTS is the
only enzyme known to generate a-1,6 fucosylated structures on the core of A~glycans, the
epitope recognized by the lectins LcH and PSA (Figure 1E). In contrast, FUT1 and FUT2
can generate a-1,2 fucosylated structures both at the termini of Aacetyllactosamine and on
galactose linked with A-acetylgalactosamine, epitopes recognized by UEA-I and TJA-II/
SNA-II lectins, respectively (Figure 1F). Data mining of publicly available transcriptomic
datasets from five independent clinical cohorts, including TCGA (Kabbarah et al., 2010;
Raskin et al., 2013; Riker et al., 2008; Xu et al., 2008), revealed consistently higher mRNA
levels for FUT8and lower levels for FUT1 and FUTZ in metastatic melanoma tissues in
comparison to primary (Figure S1F). The remarkable consistency of these findings supports
an antithetical role for the two forms of fucosylation (a-1,6 or core fucose: ‘pro-metastatic’,
a-1,2 fucose: ‘anti-metastatic’) in clinical melanoma progression. We validated the
differential presence of core fucosylated and a-1,2 fucosylated structures in a cohort of
primary and metastatic samples using an orthogonal method, fluorescent lectin staining. In
agreement with our lectin microarray results, metastatic sections displayed significantly
higher LcH binding (p<0.01) and decreased UEA-I staining (p<0.05) (Figure 1G).
Consistent with the observed increase in LcH binding, immunohistochemistry (IHC)
analysis of the paired tissues confirmed higher FUT8 expression in metastatic tissues as
evidenced by a perinuclear granular staining pattern (Figure 1H, S1G-H). In sum, our
systems-based analysis identified the core fucosyltransferase FUT8, which has no known
role in melanoma, as a modulator of in vitro cellular invasion and potential mediator of
melanoma metastasis. We focused our functional and mechanistic studies on FUT8, as a
candidate pro-metastatic gene, which represents a more suitable therapeutic target than
fucosyltransferases FUT1 and FUT2.
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FUT8 silencing decreases in vitro cell invasion and in vivo melanoma metastasis

To further investigate the role of core fucosylation in melanoma metastasis, we silenced
FUTS in the metastatic melanoma cell lines 113/6-4L (hereafter, 4L) and SkMel147, both of
which express high endogenous levels of FUT8 (Figure S2A). In brief, 4L and SkMel147
cell lines were stably transduced with lentivirus carrying one of two independent short
hairpin RNAs targeting FUT8 (FUT8 shA or shB) or a non-targeting control (ShNTC). As
expected, FUT8 knockdown, confirmed by both gRT-PCR, Western blot and IHC (Figure
2A B, S2B), resulted in reduced core fucosylation (Figure 2C). FUT8 knockdown had no
effect on cell proliferation (Figure 2D) but attenuated by ~60% the ability of both 4L and
SkMel147 cells to invade through matrigel in a trans-well invasion assay (Figure 2E).

We next determined whether aberrant FUT8 expression promotes melanoma aggressive
behavior in vivo using a xenograft model of metastasis. We injected 4L cells stably
transduced with lentiviral particles carrying a mCherry/luciferase reporter and one of the 2
independent shRNA against FUT8 (FUT8 shA and shB) or control (ShNTC) into the flanks
of immunocompromised NOD/Shi-scid/IL-2Rgamma null (NSG) mice, and monitored them
for local tumor growth and metastasis (Figure 3A). All cell types started to form measurable
tumors at primary implantation sites one week later. In concordance with our observations in
vitro, there was no significant difference in tumor growth between shNTC and either FUT8
shA or FUT8 shB-transduced cells (Figure 3B). Lower FUT&transcript (Figure 3C) and
reduced core fucosylation levels (Figure S3) confirmed effective FUT8 knockdown by both
shRNAs in tumors. After surgically resecting the lateral tumors (28 days post-injection), we
monitored metastatic dissemination by bioluminescence imaging (BLI). Silencing FUT8
consistently inhibited the metastatic potential of 4L cells, shown by reduced luminescence in
both lung and lymph nodes (Figure 3D-F). Forty-two days post-injection, we sacrificed the
mice and dissected lungs and lymph nodes for histology (Figure 3G-I). Mice injected with
FUT8 shA or FUT8 shB 4L cells exhibited significantly reduced lung tumor burden and
total number of micrometastases per lung (p<0.05) (Figure 3G-I). Our findings provide
compelling evidence that FUT8 silencing suppresses the ability of melanoma cells to
colonize distal organs.

FUT8 silencing impairs the growth of established metastasis in vivo

Next we examined whether FUT8 is required for the maintenance or growth of existing
metastasis using a model based on intracardiac instillation of tumor cells (Morsi et al.,
2013). We generated 4L melanoma cells stably transduced with lentiviral particles carrying
either a doxycycline (DOX)-inducible sShRNA targeting FUT8 (pTRIPZ/FUT8 shC) or a
scrambled control (pTRIPZ/shSCR) and a luciferase reporter vector constitutively
expressing green fluorescent protein (GFP). This system couples DOX-regulated red
fluorescent protein (RFP) expression to shRNA induction. In the presence of DOX, 4L
FUTS8 shC cells display decreased FUT8 mRNA and protein (Figure 4A) and reduced cell
invasion in comparison to shSCR cells, without effects on cell proliferation (Figure 4B,C).
We performed in vivo intracardiac injection of pTRIPZ/shSCR or pTRIPZ/FUT8 shC in
NSG mice and assessed for metastatic dissemination by BLI (Figure 4D). Established
metastases were detected 15 days post tumor cell instillation. At this point, mice within both
groups (pTRIPZ/shSCR or pTRIPZ/FUT8 shC) were subdivided into two groups for +/
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-DOX feed (Figure 4D). DOX-fed mice injected with FUT8 shC-4L cells displayed
significantly reduced metastatic burden in comparison to the corresponding —DOX mice or
mice injected with shSCR (+/-DOX), as observed by BLI (p<0.05) (Figure 4E,F). Mice
were sacrificed 27-days post injection, and ex vivo fluorescence imaging revealed a
considerably lower metastatic burden in multiple organs (i.e. liver, brain, kidney) in the
group of DOX-fed mice injected with 4L FUT8 shC cells (Figure 4G,H). The DOX-induced
FUTB8 shC-4L injected mice showed much smaller liver metastatic foci and fewer metastatic
lesions in the kidneys and brains (data not shown). Moreover, the fraction of mice that
developed brain metastases or kidney metastases at termination of the experiment was lower
in the DOX-induced FUT8 shC group (3/9 for brain and 6/9 for kidney) than in the absence
of DOX (8/9 for brain and 9/9 for kidney) (Figure 4H). These data demonstrate a
requirement for FUT8 in metastatic colonization and supports FUT8 inhibition as a viable
therapeutic strategy against advanced melanoma.

TGIF2 regulates FUTS8 transcription

We sought to identify genomic or epigenetic changes or upstream transcriptional regulators
of FUTS potentially responsible for its upregulation in metastatic melanoma. Analysis of
FUT8 mutations and amplifications showed a very low frequency of alterations in this gene
(Figure S4A and data not shown). In addition, analysis of the methylation status showed that
all the CpG islands in the FUT8 promoter are unmethylated in both primary and metastatic
melanomas (B-value ~ 0; Figure S4B,C). We therefore turned our attention to transcriptional
control. We identified a candidate list of transcriptional regulators based on both in silico
analysis of transcription factors (TFs) predicted to bind the FUT8 promoter using the
MatInspector software (Cartharius et al., 2005) and those shown to physically bind the
FUT8 promoter in other cellular systems using the ChIP Enrichment Analysis (ChEA)
database (Lachmann et al., 2010). From this list, we selected a subset of TFs whose
expression correlated with FUT& levels (p<0.2, data not shown) in multiple melanoma
datasets including TCGA (Raskin et al., 2013; Riker et al., 2008; Xu et al., 2008) (TGIF2,
SMAD3, NFKB1, SOX10, IRF1, FOXA2, RUNX1, SOX2). We examined the effect of
silencing these TFs on FUT8expression in 4L and SkMel147 melanoma cell lines (Figure
5A,B, S4D). Depletion of TGFB-Induced Factor Homeobox 2 (TGIF2) consistently resulted
in a ~4-fold reduction in FUT8 levels and concomitant loss of core fucosylation (Figure 5A—
D). We next tested if TGIF2 silencing would recapitulate the effect of FUT8 suppression on
melanoma cell invasion. Indeed, siTGIF2-transfected 4L melanoma cells exhibited a 5-fold
reduction of in vitro cell invasion as compared to siNTC-treated cells (Figure 5E). To
determine whether the regulation of FUT8 expression by TGIF2 is direct, we assessed the
binding of TGIF2 to the FUT&promoter (Yamaguchi et al., 2000), which is predicted to
contain a consensus-binding site in exon 1 (Figure 5F). Chromatin immunoprecipitation
(ChIP) of TGIF2 followed by quantitative PCR using three different sets of primers
spanning the TGIF2 putative binding site in the vicinity of the FU78 promoter showed a 6—
10 fold enrichment in FUT8signal over ChIP with non-specific 1gG in 4L cells (Figure 5G).
Meanwhile, negative controls, GAPDH, HPRT1, and primers spanning ~FU78&distal regions
at exons 5 and 8, showed no significant enrichment. TGIF2 binding to the FU78 promoter
was found to correlate with FUT8 expression, as low FUT8 expressing melanoma cell line
SkMel85 showed no enrichment in TGIF2 ChIP compared to high FUT8 expressing
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SkMel147 and 4L cells (Figure S4E,F). To confirm the ability of TGIF2 to control FUT8
expression, we tested the effects of TGIF2 knockdown on luciferase activity driven by a
FUT8 promoter construct encompassing the TGIF2 binding site in HEK293T cells. We
observed a significant reduction in luciferase activity (p<0.05) (Figure 5H) upon TGIF2
silencing, with concomitant reduction of FUT8 mRNA levels measured by gPCR (Figure
S4G). Moreover, 7TG/IF2and FUT8 mRNA levels positively correlate (R=0.57, p<0.0001) in
patient tissues (Figure 51), and multiple GEO datasets revealed higher 7G/F2 expression in
metastatic melanoma compared to primary (Figure S4H). Overall, our data reveal TGIF2 as
a key regulator of FUT8 transcriptional induction in melanoma metastasis and an upstream
contributor to melanoma aggressive behavior.

