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Abstract
A recent systematic analysis of 18.191 well-annotated coding sequences (RefSeq) in breast 
and colorectal cancers has led to the identification of somatic mutations in 1.718 genes.1 
Based on statistical parameters, 280 of these have been denominated candidate cancer (CAN) 
genes. This analysis has provided an interesting snapshot of the landscape of tumor genomes 
by showing that they contain a few frequently mutated genes (denominated ‘mountains’). 
On the contrary, the large majority of CAN genes are altered at low frequency (designated 
‘hills’). Whether ‘hill’ type CAN genes are tumor-specific is largely unknown. To address 
this question we evaluated the mutational profiles of 27 ‘hill’ CAN genes in glioblastoma, 
melanoma and pancreatic carcinoma by sequencing the exons previously found mutated 
by Wood and colleagues. Only 4 of the breast/colorectal ‘hill’ type CAN genes (SMAD4, 
MYO18B, NAV3 and MMP2) were also mutated in melanoma and pancreatic carcinoma, 
while none was altered in glioblastoma. These results suggest that ‘hill’ type CAN genes are 
not frequently shared by different tumor types and that their mutation patterns are tissue 
specific. Tumor-specific genome wide mutational profiling will be required to identify ‘hill’ 
type CAN genes that characterize the genomic landscapes of each cancer lineage. 

Introduction
The identification of genetic differences between normal and tumor cells is critical for 
the understanding of the molecular and cellular basis of neoplastic transformation. Until 
recently, this objective was tackled by a variety of candidate gene approaches. Advances 
in DNA sequencing technologies and the availability of the human genome sequence have 
revolutionized the research field by allowing genome wide mutational profiling of tumors. 
Using this approach, the comprehensive and unbiased sequencing of 20.875 transcripts from 
18.191 human genes, known as Reference Sequences,2 was recently completed in a set of 
breast and colorectal (CRC) carcinomas.1 This effort led to the identification of 1.718 genes 
displaying somatic mutations. To distinguish genes likely to contribute to tumorigenesis 
from those in which ‘passenger’ mutations occurred by chance, a statistical approach was 
applied. This led to the identification of 280 candidate cancer (CAN) genes, of which only 
seven are shared by both tumor types.1 The analysis also provided an unprecedented insight 
in the genomic landscapes of breast and CRC cancer genomes. It revealed that the landscape 
of these cancer genomes comprises a handful of commonly mutated gene ‘mountains’ but 
is dominated by a much larger number of infrequently mutated gene ‘hills’.1 Whether the 
colon and breast CAN gene ‘hills’ are tumor-specific or are shared by other tumor types is 
presently largely unclear. To begin assessing this important aspect, we mutational profiled 
a subset of CAN genes mutated at ‘hill’ level, in glioblastoma, melanoma and pancreatic 
ductal adenocarcinoma (PDAC). These three tumor types are known to be highly malignant, 
resistant to treatment and incurable in advanced stages. Metastatic melanoma has a poor 
prognosis with a median survival of 6 to 9 months.3 Glioblastoma is the most common 
brain tumor in adults. Patients die within a median of 15 months after diagnosis, even 
after surgical resection, radiotherapy, and concomitant chemotherapy.4 Advanced PDAC is 
highly aggressive, and although erlotinib was added last year to the standard treatment of 
gemcitabine, the median survival only minimally improved from 5.9 to 6.2 months.5
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The mutational analysis was performed on a subset of CAN genes, which were selected 
on the basis of multiple criteria including: (a) the overall mutation frequencies in breast 
and CRC; (b) the CAN gene status in both tumor types; (c) whether they were coding for  
a ‘druggable’ enzymatic activity and (d) whether they were previously involved in oncogenic 
signaling pathways. Based on the above criteria we decided to examine the following  
27 genes: ADAM12, ADAMTS18, AIM1, ALK, GAB1, GUCY1A2, IRS4, KIAA0999, MAP2K7, 
MMP2, MYLK4, MYO18B, NAV3, NOTCH1, OR51E1, PRKD1, PRPF4B, RASGRF2, RET, SIX4, 
SMAD2, SMAD4, SORL1, TAF1, TCF7L2, TGM3 and UBR5. Details on genes and exons analyzed 
can be found in Supplementary Table S2. For each of these genes, we assessed whether 
the exons that were previously found mutated in CRC and breast cancers by Wood and 
colleagues were also mutated in a panel of 27 glioblastomas, 24 melanomas and 12 PDACs. 
Detailed clinical information on these tumors is available in Table 1.

