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Abstract

Plexins are transmembrane high-affinity receptors for semaphorins, regulating cell guidance,
motility and invasion. Functional evidences implicate semaphorin signals in cancer progression
and metastasis. Yet, it is largely unknown whether plexin genes are genetically altered in human
tumors. We performed a comprehensive gene copy analysis and mutational profiling of all nine
members of the plexin gene family (plexinome), in melanomas and pancreatic ductal
adenocarcinomas (PDACs), which are characterized by high metastatic potential and poor
prognosis. Gene copy analysis detected amplification of PLXNA4 in melanomas, while copy
number losses of multiple plexin genes were seen in PDACs. Somatic mutations were detected in
PLXNA4, PLXNB3 and PLXNC1; providing the first evidence that these plexins are mutated in
human cancer. Functional assays in cellular models revealed that some of these missense
mutations result in loss of plexin function. For instance, ¢.1613G>A, p.R538H mutation in the
extracellular domain of PLXNB3 prevented binding of the ligand Sema5A. Moreover, while
PLXNAA4 signaling can inhibit tumor cell migration, the mutated ¢.5206C>T, p.H1736Y allele had
lost this activity. Our study is the first systematic analysis of the “plexinome” in human tumors,
and indicates that multiple mutated plexins may be involved in cancer progression.
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INTRODUCTION

Plexins are a family of transmembrane receptors (Tamagnone and Comoglio, 2000),
consisting of nine members, divided into four subfamilies, A thru D (PLXNAL, A2, A3, A4;
B1, B2, B3; C1; D1). In the human genome, the corresponding genes are located on
chromosomes 1 (PLXNA2), 3 (PLXNs Al, B1, and D1), 7 (PLXNA4), 12 (PLXNC1), 22
(PLXNB2), and X (PLXNs A3 and B3) (see Supp. Table S1). Plexins are a part of the
semaphorin gene superfamily, which includes the semaphorins and the receptor tyrosine
kinases MET and RON. We have previously shown that plexins function as high-affinity
receptors for semaphorins, either alone or in complex with the neuropilins (Tamagnone et
al., 1999). Semaphorins are a large family of molecular signals controlling cell migration,
axon guidance and the immune response (for a recent review, see (Zhou et al., 2008)).

Several studies show the involvement of semaphorins and neuropilins in cancer, either as
putative onco-suppressor genes or as mediators of tumor invasion and metastasis (Tomizawa
et al., 2001; Bielenberg et al., 2004; Christensen et al., 2005; Basile et al., 2006; Catalano et
al., 2006; for a review, see Neufeld and Kessler, 2008). An additional link between plexins
and human tumors is provided by their ability to associate and functionally activate tyrosine
kinase receptors, such as MET, RON, HER2, and KDR (Giordano et al., 2002; Conrotto et
al., 2004; Toyofuku et al., 2004; Swiercz et al., 2008). These data suggest that plexins might
play a role in the invasive and metastatic potential of cancer cells. Scattered reports have
described the expression of individual plexins in human tumors (Rieger et al., 2003;
Roodink et al., 2005; Rody et al., 2007; Wong et al., 2007). On the other hand, whether and
to what extent plexin genes may be genetically altered in cancer has been analyzed in few
studies, limited to selected family members or tumour types (Wong et al., 2007; Jones et al.,
2008). The availability of a reference human genome sequence coupled with advances in
high-throughput DNA analysis has recently opened up new strategies for cancer gene
identification. Thence, we have previously used post-genomic approaches to systematically
analyze entire gene families in human cancer (Bardelli et al., 2003). Here we undertook a
comprehensive genomic analysis of the plexin gene family (which we define as
“plexinome™) in two cancer types — melanoma and pancreatic ductal adenocarcinomas
(PDAC) - displaying high invasive metastatic potential. Metastatic melanoma has a poor
prognosis with a median survival of 6-9 months (Balch et al., 2001). PDACs have a
propensity for early metastasis and are highly aggressive and resistant to conventional and
targeted therapeutic agents, resulting in a dismal 5-year survival rate of 3-5% (Hezel et al.,
2006). Using a systematic genetic profiling approach, we detected gene copy number
variations and somatic mutations in plexin genes in melanoma and PDACs. We
experimentally verified that a subset of the missense mutations described here result in loss
of plexin functions. Our study is the first comprehensive molecular profile of the human
plexin gene family in cancer and provides evidence of the involvement of different plexins
in melanoma and pancreatic cancers.