Identification of core fucosylated glycoproteins in melanoma reveals regulators of
invasion and metastasis

To identify core fucosylated proteins that could mediate the effects of FUT8 dysregulation in
metastatic melanoma, we performed proteomic analysis of core-fucosylated membrane
proteins. We prepared membrane extracts of three melanoma cell lines and enriched for
core-fucosylated proteins using lectin chromatography with LcH (Figure 6A). Lectin blot
analysis of affinity enriched protein fractions confirmed an enrichment of core fucosylated
proteins (Figure S5A). Mass spectrometric analysis identified about 1100 proteins in each
enriched fraction and a matrix of 471 overlapping proteins present in all three lines was
created. After data filtration using median filtering and removal of contaminant proteins
(known to be unglycosylated) such as ribosomal proteins, tubulins and heat shock proteins,
183, 221 and 152 candidate proteins were identified in the LcH enrichment of 4L, SkMel147
and MeWo membrane proteins respectively, 114 of which were common to all 3 cell lines
(Figure 6B). Gene ontology analysis (DAVID) performed on the common proteins revealed
enrichment in functional categories comprised of A-linked glycosylation, gangliosides,
membrane and integrin (Figure S5B), and biological processes relevant to metastasis such as
cell migration and locomotion control mechanisms (Figure 6C). Proteins identified as LcH
bound that are involved in migration and adhesion include Neural cell adhesion molecule L1
(L1CAM), integrins-a4, 6 and V, integrin B1, ADAM10, laminin 1 (LAMBL1) and y1
(LAMC1), Pro-low-density lipoprotein receptor-related protein 1 (LRP1), cell surface
glycoprotein MUC18 (MCAM), plexin-Al, plexin-B2 and neuropilin 2 (NRP2) (Table S2).
To validate our proteomic analysis, we further examined the glycosylation state of LLCAM,
NRP2, LAMBL, integrin B1 and ADAM10. LcH lectin enrichment followed by Western blot
showed reduced LICAM, NRP2, LAMBL, integrin B1 and ADAM10 levels in siFUT8-
compared to siNTC-transfected 4L and SkMel147 (Figure 6D, S5C,D), consistent with
lower core fucosylation on those proteins, while input show no differences in the expression
of these proteins. Consistently, immunoprecipitation (IP) of LLCAM or NRP2 followed by
LcH blot showed reduced LcH binding to LLCAM or NRP2 proteins in siFUT8- compared
to siNTC-transfected 4L and SkMel147 (Figure 6E, S5E). The observed differences
disappeared upon PNGase treatment, which removes all forms of N-linked glycosylation
(Figure 6E). Western blots confirmed equal amount of IP input in each condition (Figure 6E,
S5E). Thus, both proteins were confirmed as core fucosylated in line with our proteomic
analysis.
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L1CAM is a mediator of the pro-invasive effects of FUT8

L1CAM is a highly glycosylated protein known to regulate cell attachment, invasion and
migration in several cancers (Altevogt et al., 2016; Valiente et al., 2014) and may promote
melanoma progression (Meier et al., 2006). Thus, it is a plausible candidate as a mediator of
the pro-invasive effects of FUTS. In keeping with the known impact of LICAM on cell
invasion, ectopic expression of LLCAM in melanoma cells expressing low (WM3248) to
moderate (MeWo) L1CAM levels triggered a modest but significant increase in in vitro cell
invasion (p<0.05) (Figure 7A,B; S6A-C). Concomitant FUT8 silencing, which resulted in
reduced core fucosylated L1ICAM, counteracted the pro-invasive effects of LLCAM over-
expression (Figure 7A,B, S6A,B). These results suggest that core fucosylation is critical to
L1CAM pro-invasive phenotype in melanoma.

We next investigated whether FUT8 ectopic expression is able to promote melanoma cell
invasion capacity and if core fucosylation of LLCAM contributes to that effect. FUT8 over-
expression increased cell invasion 5-fold in a poorly invasive cell line (MeWo) and 2-fold in
the highly invasive cell line 4L (Figure 7C, S6D). We confirmed that LLCAM exhibits
increased core fucosylation in FUT8 over-expressing MeWo cells (Figure 7D). Silencing of
L1CAM strongly counteracted the pro-invasive effects of FUT8 overexpression (Figure
TE,F; S6E-F). As expected, FUT8 pro-invasive effects were also ablated by FUT8 silencing
(Figure 7F, S6F). Overall, our data support core-fucosylated LICAM as a key mediator of
FUTS8 pro-metastatic effects.

Glycosylation can affect protein folding, activation and the access of proteases to cleavage
sites (Cheng et al., 2015; Sola and Griebenow, 2009). LICAM is cleaved by both ADAM10
and plasmin (Maretzky et al., 2005). In particular, cleavage of LLCAM by plasmin inhibits
its ability to mediate cell invasion and metastatic outgrowth (Valiente et al., 2014). We
hypothesized that altered core fucosylation might alter LILCAM cleavage by proteases,
impacting melanoma invasive behavior. Indeed, we observed that MeWo cells
overexpressing FUT8 show lower levels of a ~85 kDa L1CAM product when compared to
controls (Figure 7G). This cleavage fragment disappears upon LLCAM knockdown,
confirming it as a LLCAM specific product. Silencing of FUT8 in SkMel147 cells
(expressing high FUT8 levels) results in increased levels of the ~85 kDa L1CAM product
compared to siNTC (Figure 7H,1). Treatment of SkMel147 with a plasmin inhibitor, a-2
antiplasmin, resulted in reduced ~85 kDa L1CAM fragment (Figure 7H-I). Silencing of
plasminogen activator (PLAT), which converts plasminogen into plasmin, reduced the levels
of this ~85 kDa LLCAM fragment in SkMel147 cells (Figure S6G,H), confirming this
fragment as a plasmin cleavage product. To further support that core fucosylation inhibits
L1CAM cleavage, we performed in vitro plasmin treatment in control and FUT8-
overexpressing MeWo cells. In presence of plasmin a significant increase in cleaved
L1CAM (~85 kDa) was observed in control cells while in FUT8 overexpressing MeWo cells
L1CAM was protected against cleavage (Figure 7J,K). Overall, our results suggest that core
fucosylation is critical to LLCAM function through modulation of plasmin cleavage and that
L1CAM is a major mediator of the pro-metastatic role played by core fucosylation (i.e.
FUT8) in melanoma.

Cancer Cell. Author manuscript; available in PMC 2018 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Agrawal et al. Page 9

DISCUSSION

Although it has long been speculated that glycosylation plays important roles in melanoma
progression, there are no comprehensive glycomic analyses of clinical samples to support
this assertion (Christiansen et al., 2014). The biosynthesis of glycans is an intricate process
requiring the coordinated action of multiple glycosyltransferases and glycosidases to
synthesize discrete structures (Cummings and Pierce, 2014; Moremen et al., 2012). There is
currently little understanding of how glycan biosynthesis is controlled (Nairn et al., 2012) or
which enzymes are important in the biosynthesis of specific epitopes underlying clinical
pathologies, hindering the development of glycosylation-based therapeutic strategies
(Dalziel et al., 2014; Dube and Bertozzi, 2005). Here we have taken a systematic, multi-
disciplinary approach to identify glycomic changes and the underlying glycosyltransferases
associated with melanoma metastasis in patient samples. Our analysis revealed a.-1,6
fucosylation, mediated by the FUTS, is functionally important for melanoma invasion and
provided insight into how core fucosylation impacts melanoma metastasis.

Glycomic analysis of clinical melanoma has long been inhibited by the small quantities of
sample afforded by primary melanoma (Christiansen et al., 2014). Lectin microarray
analysis requires as little as 50 pg of FFPE tissue, enabling a systematic analysis of
glycosylation in clinical samples. Our analysis revealed strong discrimination between
primary melanomas and metastases based on glycosylation, with several glycans (a-2,6
sialic acid, poly/multiantennary LacNAc) following predictions from model systems
(Kinoshita et al., 2014; Pinho and Reis, 2015). However, the changes in fucosylation were
surprising. In recent work it was reported that transcription factor ATF2 promotes melanoma
metastasis by suppressing global fucosylation (Lau et al., 2015). While we observed a loss
of a-1,2 fucosylation (UEA-I, TJA-II), we saw a marked increase in core fucosylation
(a-1,6 fucose, LcH, PSA), arguing that the effects of fucose on metastasis are linkage-
dependent. In the ATF2 study, UEA-I, specific for a-1,2 fucosylation, was used as a global
marker for fucose, and loss of UEA-I binding correlated with lower survival rates (Lau et al.,
2015). This data is consistent with our lectin microarray analysis in which binding to UEA-I
is lost with progression to metastasis.