Materials and methods
Tumor samples
Twenty-four human glioblastoma samples and the matched normal DNA were obtained from 
the tumor bank maintained by the Departments of Neurosurgery and Neuropathology at the 
Academic Medical Center (Amsterdam, The Netherlands). The glioblastoma cell lines A58 and 
A60 were generously provided by Dr. A. van Tilborg and Dr. P. De Witt Hamer (Department 
of Neurosurgery, Academic Medical Center) and have been described previously.6  
The glioma cell line U87MG, officially known as an astrocytoma grade 3 cell line, was provided 
by Dr. C. van Bree (Department of Radiotherapy, Academic Medical Center, Amsterdam, 
The Netherlands). The melanoma and PDAC tumor samples and matched normals were 
obtained from the tumor banks maintained by the Department of Experimental Oncology, 
Istituto Nazionale Tumori, Milan, Italy and the Department of Pathology, Section of Anatomic 
Pathology, University of Verona, Verona, Italy, respectively. Genomic DNA was isolated as 
previously described7 and samples are depicted in Table 1. For samples in which mutations 
were found, matching between germline and tumor DNA was verified by direct sequencing 
of 26 single nucleotide polymorphism (SNP) at 24 loci (data not shown). Two of the changes 
we identified in MYO18B (R953Q and R614P) occurred in samples 369 and 19A for which no 
matched normal tissue is available. Therefore, the somatic status of these mutations could 
not be ascertained.

PCR and sequencing details
PCR primers were described previously1 and synthesized by InvitrogenTM (Life Technologies, 
Paisley, UK; Supplementary Table S2). PCR primers that amplify the selected exons and  
the flanking intronic sequences, including splicing donor and acceptor regions, of the 27 
cancer genes were used. PCR products were on average 417 bp in length, with multiple 
overlapping amplimers for larger exons. For AIM1, IRS4 and SIX4, we only sequenced parts of 
the exons where the mutations had been previously found. PCRs were performed in both 384- 
and 96-well formats in 5 or 10 µl reaction volumes, respectively, containing 0.25 mM dNTPs,  
1 mM each of forward and reverse primer, 6% DMSO, 1X PCR buffer, 0.05 U/µl Platinum Taq 
InvitrogenTM and 1 ng/µl DNA. A touchdown PCR program was used for PCR amplification 
(Peltier Thermocycler PTC-200; MJ Research, Bio-Rad Laboratories, Milan, Italy).

Mutational profiling of REFSEQ CAN genes
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Tumor 
type Sample Age Gender Grade

Tumor 
source

Tumor DNA 
source

Matched 
normal source

Glioblastoma T1 39 F IV PT PT blood
T03 52 F IV PT PT blood
T12 74 F IV PT PT blood
T37 69 F IV PT PT blood
T39 37 M IV PT PT blood
T52 72 F IV PT PT blood
T70 76 M IV PT PT blood
T71 66 F IV PT PT blood
T76 60 F IV PT PT blood
T79 54 F IV PT PT blood
T80 47 M IV PT PT blood
T83 52 M IV PT PT blood
T85 31 F IV PT PT blood
T86 73 M IV PT PT blood
T90 64 F IV PT PT blood
T91 64 M IV PT PT blood
T94 57 F IV PT PT blood
T99 62 F IV PT PT blood

T104 69 M IV PT PT blood
T105 41 M IV PT PT blood
T107 39 F IV PT PT blood
T111 46 F IV PT PT blood
T112 48 M IV PT PT blood
T113 40 M IV PT PT blood
U87 44 F III PT cell line not available
A58 81 M IV RT cell line blood
A60 45 M IV RT cell line blood