MATERIALS AND METHODS

Samples and Cell Lines

Twenty-four human melanoma tumors and matched normals (Supp. Table S2) were
obtained from the tumor bank maintained by Department of Experimental Oncology, Istituto
Nazionale Tumori, Milan, Italy. Twelve human PDAC samples and respective normals
(Supp. Table S2) were obtained from the Department of Pathology, Section of Anatomic
Pathology, University of Verona, Italy. Genomic DNA was isolated as previously described
(Miller et al., 1988; Balakrishnan et al., 2007). For PLXNA4 copy number analysis, we also
analyzed a panel of tumor cell lines from ATCC and our batches (Supp. Table S3), as well
as 34 lung primary tumors (from our tumor bank). DNA of glioblastoma multiforme
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samples was obtained from the Departments of Neurosurgery and Neuropathology at the
Academic Medical Center (Amsterdam, The Netherlands). DNA of breast, lung and prostate
carcinomas was obtained from the Clinical Research Center, Center of Excellence on Aging
at the University-Foundation (Chieti, Italy). Matching of tumor samples containing
mutations with their respective normals was verified by direct sequencing of 25 single
nucleotide polymorphism (SNP) at 23 loci (data not shown).

Exon-specific PCR and sequencing primers were designed using Primer 3
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi/) and synthesized by
Invitrogen™, Life Technologies, Inc., Paisley, England) (Supp. Table S4). PCR primers
were designed to amplify exons and the flanking intronic sequences (including splicing
donor and acceptor regions). PCR amplicons were designed to be approximately 400 bp in
length, with multiple overlapping amplimers for larger exons. The procedure to amplify
individual exons and to detect somatic mutations by sequencing has been previously
reported by our group (Balakrishnan et al., 2007). To warrant reliable and reproducible
results, we analyzed in each reaction 10 ng of genomic DNA (in a 10 pl reaction). Lower
amounts of DNA derived from dissection of paraffin-embedded samples of prostate
carcinoma (2-5 ng per reaction) were also subjected to direct sequencing, resulting in
detection of artefactual mutations, which were not confirmed when performing the reaction
with higher DNA inputs. As a threshold for sequence quality control, the phred value of 22
was used throughout the study. The reference database for gene information, primary DNA
sequences and reported SNPs was Ensembl (http://www.ensembl.org). The position of
nucleotide mutations corresponds to that in the coding sequence of each gene, where
position 1 is the A of ATG initiation codon. The GenBank reference sequence and version
number for the genes studied are: PLXNAL (NM_032242.2), PLXNA2 (NM_025179.3),
PLXNA3 (NM_017514.3), PLXNA4 (NM_020911.1), PLXNB1 (NM_002673.3), PLXNB2
(NM_012401.2), PLXNB3 (NM_005393.1), PLXNC1 (NM_005761.1) and PLXND1
(NM_015103.2).

Copy number analysis

Quantitative real-time TagMan PCR was performed to determine copy number of all the
plexins in melanoma and PDAC tumors (details provided in Supp. Methods). The average
plexin copy number was calculated from the differences in the threshold amplification
cycles between PLXN and RNaseP. The diploid retinal pigmental epithelial cell line (RPE)
was used as a normal control.

Molecular threading and structure predictions

The PSIPRED server (http://bioinf.cs.ucl.ac.uk/psipred/) was used to carry out structure
based sequence alignments (nGenTHREADER). The potential impact of amino acid
mutations was evaluated in the corresponding positions of the homologous protein structures
identified from the PDB protein structure database (http://www.pdb.org/).

Ectopic expression in mammalian cells and Functional assays

cDNAs encoding human plexins were modified by site directed mutagenesis (Quickchange
Il XL kit, Stratagene) to introduce the nucleotide mutations identified in human tumors
(further details in Supp. Methods). Ectopic expression of wild type or mutated plexins in
COS and MDA-MBA435 cells was achieved by DNA transfection. Semaphorin binding,
cellular collapse and cell migration assays were performed as previously described
(Tamagnone et al., 1999; Artigiani et al., 2004; Barberis et al., 2004); see Supp. Methods for
details.
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Gene Copy Number analysis of the Plexinome in human tumors