Mapping of candidate glycogenes from clinical transcriptomic datasets onto our lectin
microarray data provided further evidence for the linkage-specific effects of fucosylation in
melanoma, identifying FUTS8, the sole enzyme responsible for core fucosylation, as
upregulated in metastatic cohorts, and FUT1 and FUT2, enzymes that create a-1,2
fucosylated epitopes, as high in primary melanoma (Kanehisa and Goto, 2000; Nairn et al.,
2012). Lectin histochemistry on patient samples confirmed increased core fucose and loss of
a-1,2 fucose in metastatic samples. In line with this data, we identified FUT8 as a positive
regulator of, and FUT1 and FUT2, as potential suppressors of invasion. Although data in a
mouse melanoma line and the recent work on ATF2 support a role for a-1,2 fucose in
suppressing the metastatic potential of melanoma (Gorelik et al., 1997; Lau et al., 2015),
there is no known role for core fucosylation in melanoma progression, and the importance of
these enzymes to clinical melanoma is unknown. Our results support the value of a systems-
based approach to identify specific glycogenes (and corresponding enzyme and glycan
changes) that contribute to melanoma metastatic behavior.
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We focused our functional and mechanistic studies on FUT8, as a candidate pro-metastatic
gene and potential therapeutic target. Core fucosylation is elevated in liver and ovarian
cancerous tissues in comparison to normal (Abbott et al., 2008; Mehta et al., 2016), and
linked with EGFR dimerization and activation, TGF-p-activation, and HGF and EGF
signaling pathways (Gu et al., 2013; Liu et al., 2011; Wang et al., 2015). However, a role for
this enzyme in melanoma and the specific core fucosylated glycoproteins underlying its
effects are unknown. FUT8 silencing in highly metastatic melanoma cell lines reduced their
invasive capacity without affecting proliferation. This is in contrast to work in both non-
small cell lung (Chen et al., 2013) and hepatocellular carcinoma (Wang et al., 2015), where
FUTS8 silencing was anti-proliferative. Silencing FUT8 reduced metastatic dissemination of
melanoma cells to the lungs and inhibited the growth of pre-seeded metastases in liver, brain
and kidney, suggesting core fucosylation may be required for the adaptations that
disseminated cancer cells undergo to survive in “foreign’ tissues. FUT8 inhibition of pre-
established metastases seems independent of any growth advantage conferred by FUTS8, as
FUTS silencing did not impact growth of primary melanoma tumors. Together our data point
towards metastatic-specific promoting effects of FUT8 and provide compelling evidence that
FUTS silencing inhibits the processes underlying melanoma metastasis in vivo.

We identified TGIF2 as a positive regulator of FUTS8. This is in agreement with previous
evidence that TGIF2 inhibition by miR-34a blocks bone metastasis and melanoma invasive
growth (Krzeszinski et al., 2014; Yamazaki et al., 2012). FUT8 has also been described as a
miR-34a target (Bernardi et al., 2013; Cheng et al., 2016) opening the possibility that
miR-34a controls FUT8 both directly and indirectly, via TGIF2 suppression. Multiple
datasets of melanoma patient samples support 7G/F2 upregulation in metastasis highlighting
the clinical relevance of the TGIF2-FUT8 axis.

Core fucosylation is found on a myriad of proteins including adhesion molecules, receptors,
and inflammatory molecules (Ohtsubo and Marth, 2006). Glycoproteomic analysis of
metastatic melanoma cell lines identified 114 common core-fucosylated proteins, with
enrichment in proteins involved in cell invasion and migration. These proteins included
NRP2, a cell surface receptor promoting extravasation and metastasis (Karpanen et al.,
2006), multiple integrins, which play well known roles in metastasis (Desgrosellier and
Cheresh, 2010), and the neural cell adhesion molecule LLCAM. Overexpression of LLCAM
contributes to the metastatic cascade in several cancers, including ovarian and pancreatic
cancers (Altevogt et al., 2016). LLCAM transcripts are not upregulated in metastasis in
melanoma datasets; however, LLCAM activity or interaction with other receptors or growth
factors might be altered by core fucosylation. FUT8 conferred increased invasive capacity to
the poorly invasive MeWo and moderately invasive 4L cell lines. Remarkably, this
phenotype was mostly rescued by silencing of LLCAM. Taken together, the data suggest that
core fucosylation enhances the ability of LICAM to promote metastasis, altering either
L1CAM activity or interactions with its counterparts (Kiefel et al., 2010).

L1CAM is a 220 kDa glycoprotein and its cleavage by proteases like ADAM10 and plasmin
results in 32 and 85 kDa cellular fragments, respectively (Kiefel et al., 2012; Silletti et al.,
2000). Cleavage by plasmin impairs L1CAM ability to promote vascular co-option and
metastatic outgrowth (Valiente et al., 2014), while ADAM10 cleavage renders a soluble
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L1CAM fragment important for invasion or migration of cancer cells (Altevogt et al., 2016).
We observed lower amounts of cleaved ~85 kDa L1CAM in FUT8 overexpressing cells and
increased cleaved L1CAM upon FUTS8 silencing, suggesting that core fucosylation impairs
L1CAM cleavage and providing a rationale for the prometastatic behavior of highly
fucosylated LICAM. Our mass spectrometry analyses identified a LICAM

glycopeptide 842GYNVTYWRB84? in close proximity to the plasmin cleavage site of LLICAM
(81GSQRKHSKRHIHKDHV8%6), The molecular weight of the detected LLCAM cleavage
product matched that of plasmin cleavage (Silletti et al., 2000). Treatment of melanoma cells
with plasmin or a.2-antiplasmin increased or decreased its levels, respectively, and plasmin-
mediated cleavage of LLCAM was inhibited in FUT8 overexpressing cells. The ability of
uncleaved L1CAM to co-opt the existing vasculature at distal organs could explain why
FUTS is required for the growth of established metastases without affecting intrinsic cell
proliferation. Our data argues that manipulating the glycosylation status of LLCAM may
provide a way to increase its cleavage and impair metastasis.

Despite remarkable advances that have led to FDA approval of new compounds, outcomes
for metastatic melanoma patients remain poor. Lack of response, initial response followed
by relapse with treatment-refractory disease and adverse side effects are common
occurrences (Lo and Fisher, 2014; Zaretsky et al., 2016). Therefore, there is a clear need to
identify new targets and develop innovative drugs that target molecules essential for
metastatic melanoma. Our study highlights the therapeutic potential of targeting FUT8 to
treat metastatic melanoma and other advanced tumors. Exemplifying the value of
glycosylation enzymes as druggable targets are both glycosyltransferase (Zavesca for
Gaucher’s disease (Dwek et al., 2002; Gloster and Vocadlo, 2012)) and glycosidase
inhibitors (zanamivir (Relenza) and oseltamivir (Tamiflu) for influenza (Dalziel et al., 2014),
migalastat for Fabry’s disease (Gloster and Vocadlo, 2012)), currently in use or in advanced
clinical trials. Our work provides a rationale for the future design of small molecule
inhibitors against FUTS8, to prevent or treat established metastasis.

STAR*METHODS

Detailed methods are provided in the online version of this paper and include the following:

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-L1CAM antibody Abcam ab20148
[UJ127.11] LICAM Abl

Anti-L1CAM antibody Abcam ah208155
[EPR18750] LICAM Ab2

Anti-L1CAM antibody [2C2] Abcam ab24345
L1CAM Ab3

Anti-GAPDH antibody [6C5] Abcam ah8245
Anti-Neuropilin-2 antibody (C-9) | Santa Cruz sc13117
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REAGENT or RESOURCE SOURCE IDENTIFIER
Anti-Laminin beta 1 antibody Abcam ab44941
[LT3]

Anti-Integrin beta 1 antibody Abcam ab52971
[EP1041Y] (ab52971)

Anti-ADAM10 antibody (ab1997) | Abcam ab1997
Anti-TGF beta induced factor 2 Abcam ah155948
antibody [EPR5655(2)]

Anti-FUTS8 antibody (Clone No.: Proteintech 66118
2F7TH2

Monoclonal Anti-a-Tubulin Sigma T9026
Streptavidin, Alexa Fluor® 647 Life Technologies S32357
conjugate

Pierce™ High Sensitivity Thermo Fisher 21130
Streptavidin-HRP

Lectins; see Table S1 E.Y. or Vector Lab N/A
Biological Samples

Melanoma FFPE samples; see IMCG, NYUMC N/A
Table S4

Chemicals, Peptides, and Recombinant Proteins

Fluorescein labeled Ulex Vector lab FL1061
Europaeus Agglutinin | (UEA 1)

Fluorescein labeled Lens Vector lab FL1041
Culinaris Agglutinin (LCA)

Biotinylated Lens Culinaris Vector lab B-1045
Agglutinin (LCA)

Agarose Streptavidin Vector lab SA-5010
Matrigel Basement Membrane BD Biosciences CB-40234
Matrix

Cy5 NHS ester Amersham PA15101
Cy3 NHS Ester Amersham PA13101
Lipofectamine 2000 Thermo Fisher 11668027
Plasmin Sigma-Aldrich P1867
a2-Antiplasmin Molecular innovations HA2AP
Critical Commercial Assays

CellTiter-Glo® Luminescent Cell | Promega G7571
Viability Assay

LightSwitch Luciferase Assay Kit | SwitchGear Genomics 32031
miRNeasy mini kit Qiagen 217004
Immunoprecipitation Kit (Protein Roche 11719386001
G

Deposited Data

Lectin microarray data This paper https://www.synapse.org/#!Synapse:syn9748084/files/
Mass spectrometry data This paper https://github.com/FenyoLab/Fucosylated_Melanoma/

Experimental Models: Cell Lines

Human: 113/6-4L (4L)

(Cruz-Munoz et al.,
2008)

Authenticated by STR analysis by ATCC

Cancer Cell. Author manuscript; available in PMC 2018 June 12.



https://www.synapse.org/#!Synapse:syn9748084/files/
https://github.com/FenyoLab/Fucosylated_Melanoma/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Agrawal et al.