Melanoma 2A 51 M IV NM STC EIBL
4A 55 F IIB/IIIC PT STC EIBL
5A 36 F IIIB/IIIC NM STC EIBL
6A 43 M IIIC NM STC EIBL
7A 22 F IIIB/IIIC NM STC EIBL
8A 55 M IIIC NM STC EIBL
9A 53 M IIIB/IIIC NM STC EIBL

10A 52 M IIIC NM STC EIBL
11A 69 M IIIA/IIIB NM STC EIBL
12A 70 M IV CM STC EIBL
13A 59 F IV CM STC EIBL
14A 56 M III NM STC EIBL
15A 30 M IV-M

1c COM STC EIBL
16A 45 F IIIB/IIIC NM STC EIBL
17A 51 M IV CM STC EIBL
18A 68 M IV CM STC blood
19A 71 F IIIC T

4aN3M0 CM STC not available
20A 24 M IIIC NM STC EIBL
21A 36 F IIIB/IIIC NM STC EIBL
22A 39 F IIIC NM STC blood
23A 56 M IV-M1c LM STC EIBL
24A 49 M IV CM STC EIBL
25A 49 M IV CM STC EIBL
26A 62 F IV-M1a NM STC EIBL

PDEC 360 76 F T3N0/ G2 PT xenograft duodenum
362 54 M T3N1b/G3 PT xenograft pancreas
369 61 M T3N0/G2 PT xenograft not available
370 52 F T3N1b/G2 PT xenograft EIBL
371 57 M T3N0/G3 PT xenograft duodenum
374 62 F T3N0/G3 PT xenograft pancreas
375 59 M T3N1a/G3 PT xenograft EIBL
377 52 M T3N1a/G2 PT xenograft pancreas
379 62 F T3N1/G2 PT xenograft spleen
380 57 M T3N1a/G2 PT xenograft duodenum
382 44 F T3N0/G2 PT xenograft duodenum
384 69 F T3N0/G2 PT xenograft spleen
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Table 1. Detailed information on the samples (Opposite page) 
Clinical information of the patient, tumor staging and source of the genomic DNA used for the mutation analysis are 
indicated. Abbreviations: CM, cutaneous metastasis; COM, colon metastasis; EBL, EBV immortalized B lymphocytes; 
F, female; LM, lung metastasis; M, male; NM, nodal metastasis; PT, primary tumor; STC, short-term culture.

PCR conditions were: 94°C for 2 min; 3 cycles of 94°C for 15 sec; 64°C for 30 sec, 70°C for  
30 sec, 3 cycles of 94°C for 15 sec, 61°C for 30 sec, 70°C for 30 sec, 3 cycles of 94°C for 15 sec, 
58°C for 30 sec, 70°C for 30 sec, and 35 cycles of 94°C for 15 sec, 57°C for 30 sec and 70°C 
for 30 sec, followed by 70°C for 5 min and 12°C forever. PCR products were purified using 
AMPure® (Agencourt Bioscience Corporation, Beckman Coulter, Milan, Italy) and eluted in 
distilled water. Sequencing PCRs were carried out at 97°C for 3 min, and 29 cycles of 97°C  
for 10 sec, 50°C for 20 sec and 60°C for 2 min. Sequencing PCR products were purified using 
CleanSeq® (Agencourt Bioscience Corporation). Direct sequencing was performed using 
BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) with  
a 3730 DNA Analyzer, ABI capillary electrophoresis system (Applied Biosystems). Sequence 
traces were analyzed using Mutation Surveyor software (Version 2.02; SoftGenetics, State 
College, PA).