Oncogene activation in cancer is often a consequence of gene amplification, while
inactivation of tumor suppressor genes is frequently due to either hemizygous deletion
associated with mutation, or homozygous deletion. Thus, the identification of changes in
gene copy number is a powerful tool for cancer genes discovery. In this study, we
determined gene copy numbers of the entire plexin gene family (Supp. Table S1) in a panel
of 24 melanomas and 12 PDAC samples for which the corresponding matched normals and
clinical information were available (Supp. Table S2). For most genes minor or moderate
copy number alterations were observed both in melanoma and in PDACs (Figure 1, A-C,
and additional melanoma data in Supp. Figure S1). PLXNB1 and PLXNC1 displayed a
general tendency towards gene copy losses, both in melanomas and PDACSs. Due to the
unavailability of appropriate sample material we were unable to perform FISH analysis to
confirm copy number changes. The most striking observation was a many fold increase of
PLXNA4 copy numbers in several melanoma samples (Figure 1, A and Supp. Figure S1).
Thirteen of the 26 melanomas analyzed showed significant gains, and three had borderline
gain values at this locus. PLXNA4 gene copy numbers gains varied from two to more than
11 folds. Interestingly, none of the melanomas showed PLXNA4 gene copies lower than
normal, while this was often seen in PDACSs. To determine whether PLXNA4 copy number
may be significantly altered in other tumor types, an assorted panel of 75 tumor samples and
cell lines was additionally analysed. Results indicated that lung primary tumors in addition
to melanomas have increased PLXNA4 copy number (data not shown).

In order to determine the outermost limits of the PLXNA4 containing amplicon observed in
melanomas, the genomic DNAS were subjected to further analysis. In particular, we focused
on PTPRZ1 and TRPV5, two genes located 10Mb upstream and 10Mb downstream of
PLXNA4 locus, respectively. The BRAF oncogene, which is known to be frequently mutated
in melanomas and is located about 8Mb downstream of the PLXNA4 locus, was also
included in the analysis. Copy numbers of the PTPRZ1, PLXNA4, BRAF and TRPV5 genes
were determined in the same samples in which we found PLXNA4 amplification (Supp.
Figure S2). Copy numbers of PLXNA4 and TRPV5 varied concordantly in all the different
samples. However, we noticed that alterations of PLXNA4 copy numbers did not always
correlate with those of PTPRZ1, indicating that the latter may lie outside the limits of the
amplicon. On this basis, it may be speculated that the implicated amplicon on 7q starts
between PTPRZ1 and PLXNA4 and extends beyond TRPV5. Amplification of the BRAF
gene was also often observed in melanomas samples.

Sequence analysis of the Plexinome in human PDAC and melanoma

The mutational status of the plexin gene family in melanoma and PDAC is presently
unknown. We performed a systematic mutational profiling of the whole plexin gene family
in the same panel of melanomas and PDAC samples subjected to gene copy number
analysis. Exon specific primers were designed to amplify and sequence the entire coding
region, and at least 15 intronic bases at both the 5” and 3’ ends, including the splicing donor
and acceptor sites (Supp. Table S4). Of the 269 exons amplified, 93% could be successfully
sequenced.

A total of 11448 PCR products, spanning 5.09 Mb of tumour genomic DNA, were
generated, of which 4.36 Mb were subjected to direct sequencing. Sequence data for each
amplicon was evaluated for quality within the target region. Over 2300 nucleotide changes
were identified during the initial screening. These included both synonymous (silent) and
non-synonymous alterations, leading to amino acid changes. Changes previously reported as
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SNPs in public databases (see Footnote 1) were excluded from further analysis. To rule out
PCR or sequencing artefacts, amplicons were independently re-amplified and resequenced in
the corresponding tumors. All verified changes were re-sequenced in parallel with their
matched normal DNA to distinguish between somatic mutations and SNPs not previously
described. This led to the identification of seven novel somatic mutations in three plexins:
six of them led to amino acid substitutions in the coding sequence (Table 1), while one was
found in an intron-exon boundary sequence containing a splice donor site. Three missense
somatic mutations were found in PLXNA4 in melanoma samples (¢.5206C>T, p.H1736Y,
shown in Figure 2; and ¢.1920G>C, p.K640N; ¢.3460G>A, p.E1154K, shown in Supp.
Figure S3). A missense mutation was found in PLXNB3 (c.1613G>A, p.R538H, see Figure
2) and two missense mutations were found in PLXNC1 (c.1475A>T, p.N492I and c.
2554G>A, p.E852K, Supp. Figure S4, A and B) in three different PDAC samples. A
PLXNC1 mutation was furthermore detected in the intronic sequence following exon 2 in
one melanoma sample (IVS2+1G>T, Supp. Figure S4, C). In silico analysis (with splice site
predictor programs such as NNSPLICE 0.9 (http://www.fruitfly.org/seq_tools/splice.html))
revealed that this genetic alteration may affect mRNA splicing by loss of a potential donor
site. All seven mutations were ruled out as previously reported changes or as SNPs (Riva
and Kohane, 2004; and Footnote 1) and confirmed as being somatic by sequencing the
matched normal genomic DNA.