CONTACT FOR REAGENT AND RESOURCE SHARING

Page 13

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Human: MeWo

ATCC

Authenticated by STR analysis by ATCC

Human: SkMel147

Dr. Alan Houghton
(MSKCC, New York)

Authenticated by STR analysis by ATCC

Human: SkMel85

Dr. Alan Houghton
(MSKCC, New York)

Authenticated by STR analysis by ATCC

Human: WM3248 Wistar Institute N/A

Human: WM3211 Wistar Institute N/A
Experimental Models: Organisms/Strains

Mouse: NOD.Cg-Prkdcscid The Jackson Laboratory | Stock # 005557
112rg™IWil/Sz) (NSG)

Oligonucleotides

Primers; see Table S3 This paper N/A

Plasmids

pLKO.1 Sigma N/A

TRIPZ Inducible Lentiviral Dharmacon RHS4740-EG2530
Human FUT8 shRNA

plasmid pReceiver-Lv205 for Genecopeia EX-Z2881-Lv205
L1CAM

FUTS8 overexpression plasmid Origene RC212345
pCMV6-Myc-DDK

p-Lenti-C-Myc-DDK Origene PS100069
pLightSwitch Prom (pLS) Switchgear S790005

Software and Algorithms

Livinglmage software

Xenogen Corp.,

http://www.perkinelmer.com/product/spectrum-200-living-image-v4series-1-128113

Alameda, CA
NDPIS software Hamamatsu http://www.hamamatsu.com/us/en/U12388-01.html#1328463611394
ImageStudioL.ite LICOR https://www.licor.com/bio/products/software/image_studio_lite/
ImageJ NIH https://fiji.sc
PRISM Graphpad https://www.graphpad.com
Matinspector software Genomatix https://www.genomatix.de/online_help/help_matinspector/matinspector_help.html

CHEA

Icahn School of
Medicine at Mount
Sinai

http://amp.pharm.mssm.edu/Enrichr/

Further information and requests for reagents may be directed to and will be fulfilled by the
Lead Contact, Eva Hernando (eva.hernando-monge@nyumc.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines and cell culture—cCell line 113/6-4L (4L) was cultured as previously
described (Cruz-Munoz et al., 2008). SkMel147 and SkMel85 were acquired from Dr. Alan
Houghton (MSKCC, New York). The human WM3211 and WM3248 cell lines were
acquired from the Wistar Institute. HEK293T was purchased from American Type Culture
Collection (ATCC). 4L, SkMel147, SkMel85 and MeWo are metastatic melanoma cell lines,
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whereas WM3211 and WM3248 were derived from primary melanomas. MeWo is male
origin and 4L, SkMel147, WM3248 are female origin cell lines. 4L and SkMel147 cells
were cultured in DMEM (Invitrogen) and MeWo was cultured in EMEM (Invitrogen)
containing 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin. WM3211 and WM3248
were cultured in medium containing 80% (v/v) MCDB153, 1.2 g/L NaHCOs, 20% (v/v)
Leibovitz’s L-15 (Invitrogen), 2% heat inactivated (v/v) FBS, 5 g/mL bovine insulin, 1.68
mM CaCl, and 1% (v/v) penicillin/streptomycin at 37°C and 5% CO,. Cell lines were
maintained in a 5% CO2 incubator at 37°C. Cell lines were routinely tested to exclude
Mycoplasma contamination. For in vitro assays, a2-antiplasmin (5.0 pg/ml; Molecular
Innovations, ref: HA2AP), and plasmin (3.0 ug/ml: Sigma, ref: P1867) were added to the
medium and incubated for 18-24 hr.

Clinical Specimens—Human melanoma specimens (primary, metastatic) were collected
at the time of surgery (Table S4). Approval to collect specimens was granted by New York
University Institutional Review Board protocol number i10362, “Development of an NYU
Interdisciplinary Melanoma Cooperative Group: A clinicopathological database.” Informed
consent was obtained from all subjects included.

Animal studies—All mice experiments were performed in compliance with a referenced
protocol (120405-03) approved by the NYU Institutional Animal Care and Use Committee
(IACUC). 4-6 weeks old NOD/Shi-scid/IL-2Rgamma null (NSG) mice (male and female)
were purchased from Jackson Laboratory and maintained under standard pathogen free
conditions. Experimental sample size was based on our previous experience using the same
strains. In intracardiac inducible metastasis model, mice were randomized and subdivided
into two groups for +/-DOX feed such that there were no differences in average radiance
between the two groups.

METHOD DETAILS

Lectin microarray printing, hybridization and analysis—Lectins were purchased
from E.Y. Laboratories or Vector Laboratories with the following exceptions: recombinant
CVN, SVN and griffithsin were gifts from B. O’Keefe (NCI, Frederick, MD); TJA-1 and
TJA-11 were from NorthStar Bioproducts. Printing, hybridization and data analysis were
performed as previously described (Pilobello et al., 2013). Our data were normally
distributed as determined by the Lilliefors test in MATLAB. Lectins were excluded from
analysis if they did not meet our minimal threshold for activity (Batista et al., 2011). See
table S1 for lectin print list.

FFPE primary and metastatic melanoma sample deparaffinization, protein
extraction and labeling—Unstained cut sections mounted on slides were macrodissected
to remove contaminating normal cells, and 2 x 20 pm sections of each FFPE tissue were
scraped into a 1.5-ml microcentrifuge tube. Samples were deparaffinized with xylene and
ethanol, rehydrated and solubilized in Cy buffer (0.1 M NaHCO3, pH=9.3) containing 0.5%
NP40 (Nonidet P-40) and labeled as previously described (Hsu et al., 2011; Pilobello et al.,
2013). Reference sample was a mixture of 6 primary and 6 metastatic samples. Detailed
protocols are described in the supplementary section.
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Mapping lectin specificity onto glycosylation pathways—Biosynthetic pathways
for relevant glycan epitopes were mapped by using the Kyoto Encyclopedia of Genes and
Genomes (Kanehisa and Goto, 2000) and the work of Nairn et al. (Nairn et al., 2012).

FFPE primary and metastatic melanoma sample deparaffinization, protein
extraction and labeling—Formalin-fixed paraffin-embedded (FFPE) tissues from
patients with primary (n=17) or metastastic (n=17) melanoma (n=17 paired cases, 34 total)
were analyzed on our lectin microarrays. In brief, Melanoma samples were fixed in 10%
neutral buffered formalin. For analysis of tumor samples, hematoxylin and eosin-stained
slides were reviewed to ensure enough viable tumor. Unstained cut sections mounted on
slides were macrodissected to remove contaminating normal cells, and 2 x 20 um sections of
each FFPE tissue were scraped into a 1.5-ml microcentrifuge tube. One mL xylene and 200
ul ethanol were added to microcentrifuge tube, incubated for 15 min at room temperature,
centrifuged at 10,000 x g for 2 min and supernatant was removed. The deparaffinized tissue
pellets were then rehydrated with a graded series of ethanol. One mL of 95% ethanol was
added to each tissue pellet, incubated for 10 min at room temperature and centrifuged at
10,000 x g for 2 min. This was followed by rehydration with 70% ethanol, spun down to
remove excess supernatant and allowed samples to dry at room temperature. The rehydrated
tumor tissue and cell sections were re-suspended in 200 pl 10 mM sodium citrate buffer (pH
6.0) and incubated at 95°C for 60 min. The supernatant was removed and tissue was washed
with PBS. Pellet was solubilized with 250 pl (100 pl for smaller pellets) Cy buffer (0.1 M
NaHCO3, pH=9.3) containing 0.5% NP40 (Nonidet P-40). Sample was sonicated gently
(70% power, total time 1 min [10 s on, 10 s off]) and incubated on ice for 60 min. Sample
was centrifuged at 12,000 x g for 5 min at 4°C. Supernatant was collected for analysis. Total
protein concentration was quantified by BCA assay. Samples were then labeled with NHS-
Cy3 or -Cy5 and analyzed on our lectin microarrays in dual color using standard protocols
(Hsu et al., 2011; Pilobello et al., 2013). Reference sample was a mixture of 6 primary and 6
metastatic samples. Normalized data was subjected to hierarchical clustering using the
Pearson correlation coefficient (R) as the distance metric and average linkage analysis to
generate heatmaps.