Results and discussion
While the genetic status of most of the frequently mutated ‘mountain’ CAN genes has been 
examined in different tumor types, the mutational profile of the infrequently mutated ‘hill’ 
CAN genes remains to be determined. To address this issue, we examined the mutational 
profile of 27 ‘hill’ CAN genes in a panel of 63 human tumors. 4.788 PCR products, spanning  
2 Mb of tumor genomic DNA, were generated and subjected to direct sequencing. 
On average 62,6 samples were successfully amplified and sequenced for each exon 
(Supplementary Table S2). A total of 1.371 nucleotide changes were identified during 
this initial screening. Changes previously described as SNPs (1026), synonymous changes 
(39) and intronic changes not affecting splicing (67) were excluded from further analyses.8  
To ensure that the remaining 239 mutations observed were not PCR or sequencing artifacts, 
these amplicons were independently re-amplified and resequenced in the corresponding 
tumors. All confirmed changes (44) were re-amplified and resequenced in parallel with the 
matched normal DNA to distinguish between somatic mutations and SNPs not previously 
described.

This approach led to the identification of six somatic mutations in four CAN genes 
(Table 2), including five novel mutations. Three somatic mutations were found in SMAD4 
in PDAC (Q116*, R135* and IVS10+1G>C). One somatic mutation was found in MYO18B 
(P606L) in melanoma. In addition, one mutation each was found in NAV3 (Q200*) and MMP2 
(A526T) in two different melanoma samples. The observed mutation rate in melanomas 
was over 4 times higher than the expected mutation rate previously observed in cancer  
(P < 0.01, binomial distribution),9 suggesting that these are ‘driver’ rather than ‘passenger’ 
mutations. Interestingly, mutations were found both in melanoma and PDAC, whereas  
no somatic mutations at all were identified in glioblastoma. No significant difference 
between number of mutations and tumor type was observed.

Mutational profiling of REFSEQ CAN genes
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We detected three homozygous somatic mutations in SMAD4 in PDAC. As SMAD4 is a tumor 
suppressor gene frequently mutated and deleted in PDAC,10 this confirmed the validity 
of our approach. Two of these mutations are novel (Q116* and IVS10+1G>C), whereas 
the third SMAD4 mutation (R135*) has been described before in CRC,11 but not in PDAC. 
SMAD4, initially identified as DPC4, deleted in pancreatic carcinoma locus 4, is located at 
18q21.1.10 SMAD4 is a mediator of the TGF-beta pathway and plays a role in tumorigenesis 
in pancreatic, biliary and CRC and to a lesser extent in other tumor types.12 Consistently, 
we only detected SMAD4 mutations in pancreatic cancer, but not in other tumor types, 
underlying the importance of the TGF-beta pathway in tumors of gastrointestinal origin. 
No mutations were found in SMAD2, another member of SMAD4 gene family that has been 
found mutated before in a small proportion of CRCs.1,12

We identified three novel changes in MYO18B in melanoma and PDAC. MYO18B is located 
at 22q12.1 and belongs to the myosin gene family. Myosins are motor proteins that 
transform the energy derived from ATP hydrolysis into force and movement.13 All three 
identified changes (P606L, R614P, and R953Q) are located in the ATPase motor head 
domain at conserved regions. One of these mutations (P606L; Figure 1A) was confirmed 
as being somatic. In light of its mutation frequency, MYO18B is considered a CAN gene in 
both breast and CRC.1 MYO18B alterations, including deletions, mutations and methylation, 
have been found to play an important role in CRC, lung and ovarian carcinogenesis.14-16  
In vitro restoration of MYO18B expression suppressed anchorage independent growth of 
CRC, lung and mesothelioma tumor cells.14-17 In vivo expression of MYO18B suppresses 
growth of human malignant pleural mesothelioma cells in SCID mice.17 Taken together these 
results indicate a tumor suppressor role for MYO18B.14-17

The mutational profiling of NAV3 led to the identification of the Q200* mutation in a 
melanoma sample. NAV3 is localized at 12q14.3 and encodes for Neuron Navigator 3, a 
protein involved in energy-dependent unfolding of macromolecules. NAV3 is one of the 
three human homologues of unc-53, a gene involved in axon guidance in C. elegans.18  
All homologues contain coiled-coil domains and a highly conserved AAA domain  
characteristic for ATPases, which is associated with a variety of cellular activities.18  
Missense mutations in NAV3 have been previously found in breast (1), CRC (5), kidney (1) 