Mutational analysis of PLXNB1 in solid tumors

Wong et al. have recently reported that the intracellular domain of PLXNB1 is mutated at
very high frequency (89%) in prostate cancers (Wong et al., 2007), indicating that this gene
may play a major role in the progression of this cancer lineage. According to our results and
those of Jones’ (Jones et al., 2008), PLXNBL1 is not frequently mutated in melanoma and
PDAC. When considered with the data of Wong and colleagues this suggests that the
mutational profile of PLXNB1 may be tumor specific. To test this hypothesis we sequenced
exons 23 and 27 of PLXNB1 (where most mutations had been detected) in a panel of
common solid tumors including 15 primary prostate, 83 lung and 120 breast carcinomas and
120 glioblastoma multiforme samples. None of these displayed nucleotide changes in
PLXNB1. The discrepancy between our results and those reported by Wong in primary
prostate tumors is highly significant (Fisher’s exact test, p-value < 0.001). In an attempt to
explain this inconsistency, we noted that 99% (79/80) of the changes reported by Wong
were C>T/G>A or A>G/T>C and that multiple mutations of PLXNB1 were found in the
same samples. Previous work has demonstrated that PCR errors due to deamination of
cytosine or adenine occur frequently in low concentrated DNA, especially with DNA
extracted from paraffin embedded tissue (Marchetti et al, 2006; Hofreiter et al., 2001;
Akbari et al., 2005; Williams et al., 1999). To elucidate this issue, we repeated the PCR and
sequencing approach using lower amounts of DNA extracted from prostate tumours as
compared to our initial analysis. Under these conditions we detected A>G/T>C nucleotide
changes potentially resulting in a number of non-synonymous amino acid changes
(p.L1547F, p.T1750A, p.V1767A, p.V1769A, p.L1772P, p.T1802A; see Supp. Figure S5).
Notably, one of the observed changes (p.T1802A) is identical to that described in (Wong et
al., 2007). These changes, however, could not be confirmed when the samples were
analyzed multiple times by PCR amplification and sequencing. Overall, our results indicate
that the intracellular domain of PLXNBL1 is not frequently mutated in prostate, lung and
breast carcinomas and in glioblastoma multiforme.

1As a reference for previously reported changes and SNPs, we consulted the following public databases: http://www.ensembl.org;
http://genome.ucsc.edu/cgi-bin/hgGateway; http://www.sanger.ac.uk/genetics/CGP/cosmic/
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Phylogenetic conservation and structural relevance of mutated residues

The six novel missense mutations in plexins that we have identified in human cancers are
distributed in different domains of the receptors, both extracellular and cytoplasmic (Table
1, Figure 3). Many of them affect amino acid residues conserved throughout evolution and
in other human plexin family members. These mutations fall into protein domains
homologous to structures that have been solved by x-ray crystallography (McGuffin et al.,
2000), thus allowing in silico evaluation of their potential impact on the structure and
function of the corresponding receptors.