Reverse transfection of siRNA—Transfection conditions were optimized for each cell
line using fluorescein labeled oligos (Invitrogen, Block-IT). Liposomal transfection
complexes with siRNA pools (Dharmacon, Smart Pools, 50 nM, PLAT siRNA was
purchased from Origene.) were generated with Lipofectamine 2000 (Invitrogen), following
manufacturer’s recommendations. Media was changed after 6 hr incubation with liposomal
complexes. 48 hr after initiation of transfection, cells were used for RNA extraction or
invasion assay seeding.

RNA Extraction and Real-Time gPCR—Total RNA was extracted from samples
(miRNeasy mini kit; Qiagen) and quantified by using Nanodrop 8000 and stored at —80 °C.
500 ng of RNA were reverse transcribed using Tagman RT reagents (Applied Biosystems)
with random hexamers following manufacturer’s recommendations. Transcripts were
quantified by real-time gPCR using Power SYBR Green PCR MasterMix (Applied
Biosystems) in StepOne System (ABI). Primers were designed by using PrimerSelect. Some
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gPCR primers were purchased from Origene (Table S3). Cycle threshold values were
normalized to those of the housekeeping genes GAPDH or HPRT1. The average for three
biological replicates was plotted as relative transcript abundance.

Plasmids—pLKO.1 plasmids targeting human FUT8 and a non-targeting control were
purchased from Sigma. DOX inducible pTRIPZ plasmids targeting human FUT8 and
scramble control were purchased from Dharmacon. See Supplemental Table S3 for
sequences. LLCAM overexpression plasmid pReceiver-Lv205 and control-Lv205 were
purchased from Genecopoiea. FUT8 overexpression plasmid pCMV6-Myc-DDK was
purchased from Origene. FUT8 was subcloned into p-Lenti-C-Myc-DDK destination vector.
Empty promoter vector pLightSwitch Prom (pLS) was purchased from Switchgear. FUT8
promoter was subcloned in pLS reporter vector. See Table S3 for FUT8 promoter sequence.

Viral Production—4x10% HEK293T cells were seeded per 10 cm tissue culture dish and
incubated overnight at 37°C and 5% CO» for 16-20 hr. After seeding, HEK293T were co-
transfected with lentiviral expression constructs (12 pg), viral packaging plasmid (psPAX2,
8 ug), and viral envelope plasmid (pMD2.G, 4 g) using Lipofectamine 2000 (Invitrogen)
following manufacturer’s recommendations. Viral supernatant was collected and 0.45 um
filtered at 48 hr post-transfection and stored at 4°C for short-term use (1-5 days) or —20°C
for long-term storage (5-30 days).

Viral Transduction—Target cells were seeded and incubated overnight prior to infection.
Medium was replaced with 1:2 diluted viral supernatant supplemented with 8 pg/mL
polybrene, and incubated for 6-8 hr, followed by replacement with growth medium. Control
and shRNA cells were selected using puromycin (2 ug/mL) or neomycin (500 pug/mL) prior
to use in experiments.

In vitro invasion assay—Cell invasion was measured using 24-well Fluoroblok inserts (8
pum Becton Dickinson). Optimization was performed for each cell line to identify assay time
length and Matrigel concentration. Briefly, 4L, WM3211, WM3248, SkMel147 or MeWo
cells (40,000 cells per insert) were suspended in serum-free medium over a Matrigel coating
(Becton Dickinson), and medium supplemented with 10% serum was used as a
chemoattractant. Cells that invaded after 12—-36 hr were stained in 4 ug/ml Calcein AM dye
(ThermoFisher) for 1 hr and counted in 5 different fields using a fluorescent microscope. For
each independent experiment, six replicates per condition were run. The average of cell
counts from six inserts per condition was used for plotting results. Cell counts for each well
were normalized to the mean counts (of replicate wells) for the corresponding condition in
the cell input plate to control for cell proliferation effects that may have occurred between
initiation of transfection and assay seeding.

In vitro proliferation assay—Cells were seeded at 5000 cells/well in 96-well plates. Cell
proliferation was measured using CellTiter-Glo Luminescent Cell Viability Assay (Promega)
following manufacturer’s instructions.

Mouse Experiments—In vivo metastasis assay: We used a xenograft model of
metastasis. 4L cells were first transduced with mCherry/luciferase reporter lentivirus and
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then with ShNTC or FUT8 shA or FUT8 shB lentiviruses. Cells were resuspended in sterile
PBS at a concentration of 2 x 108 cells per 150 pl, aliquoted into Eppendorf tubes (150 pl)
and maintained on ice until injection. Immediately before injection, cell aliquots were mixed
with 150 pul Matrigel (Becton Dickinson). Cell/Matrigel (1:1) suspensions were injected
subcutaneously in the right flank of NOD/Shi-scid/IL-2Rgamma null (NSG) 8-weeks-old
male mice (n=10 for each group). When primary tumors were palpable (7 days), length (1)
and width (w) measurements were made with calipers 2 times weekly until resected. Tumor
volume was calculated using the formula 1t/6 x | x (w2). Primary tumors were resected once
tumor volume reached 500 mm3. IVIS was performed weekly or twice in a week to measure
bioluminescence produced by metastatic cells in the living mice. Briefly, the substrate
luciferin was injected into the intraperitoneal cavity at a dose of 150 mg/kg body weight (30
mg/ml luciferin), approximately 15 min before imaging. Mice were anesthetized with
isoflurane/oxygen and placed on the imaging stage. Ventral and dorsal images were
collected for automatic exposure (10 s to 2 min) using the IVIS (Xenogen Corp., Alameda,
CA). Analysis was performed using Livinglmage software (Xenogen) by measurement of
photon flux (measured in photons/s/cm2/steradian) with a region of interest (ROI) drawn
around the bioluminescence signal to be measured. Data were plotted using GraphPad
PRISM and significance was determined by unpaired t test. After sacrificing mice, ventral
and dorsal macroscopic images of metastasis-bearing lungs and other organs were taken
with a fluorescent dissecting microscope equipped with a color camera. Fluorescent
intensity of macrometastases was quantified by Image J software. Intracardiac inducible
metastasis model: To check the effect of FUT8 modulation of existing metastasis we used a
model based on intracardiac instillation of tumor cells (Morsi et al., 2013). 4L cells were
first transduced with GFP/luciferase reporter lentivirus and then with DOX inducible shSCR
or FUT8 shC lentiviruses. Cells were resuspended in sterile PBS at a concentration of 5 x
10 cells per 150 pl, aliquoted into Eppendorf tubes (150 ul) and maintained on ice until
injection. Female NOD/Shi-scid/IL-2Rgamma null (NSG) 8-weeks-old mice (n=10 for Luc-
shSCR, n=20 for Luc-FUT8 shC) were anesthetized by exposure to isoflurane. On day 0,
anesthetized mice were injected with 5 x 10% 4L cells transduced with Luc-shSCR or Luc-
FUTS8 shC lentiviruses suspended in 150 ul sterile PBS into the left ventricle of the heart
using Visualsonics Vevo 770 Ultrasound Imaging System. A successful intracardiac
injection was indicated on day 1 by images showing systemic bioluminescence distributed
throughout the animal. Only mice with evidence of a satisfactory injection were kept in the
experiment. Once metastasis was established mice within both groups (pTRIPZ/shSCR or
pTRIPZ/FUT8 shC) were subdivided into two groups for +/-DOX feed. Mice were fed
DOX (200 mg/kg weight) containing food. Assessment of metastasis was monitored in vivo
twice a week by imaging and data was analyzed as mentioned earlier.

Lectin fluorescence microscopy—Lectin fluorescence was performed on 4 pm
formalin fixed, paraffin embedded tissue sections using LcH-biotin and UEA-I-FITC lectins
(\ector lab). Dual immunofluorescent staining was run with Ventana Discovery Ultra
autostainer on the protocol platform of RUO DISCOVERY Universal (v0.00.0201) staining
module. The targeted signals were detected using series of lectins in order of FITC tagged
UEA-I (4 pg/slide) followed by Biotin-LcH (5 pg/slide). Biotin-LcH was detected by
Streptavidin, Alexa Fluor® 647 conjugate [(S32357) (Life Technologies) (4 pg/slide)]. Both

Cancer Cell. Author manuscript; available in PMC 2018 June 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Agrawal et al.

Page 18

lectins and secondary antibodies were incubated for 1 hr each. DAPI staining was used to
determine the nuclei morphology. Fluorescent slides were stored in —20°C until imaging.
Stained slides were imaged by Hamamatsu fluorescent slide scanner and images were
extracted using NDPIS software. Lectin fluorescence microscopy for cultured cells was
performed as previously described (Agrawal et al., 2014).