Gene Nucleotide change Amino acid change Zygosity Sample

SMAD4

SMAD4

SMAD4

c.346C>T

c.403C>T

c.1140+1G>C

p.Q116*

p.R135*

IVS10+1G>C

homozygous

homozygous

homozygous

371

379

380

MYO18B c.1817C>T p.P606L homozygous 22A
NAV3 c.598C>T p.Q200* homozygous 16A

MMP2 c.1576G>A p.A526T homozygous 11A

Table 2. Mutations identified in CAN genes 
The genes and the type of mutations found are listed alongside the samples in which they were found.  
Zygosity for the mutations is shown.
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and lung (2) cancer.1,19 The Q200* allele is the first NAV3 nonsense mutation ever found in 
human cancer and affects a conserved residue. Cancer associated NAV3 genetic alterations 
such as deletions or translocations have been reported in 11/13 primary cutaneous T-cell 
lymphomas.20 Interestingly, one of these patients had a germline mutation in the other 
allele of NAV3.20

We report for the first time a mutation in MMP2 in melanoma. MMP2, located at  
16q13-q21, belongs to the family of matrix metalloproteinases (MMPs). MMP2 and MMP9 
are MMPs of the gelatinase type that cleave elastin, type IV collagen and several other 
structural components of the extracellular matrix. The activity of these enzymes has been 
found to correlate with the metastatic potential of tumor cells.21 Mutations in MMP2 have 
been linked to autosomal dominant and recessive inherited osteolysis syndromes with 
abnormal destruction and resorption of bone.22,23 These mutations have been shown to 
be functionally inactive,22 a finding that may seem counterintuitive. However, considering 
that lack of MMP2 activity results in downregulation of TGF-beta signaling, mutations that 
inactivate MMP2 could result in reduced bone formation and increased bone resorption23. 
Interestingly, the mutations reported by Wood and colleagues1 and the one we report here 
are the first MMP2 somatic mutations found in cancer. The A526T mutation (Figure 1B)  
is located in the conserved 2nd hemopexin domain, which is responsible for binding  
the tissue inhibitor of metalloproteinase 2 (TIMP2).24 This mutation may therefore interfere 
with the binding of MMP2 to its inhibitor TIMP2. MMP2 null mice are smaller and have  
slower growth rates but otherwise develop without any apparent abnormalities,25  
suggesting that targeting this enzyme may be tolerated. Accordingly, several MMP2 
inhibitors targeting have been developed and tested in clinical trials.21 In light of its  
putative therapeutic relevance, we decided to extend the mutational analysis to the entire 
coding sequence of MMP2. No additional MMP2 mutations were found in our set of  
63 tumor samples. 

Figure 1. Examples of somatic mutations in MYO18B and MMP2
Bottom, chromatogram of the sequence of a tumor sample; top, chromatogram of the matched normal. Arrows, 
location of missense somatic mutations. Numbers above the sequences are part of the software output. 
A, MYO18B, c.1817C>T, p.P606L, mutation in melanoma; B, MMP2, c.1576G>A, p.A526T, mutation in melanoma.

A B
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Overall, we identified 8 somatic mutations in 4 different genes in melanoma and pancreatic 
cancers. Importantly, none of the somatic mutations described by Wood et al.1 were found  
in our analysis; in contrast, we report 7 novel mutations. These data, combined 
with the results we previously reported,7 suggest that ‘hill’ type CAN genes display a  
tumor-specific mutation pattern. Our results are consistent with the concept that a large 
number of mutations, spread across heterogeneous ‘hills’, each associated with a small 
fitness advantage, can drive tumor progression.1 These findings suggest that to characterize 
the genomic landscape of each cancer lineage it will be important to perform genome wide 
mutation screens in different cancer types. Functional assays will also be critical to identify 
those mutated alleles that are warrant for diagnostic or therapeutic intervention in each 
tumor type.
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