The PLXNB3 p.R538H mutation is located in the extracellular domain of this receptor,
immediately after the first PSI repeat (a protein domain found in Plexins, Semaphorins and
Integrins) (Shi et al., 2005). We found that this region, previously described as non-
structured, actually bears highly significant structural homology to an ‘Ig-like, Plexins,
Transcription factors’ (IPT) domain (pdb id 1ttu, 21% sequence identity, p < 0.002). IPT
domains are found in plexins, integrins and transcription factors; however, the presence of
IPT domains between PSI motifs of plexins had not been recognized previously. Residue
R538 in this new IPT of PLXNB3 is located at the beginning of beta-strand 2, and is
conserved in other homologous IPT domains (in plexins and other proteins), suggesting its
functional relevance. K640N mutation in PLXNA4 is similarly located between the first and
second PSI repeat within a putative IPT domain. The p.E1154K mutation in PLXNA4, maps
to the beginning of the last IPT domain (close to the transmembrane domain). It is
noteworthy that the Glu to Lys mutation not only reverses the charge of the amino acid, but
may also create a glycation site at residue 1154 as predicted by the NetGlycatel.0 server
(http:/lwww.cbs.dtu.dk/services/NetGlycate), thereby potentially affecting the conformation
of the extracellular domain. The p.H1736Y mutation in PLXNA4 occurs in the cytoplasmic
region of the receptor. This residue is conserved in all plexins and is located in the C-
terminal domain homologous to Ras-GAP proteins (Rohm et al., 2000) (e.g. neurofibromin,
pdb id 1nfl with sequence identity 11%, p < 10-8). The equivalent position in the
homologous crystal structure is at the solvent exposed end of an alpha-helix. This residue
lies within 10 residues of the catalytic Arg finger in the GAP domain, but it is probably not
part of the binding interface with Ras. The mutation to an uncharged residue in PLXNA4,
however, may alter the protein conformation and/or binding affinity towards other protein
domains or signaling molecules. Moreover, the mutation to Tyr may create a possible
phosphorylation site, which would induce charge reversal, compared to His. Interestingly,
the corresponding residue in the homologous domains of SynGAP and R-RasGAP is a
tyrosine. The missense mutations found in PlexinC1 affect amino acid residues that do not
display high level of homology among various family members: p.N4921 is located at the C-
terminus of the first conserved PSI repeat; whereas p.E852K, is located in a negatively-
charged segment of the polypeptide chain flanking the last IPT domain and features a major
shift in polarity, which could affect salt bridges and the secondary structure of this segment.

Functional analysis of mutated plexins

Based on phylogenetic conservation and prediction of potential functional relevance of
affected residues, we focused our attention on mutations R538H in the extracellular domain
of PLXNB3, and E1154K and H1736Y in the extracellular and intracellular domains of
PLXNAA4. To establish whether these amino acid changes affect plexin function, we
introduced them by site-directed mutagenesis in the corresponding normal cDNA subcloned
in mammalian expression constructs. The mutated proteins were then ectopically expressed
in COS cells and their functional competence was experimentally tested, using well
established assays. The mutated extracellular domains of PlexinB3 and PlexinA4 were
challenged in binding assays, by using the specific cognate ligands (Sema5A and Sema6A,
respectively) fused to alkaline-phosphatase (AP) for detection, as previously shown
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(Artigiani et al., 2004). Importantly, although the expression of the mutated receptor was
comparable to the normal counterpart, the binding of Sema5SA to the extracellular domain of
PLXNB3 carrying p.R538H mutation was strikingly impaired (Figure 4A). In addition we
found that the ectodomain of PLXNAA4 carrying the p.E1154K mutation interacted with its
ligand Sema6A with reduced efficiency as compared to the wild type receptor (Supp. Figure
S6).

In order to test the functional competence of mutated intracellular domain of PLXNA4
(p.H1736Y), we generated a ligand-independent constitutively active form of the human
receptor (by analogy to that previously reported for PLXNAZ1 and PLXNBL1, by Takahashi
and Strittmatter, 2001; Oinuma et al., 2004). While the expression of constitutively activated
PLXNAA4 led to the expected cellular collapse phenotype, the p.H1736Y mutated form was
equally expressed but functionally incompetent (Figure 4B). Notably, p.H1736Y is very
close to the conserved residue in the R-RasGAP domain (Argy746) that is required for
catalytic activity and for the collapsing response (Rohm et al., 2000), which could explain
the loss-of-function phenotype. It has been shown previously that, in addition to eliciting
cellular collapse, plexin signals may inhibit directional migration (Barberis et al., 2004;
Swiercz et al., 2008). To further confirm the impact of the H1736Y mutation in tumor cell
migration, we compared the function of either wild type or mutated PLXNA4 in MDA-
MBA435 melanoma cells. Figure 4C shows that the migration of tumor cells expressing wild
type activated PLXNAA4 is strongly inhibited, while this is not seen in cells expressing the
p.H1736Y variant. In sum, we have demonstrated that three of the novel plexin mutations
found in human cancers dramatically impair ligand binding and functional activity of the
receptors.