Immunohistochemistry—Unconjugated mouse a-human a-1,6 fucosyltransferase
(FUTS8), clone 2F7H2 (ProteinTech Group, catalog number 66118). Antibody optimization
was performed on formalin-fixed, paraffin embedded cell blocks prepared from 4L cell line
transduced with shNTC or FUT8shA or FUT8 shB lentiviruses and then validated on human
tissue microarrays containing multiple normal and cancerous tissues. We regarded cells
clearly expressing granular (Golgi) cytoplasmic staining as positive consistent with
immunohistochemical results published on the Human Protein Atlas (http://
www.proteinatlas.org/). All paraffin embedded material was sectioned at 4 um.
Chromogenic immunohistochemistry was performed on a Ventana Medical Systems
Discovery XT instrument with online deparaffinization and using Ventana’s reagents and
detection Kits unless otherwise noted. Antigen retrieval was done in Ventana Cell
Conditioner 1 (Tris-Borate-EDTA) for 52 min. Endogenous peroxidase activity was blocked
with 3% hydrogen peroxide for 4 min. Non-specific protein interactions were blocked using
Dulbecco’s phosphate buffered saline (PBS; Life Technologies) with 1% non-fat dry milk,
1% BSA and 0.05% Tween-20 added. FUT8 was diluted 1:200 in Dulbecco’s PBS and
incubated for 6 hr at room temperature. Primary antibody was detected with a-mouse,
horseradish peroxidase conjugated multimer incubated for 8 min. The complex was
visualized with alpha-naphthol pyronin incubated for 8 min. Slide were washed in distilled
water, counterstained with hematoxylin, dehydrated and mounted with permanent media.
Negative controls were incubated with Dulbecco’s PBS instead of primary antibody and did
not show any signal. A blinded pathologist who has experience in melanoma evaluated IHC
staining. Perinuclear granular cytoplasmic staining was considered as FUT8 positive. IHC
score was calculated using staining intensity x percentage of positive cells and three-tiered
system also provided (negative=0, weak=1-50, moderate=51-100 and strong=101-200).

Histopathological analysis—The primary tumors and the lungs were harvested and
fixed in 10% formalin for 48 hr followed by washing with PBS. Then the fixed samples were
transferred in 70% ethanol. The fixed samples were then embedded in paraffin and three
non-sequential serial sections per animal were obtained. The sections were stained with
hematoxylin/eosin and analyzed for the presence of metastases by light microscopy. The
total number of metastases per lung section was counted by a blinded pathologist and
averaged among the animals.

Chromatin immunoprecipitation (ChIP) and ChIP-qPCR—For ChlP, 4L cells were
used for each immunoprecipitation (Di Micco et al., 2014). Five micrograms of TGIF2
antibody (Abcam, ab155948) were used per immunoprecipitation. Next, ChIP gPCR was
performed to validate pull down sample. Primers designed to expand regions of the genome
not anticipated to be pulled down in the ChIP (GAPDH, HPRT1 or FUT8exon 5/8) served
as negative controls. See Supplementary Table S3 for ChIP-qRT-PCR primer sequences.
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Luciferase Reporter Assay—The FUTE promoter was cloned from human genomic
cDNA using Q5 Hotstart Polymerase (New England Biolabs) and inserted into the
pLightSwitch-Prom reporter vector (SwitchGear Genomics) using the forward primer 5-
TTTCAGTTGGAAGGAGGTAGGG-3', and reverse primer 5'-
CCGCTCGGACTCGGA-3". Plasmids were purified using Endo-Free Plasmid Maxi Kit
(Qiagen). HEK 293/T17 cells (1.26 x 10%) were co-transfected with plasmid (250 ng) and
SiRNA (60 nM) using Lipofectamine 2000 and plated in a well of a 96-well plate (100 uL
total volume). After 24 hr, the assay was developed with the LightSwitch Assay Reagent
(SwitchGear Genomics), and luminescence read on a Biotek microplate reader. For each
assay, we calculated the average fold change as a ratio (SiRNA TGIF2)/(siRNA negative
control) for six replicate wells per condition. Data presented represents the average of three
independent assays.

Western Blotting—Cells were lysed in cold RIPA buffer supplemented with protease
inhibitors. Equal amounts of protein were resolved by 4-12% Bis-Tris/PAGE, transferred
onto PVDF membranes, and blocked in buffer [5% (wt/vol) milk, TBST (TBS, pH 7.4,
0.05% Tween-20), 1 hr, room temperature]. Primary antibodies were diluted in blocking
buffer, as follows: FUT8 (1:1,000; Proteintech, 66118), LLCAM, also referred as LICAM
Ab1 (1:5,000; Abcam, ab20148), LICAM Ab2 (1:2000; Abcam, ab208155), LLCAM Ab3
(1:2000, Abcam, ab24345), GAPDH (1:5,000; Abcam, ab8245); NRP2 (1:5,000; Santa
Cruz, sc13117), LAMBL1 (1:1000; Abcam, ab44941), Integrin beta 1 (1:2000; Abcam,
ab52971), ADAM10 (1:1000; Abcam, ab1997), a-Tubulin (1:5000; Sigma, T9026).
Secondary antibodies were a-mouse or a-rabbit-HRP (1:5,000; Bio-Rad). Blots were
developed by using Clarity™ Western ECL Blotting Substrate (BioRad) and imaged in
LICOR Odyssey Fc imaging system.

LcH chromatography—For lectin enrichment assays, FUT8 siRNA or non-targeting
control siRNA transfected cells were lysed with lysis buffer containing 1% Nonidet P-40.
1000 pg of lysate was mixed with 100 pl of biotinylated LcH lectin and volume made up to
1000 pl with PBS containing 1 mM MnCly, 1 mM MgCl,, and 1 mM CaCl, and incubated
with rotation at 4°C overnight. Then, 60 pl of a 1:1 suspension of agarose-coupled
streptavidin was added, and incubation was continued for 4 hr. The beads were washed five
times with PBST (Tween, 0.05%) buffer and subsequently extracted with SDS-PAGE sample
buffer at 95°C for 5 min. The samples were separated by 4-12% Bis-Tris/PAGE and
subjected to immunoblotting with a-L1CAM, a-NRP2, a-LAMBI, a-Integrin B1 and a-
ADAM10 antibodies.

Immunoprecipitation—L1CAM and NRP2 immunoprecipitation was performed using
protein G Immunoprecipitation (Roche) according to the manufacturer’s protocol. Briefly,
4L, WM3248 or MeWo cells were transfected with 50 nM FUT8 siRNA or non-targeting
control siRNA per 10 cm plate. 72 hr post-transfection, cells were lysed (lysis buffer: 50
mM Tris, 150 mM NaCl, 2 mM EDTA, protease inhibitor cocktail (Complete Mini, Roche),
0.5% Triton X-100) and incubated 1 hr on ice. Cell lysate was centrifuged 30 min at 4°C,
and an aliquot of the supernatant was kept aside on ice (“input™). 1000 pg of cell lysate was
incubated with 5 pg of primary antibody per IP at 4°C with mild shaking for overnight. The
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following antibodies were used for IP: LLCAM/L1CAM abl (Abcam, ab20148) and NRP2
(Santa Cruz, sc13117). Next day protein G-agarose beads were loaded for 4 hr at room
temperature and washed according to the manufacturer’s protocol. Beads were resuspended
in SDS sample buffer, boiled 5 min, and loaded onto a 4-12% acrylamide gel. Treatment
with PNGase F (NEB) was performed as described by manufacturer. For lectin blotting,
samples were resolved by SDS-PAGE and transferred to PVDF membranes. The membranes
were blocked in blocking buffer [5% (wt/vol) BSA, TBST (TBS, pH 7.4, 0.05% Tween-20),
1 hr, room temperature], washed three times with TBST, and incubated with biotinylated
LcH lectin (5 pg/ml) in TBST at 4°C overnight. The blots were incubated with HRP-
conjugated streptavidin (0.2 pg/ml) at room temperature for 1 hr and then developed with
chemiluminescence detection.

Mass spectrometry—The lectin affinity enriched samples were suspended in 30 pl of
PBS and reduced with 20 mM DTT at 57°C for 1 hr and alkylated with 50 mM
iodoacetamide at room temperature in the dark for 45 min. Immediately after alkylation the
samples were digested using 100 ng of sequencing grade-modified trypsin (Promega). The
digestion proceeded overnight at room temperature with gentle agitation.

Peptide extraction was performed, as described (Cristea et al., 2005), by adding a slurry of
R2 20 um Poros beads (Life Technologies Corporation) in 30 pl of 5% formic acid and 0.2%
trifluoroacetic acid (TFA) to each sample. Samples were incubated with agitation at 4°C for
4 hr. The beads were loaded onto equilibrated C18 Ziptips (Millipore) using a
microcentrifuge for 30 s at 6000 rpm. The sample vials were rinsed three times with 0.1%
TFA and each rinse was added to the corresponding ziptip followed by microcentrifugation.
Extracted poros beads were further rinsed with 0.5% acetic acid. Peptides were eluted by
addition of 40% acetonitrile in 0.5% acetic acid followed by the addition of 80% acetonitrile
in 0.5% acetic acid. The organic solvent was removed using a SpeedVac concentrator and
the samples were reconstituted in 0.5% acetic acid.

An aliquot of each sample was loaded onto an EASY spray 50 cm C18 analytical HPLC
column with <2 um bead size equilibrated in solvent A (2% acetonitrile, 0.5% acetic acid)
using the auto sampler of an EASY-nLC 1000 HPLC (ThermoFisher). The peptides were
gradient eluted directly into a Q Exactive Orbitrap mass spectrometer (Thermo Scientific)
using a 1 hr gradient from 2% to 31% solvent B (90% acetonitrile, 0.5% acetic acid),
followed by 10 min from 31% to 40% solvent B and 10 min from 40% to 100% solvent B.
The Q Exactive Orbitrap mass spectrometer acquired high resolution full MS spectra with a
resolution of 70,000, an AGC target of 1e6, with a maximum ion time of 120 ms, and a scan
range of 400 to 1500 m/z. Following each full MS twenty data dependent MS/MS spectra
were acquired using the following instrument parameters: resolution of 17,500, AGC target
of 5e4, maximum ion time of 120 ms, one microscan, 2 m/z isolation window, fixed first
mass of 150 m/z, normalized collision energy (NCE) of 27 and dynamic exclusion of 30 s.
The raw data was searched against the Uniprot Human database (downloaded on May 12,
2016) using SEQUEST within Proteome Discoverer 1.4 (ThermoFisher) allowing
carbamidomethylation of cysteine as a fixed modification and oxidation of methionine,
deamidation of glutamine and asparagine as variable modifications. The results were filtered
for <1% False Discovery Rate (FDR) searched against a decoy database and proteins with
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less than two unique peptides were excluded. The raw data of the 4L cell line sample was
also searched using the Byonic search algorithm to identify glycosylated peptides (Bern et
al., 2012). The search was performed against a focused protein database created from the
proteins identified in the 4L sample enabling glycopeptide identifications using the known
human A-glycan database incorporated in the Byonic software suite. The Byonic output was
filtered using a peptide score of > 300 and identified glycopeptides manually verified.

PSM filtering and Enrichment Analysis—Following liquid chromatography-mass
spectrometry (LC-MS) analysis of samples, a custom python script (provided) was used to
parse the Sequest output to generate gene name information to form a useable matrix for
enrichment analysis using the R project for statistical computing (provided). Since PSM
values represent a qualitative measure of protein enrichment but depend on the sample
matrix (as noted before), we determined that location from the median would give us insight
into protein enrichment for downstream analysis. The Right Skewed distributions contained
471 overlapping proteins (complete cases) from a total of 1100 identified. Since sample
medians are heavily influenced by lower PSM values in Right Skewed distributions,
univariate analysis was performed from a matrix of the overlapping proteins by looking for
common protein enrichment from the median within each. Downstream ontological analysis
was performed following accumulation of the enriched overlapping proteins between the
samples from the individual lists (Huang da et al., 2009). These lists were filtered for
contaminant proteins such as association with ribosomal function using a custom python
script (provided) that parsed the description of the protein for removal before GO analysis.
These lists were also filtered for other cytoplasmic and non-glycosylated proteins such as
tubulins and heat shock proteins.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed with GraphPad Prism (GraphPad Software, Inc.) Data are
presented as the mean + SD. Significance was determined using an unpaired/paired t test.
Statistical details of experiments can be found in the figure legends also. In mouse
experiments, n represents number of mice utilized in each treatment group.

DATA AND SOFTWARE AVAILABILITY

Data resources—Lectin microarray data of melanoma FFPE primary and metastatic
samples is available at https://www.synapse.org/#!Synapse:syn9748084/files/

Custom scripts of mass spectrometry data analysis are available at https://github.com/
FenyoLab/Fucosylated_Melanoma/

Following melanoma GEO datasets were used for gene expression analysis GSE8401 (Xu et
al., 2008), GSE15605 (Raskin et al., 2013), GSE46517 (Kabbarah et al., 2010), GSE7553
(Riker et al., 2008). mRNA expression (normalized RNAseq results) of Skin Cutaneous
Melanoma (SKCM) cases were obtained from the Cancer Genome Atlas (TCGA) Data
Portal (http://tcga-data.nci.nih.gov). DNA methylation data from Illumina 450K human
methylation arrays available for melanoma patients was collected from TCGA HM450K
level 3. Median @ value for each sample was calculated for the specified CpG dinucleotides
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included in the Illumina 450K Human Methylation array. p value methylation score ranges
from 0 (lack of methylation) to 1 (complete methylation).

Software—We used MatInspector software (Cartharius et al., 2005) and ChIP Enrichment
Analysis (ChEA) database (Lachmann et al., 2010) to predict transcription factors bind to
FUT8 promoter.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
Primary and metastatic melanoma display distinct core and a-1,2 fucosylation
FUT8 promotes melanoma metastasis
FUT8is transcriptionally controlled by TGIF2

FUT8-mediated core fucosylation alters LLCAM proteolytic cleavage and cell
invasion
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SIGNIFICANCE

Our work, which is a systematic attempt to identify key glycosylation changes associated
with metastasis in melanoma patient samples and map them onto enzymes, revealed the
fucosyltransferase FUT8 as an anti-tumor target for the prevention and treatment of
metastases. Using multiple state-of the-art complementary approaches, we characterized
the role of FUT8 in melanoma metastasis, cementing core fucosylation as a critical agent
in adaptation of cancer cells to a new host environment, such as the metastatic site, and
identifying specific target proteins whose aberrant core fucosylation confers aggressive
behavior to melanoma cells.
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Figure 1. Systematic dissection of the melanoma glycome and associated glycogenes in clinical
samples reveals altered protein fucosylation linked to metastatic behavior

(A) Schematic illustration of our systems biology approach to identify glycosylation
enzymes involved in melanoma metastasis and their corresponding targets. (B) Heat map of
lectin clustering of patient-matched primary and metastatic (MET) melanoma FFPE tissues
(n=17 pairs) by ratiometric lectin microarray, p<0.05. Pink, log2(S/R) > log2(Smedian/
Rmedian); blue, log2(Smedian/Rmedian) > log2(S/R). (C) Correlation of lectin data with
glycogene expression. Fold change in selected lectin binding in melanoma metastasis vs.
primary tissues using lectin microarray is shown. Fold change in expression of
corresponding glycogenes is also shown, p<0.05. (D) Trans-well invasion assay on
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SkMel147 and WM3211 cells transfected with non-targeting control (NTC) or smart pool
siRNAs (50 nM) against selected glycogenes (mean + SD of 3 replicates), p<0.05. (E) M-
linked a-1,6 core fucosylated glycan structure generated by FUT8 and recognized by LcH
and PSA lectins. (F) a-1,2 terminal fucosylated glycan structure generated by FUT1 and
FUT2 and recognized by UEA-I, TIA-Il and SNA-II lectins. (G) Representative images of
LcH and UEA-I lectin multiplex fluorescence microscopy of primary and metastatic
melanomas (n=18 for LcH, n=19 for UEA-I). Biotinylated LcH- DY-647-Streptavidin (red),
FITC-UEA-I (green) and DAPI stained sections, scale bar, 100 um. Dot plots represent the
average fluorescence intensity of 5 fields per image for each lectin. (H) Representative
images of IHC staining with a-FUT8 antibody in 17 paired primary and metastatic
melanoma show peri-nuclear staining pattern (FastRed counterstaining). IHC score was
calculated combining the signal intensity and percentage of positive cells within the section.
Dot plot shows distribution of FUT8 IHC score in primary and metastatic melanoma, scale
bar, 10 um. Two-tailed paired (B and H), and unpaired (C, D and G) t test. *p=0.01 to 0.05,
**p=0.001 to 0.01. See also Figure S1.
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Figure 2. FUT8 silencing reduces melanoma cells invasiveness in vitro
(A-B) FUT8 levels in 4L and SkMel147 cells stably expressing shRNA targeting FUT8

(FUT8 shA or FUT8 shB) or shNTC were assessed by real-time qPCR (A) and Western
blotting (B). QPCR graph shows average relative expression normalized to GAPDH, 3
replicates per condition. QPCR data and Western blot images are representative of three
independent experiments. (C) LcH fluorescence microscopy of 4L and SkMel147 cells
transduced with FUT8 shA or FUT8 shB or shNTC. Right panel shows quantitation of
fluorescent intensity of representative images. Data from 5 random areas of 2 biological
replicates were averaged to generate graphs, scale bar, 100 um. (D) Cell proliferation assay
of 4L and SkMel147 cells transduced with FUT8 shA or FUT8 shB or shNTC and analyzed
by Cell Titer Glo, 3 replicates per condition. Data shown is representative of two
independent experiments. (E) Trans-well matrigel invasion by 4L and SkMel147 cells
transduced with FUT8 shA or FUT8 shB or shNTC. Invading cells were quantified by
counting the number of 4L and SkMel147 cells that invaded into the basal side of matrigel-
coated trans-well inserts after 36 hr and 12 hr respectively, n=>5 fields per replicate; 3
replicates per condition, data shown is representative of three independent experiments.
Scale bar, 100 um. *p=0.01 to 0.05. Data are presented as mean + SD. Two-tailed unpaired t
test. See also Figure S2.
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Figure 3. FUT8 silencing decreases in vivo melanoma metastasis
(A) Schematic representation of the in vivo xenograft experiment. (B) Primary tumor growth