DISCUSSION

Members of plexin gene family encode high-affinity receptors for the semaphorins. Plexin
signalling has been shown to regulate integrin function, cell migration and cell survival
(Kruger et al., 2005; Casazza et al., 2007). A number of studies suggest that these activities
involve the regulation of small GTPases, such as RhoA and R-Ras. Several additional
mechanisms of action have been proposed, including the plexin-mediated interaction and
activation of oncogenic tyrosine kinase receptors (Franco and Tamagnone, 2008).
Semaphorin signals elicit a variety of, sometimes antagonistic, functional outcomes in tumor
cells. For example, while certain semaphorins have been shown to inhibit tumor growth and
angiogenesis, others seem to promote tumor growth or metastasis (Rizzolio and Tamagnone,
2007). These different functional effects are thought to depend on distinctive plexin-based
receptor complexes. Importantly, although a number of functional evidences implicate
plexins in cancer progression, their molecular alterations in cancer tissues have been
investigated in a few studies, limited to selected family members or tumour types (Wong et
al., 2007; Jones et al., 2008). Completion of the genome project has now enabled the
systematic analysis of genetic alterations in human tumors, thus leading to the identification
of candidate cancer genes that may represent new therapeutic targets (Bardelli and
Velculescu, 2005; Sjoblom et al., 2006; Wood et al., 2007). We therefore performed a
systematic profiling of the entire plexin gene family (mutations and gene copy number) in
two deadly cancer types: melanoma and pancreatic ductal adenocarcinomas.

Copy number analysis of plexin genes identified a distinct pattern of gains and losses. Copy
numbers ranged from as low as 0.32 (suggesting a complete loss of the region analysed) to
as many as 11.67 (indicating at least 11 copies of the amplicon). In PDACSs, loss of plexin
gene copies was rather frequent, while no significant increase in copy number was seen.
Remarkable increases of PLXNA4 gene copy numbers were observed in multiple melanoma
samples, but not in PDACs. Assessment of the region involving PLXNA4 gene amplification
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showed that the amplicon also included BRAF, an oncogene whose mutation and copy
number increase are known to occur in melanoma (Stark and Hayward, 2007), suggesting
that this gene may be implicated as the driving force for the occurrence of the amplicon in
7932.3.

The direct sequencing of plexin genes in PDAC and melanomas (which included more than
4.36 Mb of tumor DNA) led to the identification of somatic mutations in three genes:
PLXNA4, PLXNB3 and PLXNCL1. It was recently reported that the intracellular domain of
PLXNBL1 is mutated at very high frequency (89%) in prostate cancers (Wong et al., 2007),
indicating that this gene may play a major role in the progression of this cancer lineage.
Notably, in our study we failed to detect PLXNB1 mutations in a wide panel of solid tumors,
including prostate, glioblastoma multiforme, melanoma, PDACs, lung and breast cancers.
Moreover, our data indicate that the direct sequencing of low DNA amounts, especially if
derived from paraffin-embedded samples that were utilized in the study of Wong and
colleagues, can lead to PCR artifacts. Accordingly, we suggest that the mutation frequency
of Plexin-B1 in prostate cancer should be reconsidered.

While this work was under completion, Jones and coworkers have reported a genome-wide
analysis of genetic alterations in 24 samples of pancreatic carcinoma (Jones et al., 2008). All
nine plexin genes were analyzed, but (likely because genomic maps were incomplete at that
stage) only 15 out of 35 exons of PLXNA4 gene were sequenced by Jones et al. In that study,
two plexin mutations were found in independent PDAC samples: PLXNAL p.N443Y and
PLXNBL1 p.A639V. We have not identified the same mutations in our panel of PDACs,
which is consistent with the fact that these events are rare. Jones and colleagues do not
provide evidence on the potential functional relevance of these mutations. Notably, both
changes affect amino acid residues in the extracellular domain of the receptors that are not
conserved in the gene family. Altogether, our present study and that of Jones et al. have
identified five different mutations in plexin genes in 36 analyzed PDACs: two in PLXNCL1,
and one each in PLXNAL, PLXNB1 and PLXNB3. This makes a frequency of 14% PDAC
cases with mutations in at least one plexin gene. Moreover, based on our present data, four
plexin mutations were found in a total of 24 samples analyzed (i.e. mutated plexinome in
17% of cases).

The missense mutations of PLXNA4, PLXNB3 and PLXNCL1 that we have identified in
melanomas and PDACs were all confirmed by multiple PCR amplification and sequencing.
They have not been previously reported and occur in both the extracellular and the
cytoplasmic domains of the plexin receptors (Figure 3). Most of the changes affect highly
conserved residues located in known structural domains, enabling us to speculate about the
possible effects of these mutations on receptor function. Our in silico evaluation showed that
the corresponding amino acid residues are expected to be surface exposed, suggesting that
these mutations should not impair basic protein folding, while they could affect the
intramolecular interaction between plexin domains and/or their affinity for interacting
molecules. We therefore hypothesized that either the ligand binding capabilities or the
signalling properties of the mutated plexins could be functionally affected. This was
experimentally verified by introducing the corresponding nucleotide changes in the cDNA
of PLXNA4 and PlexinB3. Cell based assays demonstrated that two of the mutations (i.e.
PLXNA4 p.H1736Y and PLXNB3 p.R538H) strongly impair plexin function. In particular,
while PLXNAA4 signaling can inhibit tumor cell migration, the mutated p.H1736Y allele has
lost this activity. Notably, another mutation in PLXNA4 (p.E1154K), identified in an
independent sample, also results in loss of function as shown by reduced ligand binding.
Considering that plexins are believed to form receptor complexes at the cell surface, these
loss-of-function mutations may affect semaphorin signalling even in presence of one normal
residual allele. Moreover, the occurrence of second hit, either genetic (such as gene copy
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losses as we observed) or epigenetic, could lead to a complete abrogation of the
corresponding protein function.

A recent systematic analysis of 18,191 well annotated coding sequences in breast and
colorectal cancers revealed that the landscape of cancer genomes comprises a handful of
commonly mutated gene ‘mountains’ but is dominated by a much larger number of
infrequently mutated gene “hills’ (Wood et al., 2007). Whether the few mutations that
typically occur in ‘hill-type’ cancer genes behave as passengers or drivers with respect to
tumor progression is presently the matter of intensive and controversial research. Our data
suggest that plexins are mutated at low frequency in melanoma and pancreatic cancers thus
behaving like “hill type’ cancer genes at least in these tumor types. Notably, we found that at
least two of the newly identified mutations in plexins have a functional impact on the
corresponding proteins thus suggesting that they act as drivers in cancer progression.

In conclusion, we have completed the first systematic genetic profiling of the plexinome in
human tumors leading to the identification of somatic mutations in three plexin genes:
PLXNA4, PLXNB3 and PLXNC1. The evidence that the mutated alleles PLXNA4 p.H1736Y
and PLXNB3 p.R538H impair the biological function of the corresponding proteins suggests
that mutated plexins could play a functional role in cancer progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Plexin gene copy numbers in melanomas and PDACs

We performed Quantitative Real Time PCR with genomic DNA derived from twenty-four
melanomas and twelve PDACs, using plexin-specific probes. The figure shows: A, copy
number results for the first 12 melanomas (results for the next 12 melanomas are reported in
detail in Supp. Figure S1) and B, the twelve PDACs. The nine plexins are indicated on the
X-axis (Al through D1). The Y-axis shows copy numbers after normalization with control
DNA (RPE cells). Panel C summarizes the results of copy number analysis of the plexin
gene family. Each small bar represents an individual case. Gene copy numbers below 1.5
and above 3 (highlighted range) are normally considered as aberrant.
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Figure 2. Somatic mutations of plexin genes in melanoma and PDAC

Chromatograms of two of the seven somatic mutations found in plexin genes in different
melanomas and PDAC (other mutations are shown in Supp. Figure S3 and S4). PLXNA4
p.H1736Y mutation was found in melanoma sample 14A, while PLXNB3 p.R538H was
identified in PDAC sample 384. In both cases, the lower chromatogram is from the tumor
sample, and the upper chromatogram is from the corresponding normal. Arrows indicate the
location of missense somatic mutations, and the nucleotide and amino acid alterations are
indicated below the traces. Numbers above the sequences are part of the software output.
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Figure 3. Schematic representation of plexin domain structure and mutations

The location of novel missense mutations found in human cancer samples are indicated by
arrows. In the extracellular portions, grey boxes with “SEMA” indicate semaphorin
domains, white ovals with “PSI” indicate Plexin-Semaphorin-Integrin domains (also known
as MRS motifs), and white boxes with “IPT” indicate Integrin-Plexin-Transcription-factor
domains. Previously unidentified IPT-like domains described in this work are marked by
asterisks. In the cytoplasmic portion of the receptors, white ovals indicate the conserved
GAP-like regions, the black boxes indicate the Rac-Rnd GTP-ase Binding Domains (RBD),
while the C-terminus of PlexinB3 includes a PDZ-domain Binding Motif.
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Figure 4. Functional impact of Plexin mutations found in cancers