of 4L cells transduced with FUT8 shA, FUT8 shB or shNTC following subcutaneous
injection into NSG mice (n=9 mice per condition; ns: not significant). Data is presented as
mean £ SD. (C) Real-time gPCR of FUT8expression in flank tumors resected at day 25
post-injection. Data shown is representative of flank tumors from 2 mice, mean + SD. (D)
Representative images of whole-body in vivo BLI of mice injected with 4L cells transduced
with FUT8 shA, FUT8 shB or shNTC at day 42 post-injection (17 days post-resection of
lateral tumors). (E) Average radiance as measured by in vivo BLI at 27, 35 and 42 days post-
injection of flank tumors (n=9 mice per condition). (F) Quantitation of BLI at day 42 (n=9).
(G) Ex vivo brightfield (BF) and fluorescent (RFP) microscopic images of mouse lungs at
termination of the experiment and corresponding H&E-stained sections, scale bar, 100 pm.
White dotted ovals mark whole organ. (H) Average fluorescent intensity of macrometastases
per lung. Fluorescence intensity of whole lung was measured (n=9/group). (1) Dot plots
show the distribution of the number of metastases per section of lung (2 sections per lung).
Two-tailed unpaired t test. *p=0.01 to 0.05 and **p=0.001 to 0.01. See also Figure S3.
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Figure 4. FUTS8 silencing impairs the growth of established metastasis in vivo
(A) Real-time qPCR and Western blot of FUT8 levels in 4L melanoma cells stably

transduced with DOX inducible pTRIPZ-shSCR or pTRIPZ-FUT8 shC. QPCR graph shows
average relative expression normalized to GAPDH, 3 replicates per condition. Data shown is
representative of three independent experiments. (B) Cell proliferation assay of FUT8 shC or
shSCR-transduced 4L cells in the presence (1 pug/ml) or absence of DOX. Cell growth was
analyzed by Cell Titer Glo, 3 replicates per condition. Data shown is representative of two
independent experiments. (C) Number of FUT8 shC or shSCR-transduced 4L cells that
invaded into the basal side of matrigel-coated trans-well inserts after 36 hr. n=5 fields per
replicate; 3 replicates per condition. Data shown is representative of three independent
experiments. (D) Schematic representation of the in vivo metastasis assay with 4L
melanoma cells stably transduced with DOX inducible pTRIPZ-shSCR or pTRIPZ-FUT8
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shC instilled by intracardiac injection into NSG mice (n=4 mice per group in —-DOX and +
DOX shSCR, n=9 mice per group in —-DOX and + DOX FUT8 shC). (E) Representative
images of whole-body in vivo imaging 12 days post DOX treatment. (F) Average radiance
after intracardiac injection of 4L cells followed over time. DOX treatment was started 16
days post injection. (G) Ex vivo fluorescent microscopic images of mouse liver, kidney and
brain metastases at termination of the experiment. White dotted ovals mark organs. (H)
Histogram shows the percentage of mice that developed brain or kidney metastases in each
group of mice. Data are presented as mean = SD in A, B and C. Two-tailed unpaired t test.
*p=0.01 to 0.05, ns: not significant.
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Figure 5. TGIF2 regulates FUT8 transcription
Real-time gPCR of FUT8 MRNA levels after silencing of candidate transcription factors in

4L (A) and SkMel147 (B) cell lines. QPCR graph shows average relative expression
normalized to GAPDH, 3 replicates per condition. Data shown is representative of two
independent experiments. (C) Silencing of TGIF2 decreases FUT8, as shown by Western

blot. (D) LcH fluorescence microscopy of 4L cells transfected with NTC or TGIF2 siRNA
(50 nM). Lower panel shows quantitation of fluorescent intensity of representative images.
Data from 5 random images of 2 biological replicates were averaged to generate graphs,
scale bar, 100 um. (E) Trans-well matrigel invasion assay on 4L cells transfected with NTC
or TGIF2 siRNA, scale bar, 100 um. n=5 fields per replicate; 3 replicates per condition. Data
shown is representative of three independent experiments. (F) Schematic of the FUTE
promoter indicating the MatlInspector-predicted binding site of TGIF2, the regions flanked
by ChIP qPCR primers (Exon 1A, 1B and 1C) and the transcription start site. (G) TGIF2
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ChIP gPCR of the FUT8 promoter at the indicated A, B and C regions in 4L cells. 1gG,
immunoglobulin. GAPDH, HPRT1, FUT8exon 5 and FUT8exon 8 served as negative
controls for ChIP gPCR (mean £ SD of 3 replicates). (H) Promoter luciferase reporter assay
to show pLS-FUTS8 activity. Activity of the human FU78 promoter was examined by co-
transfection of the luciferase reporter construct pLS-FUT8 (100 ng) containing a 1000 bp
long region of the human FUT8 promoter with NTC or TGIF2 siRNA (50 nM) in HEK293T
cells. Relative luciferase activities were measured 24 hr after transfection (mean + SD of 3
replicates). (1) Scatter plot shows positive co-relation of 7G/F2and FUT8 mRNA levels in a
melanoma dataset, r= 0.57, p<0.0001 (Riker et al., 2008). Data are presented as mean + SD
in A, B, D and E. Two-tailed unpaired t test, *p=0.01 to 0.05 and **p=0.001 to 0.01. See
also Figure S4.
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Figure 6. Identification of core fucosylated glycoproteins in melanoma reveals regulators of
invasion and metastasis

(A) Schematic illustration of the experimental approach showing affinity enrichment of core
fucosylated proteins by LcH lectin affinity chromatography. (B) Number of proteins
identified by mass spectrometry analysis of the LcH enriched fractions of 4L, SkMel147 and
MeWo membrane proteins. (C) GO enrichment analysis (category of biological processes)
of common core-fucosylated proteins in three cell lines. Also see Table S2. (D) LcH affinity
chromatography of whole cell lysate of 4L cells transfected with NTC or FUT8 siRNA
followed by Western blot with a-L1CAM or a-NRP2 antibody. Input shows no effect of
FUT8 knockdown on LICAM or NRP2 expression. (E) LICAM and NRP2
immunoprecipitation from whole cell lysates of 4L cells transfected with NTC or FUT8
SiRNA. Anti-L1CAM or anti NRP2 immunoprecipitates were treated with or without
PNGase F and blotted with biotinylated LcH or a-L1CAM Abl (also referred as a.-
L1CAM) or a-L1CAM Ab2 or a-NRP2. LICAM Abl preferentially recognizes
glycosylated LICAM while Ab2 preferentially recognizes non-glycosylated LICAM.
Experiments in D and E were performed in triplicates and representative images are shown.
See also Figure Sb.
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Figure 7. LLCAM is a mediator of the pro-invasive effects of FUT8
(A) Western blot of LLCAM or FUT8 in WM3248 cells stably overexpressing LLCAM or

control vector and transfected with NTC or FUT8 siRNA. LICAM IP on WM3248 cells
lysates stably overexpressing LICAM or control vector and transfected with NTC or FUT8
siRNA. Anti-L1CAM immunoprecipitates were blotted with biotinylated LcH or a-L1CAM
Abl. (B) Trans-well matrigel invasion assay on WM3248 melanoma cells stably
overexpressing LLICAM or control vector and transfected with NTC or FUT8 siRNA. n=5
fields per replicate; 5 replicates per condition. Data shown is representative of three
independent experiments. (C) Trans-well matrigel invasion by MeWo melanoma cells stably
overexpressing FUT8 or control vector, scale bar, 100 pm. Western blot of FUT8 is also
shown. n=5 fields per replicate; 5 replicates per condition. Data shown is representative of
three independent experiments. (D) LLCAM IP on whole cell lysates of MeWo cells stably
overexpressing FUT8 or control vector. Anti-L1CAM immunoprecipitates blotted with
biotinylated LcH or a-L1CAM Abl. (E) Western blot of FUT8 and LLCAM in MeWo cells
stably overexpressing FUT8 or control vector and transfected with NTC or LICAM siRNA.
(F) Trans-well matrigel invasion by MeWo melanoma cells stably overexpressing FUT8 or
control vector and transfected with NTC, LLCAM or FUT8 siRNA. n=5 fields per replicate;
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5 replicates per condition. Data shown is representative of three independent experiments.
(G) Western blot of LLCAM in MeWo cell line overexpressing FUT8 or control vector, and
transfected with NTC or LICAM siRNA. Samples were blotted with a-L1CAM Abl. (H)
Western blot of cleaved and full length LLCAM on SkMel147 cells transfected with NTC or
FUTB8 siRNA and treated with a2-antiplasmin. Cells were transfected with siRNAs for 48 hr
then incubated with a2-antiplasmin (5 pg/ml) for 16 hr. LICAM Ab3 preferentially
recognizes cleaved LLCAM fragment while LLCAM Ab1 preferentially recognizes full
length LLCAM. (1) Quantitation of cleaved LLCAM (~85 kDa) using ImageStudioL.ite
software. Tubulin was used for normalization of loading (mean = SD of 3 replicates). (J)
Western blot of cleaved and full length LILCAM on lysates from MeWo cells stably
overexpressing FUT8 or control vector and treated with plasmin. Cells were cultured for 24
hr then incubated with plasmin (3 pg/ml) for 24 hr. (K) Quantitation of cleaved LICAM.
Tubulin was used for normalization of loading (mean + SD of 3 replicates). All experiments
were performed in triplicates and representative images are shown. Data are presented as
mean + SD. Two-tailed unpaired t test. *p=0.01 to 0.05, **p=0.001 to 0.01 and ***
p=0.0001 to 0.001, ns: not significant. See also Figure S6.
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