A, the functional impact of mutation p.R538H in the extracellular domain of PLXNB3 was
assessed in COS cells (see Supplementary Methods for details) by challenging the receptor
with a soluble form of the specific ligand Sema5A fused to alkaline phosphatase (Sema5A-
AP), as previously shown (Artigiani et al., 2004). The comparable expression of the receptor
proteins in the cells used for binding assays was confirmed by Western blotting (on the
right). The results shown are representative of three independent experiments. The mutated
extracellular domain of PLXNBS3 has lost the ability to interact with Sema5A. B, the
collapsing activity of either wild type or p.H1736Y mutated PLXNA4 was tested in COS
cells, by expressing a constitutively active form of the receptor (see Methods), followed by
immunofluorescence analysis with anti-Myc-tag antibodies (revealing the plexin) and
phalloidin-FITC cell counterstaining (see merged images, at the bottom). Scale bar = 30 pum.
The comparable expression of the two proteins was confirmed by Western blotting (on the
right). Over 60% of the cells expressing wild-type active PlexinA4 displayed a collapsed
phenotype (as shown in representative field), while the mutated plexin had lost this ability
(vielding less then 10% collapsed cells). The results shown are representative of three
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independent experiments. C, wild type and p.H1736 mutated PLXNA4 (as in B) were
further expressed in MDA-MB435 human melanoma cells, to investigate the impact of the
mutation on the ability of plexin signals to inhibit tumor cell migration (see Methods for
experimental details). Spontaneous cell migration was significantly inhibited in cells
expressing the wild type activated form of PLXNAA4, as expected, whereas cells expressing
the mutated receptor were almost unaffected, indicating a functional loss. Protein expression
levels were comparable (shown on the right).

Hum Mutat. Author manuscript; available in PMC 2010 November 20.



Page 18

Balakrishnan et al.

“(T'792500 WWN) TONX1d Pue (T°€6€500 IN) €9NXT1d ‘(T'TT6020 INN) #VYNX1d ‘848 SuoeInw yym suixa|d 10 S18quinu UoISSeode ueguas L

(L<OT+r02T9) W8T adwes ewour|aw Ul g uoxa Buijuely aus Jouop a21jds sy ul payeInw osfe sem TONX1d
%

"UMOUS SI suoneINwW a3y Jo AisoBAZ ‘uopod uolenIul 91V JO V7 Y} si
T uomsod asaym ‘auab yoes Jo 8ousnbas Buipod ayy Ul 1ey) 01 spuodsslI0d SUOHEINW 8PNO8JANU Jo uomisod 8yl “TONX1d PUe EINXTd ‘YYNX1d 10 8ousnbas Buipod sy Ui punoy suoneINW UaASS 8y} 40 1s1T

(ovad) s.¢€ urewop 1d| puodas ‘Je|nj|aesx3 snoBAzossiay Mesgad V<9OpG§52'0
(ovad) osg T Ulewop |Sd ‘Jejnj|aoenx3 snoBAzossiay 1Z6vN'd 1<VSYTd
(ewouejow) v8T Buronds soayge Ajjenuaiod ‘siuonu snobAzoselay JeA a011ds 1<oT+0zT0 | 6szv09 | TONX1d
(ovad) v8e C PUE T SUIEWIOP |Sd U3amaq urewopiaju] ‘Jejn|jaoenx3 | snobAzoseiey Hgesy d V<OETITD ¥1200€ | €aNX1d
(ewouelpw) VT urewop o1wse|dolfD snobAzolalay A9g/THd 1<290252
(ewouelaw) 9T | £ pue g surewop |Sd Ussmiaq urewopJiaiu ‘Jeinjjaoenx3 | snobAzoisisy Mys11ad V<9097Ed
(ewouelsw) VTT urewop ewas snobAzossiey NovoXd 0<90Z6T2 08z709 | ¥VYNX1d
ITdAVS NIZLOYd NI NOILYOO1 3AILY.LNd ALISODAZ | IOV ONIWY | 3aIL03TONN | Wwiwo | (3N3D

DV Ad pue BWOoURBW Ul punoy sUoneInw uIxa|d
T9algel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Hum Mutat. Author manuscript; available in PMC 2010 November 20.



