
Over the past 25 years considerable effort has been 
directed towards the identification of genes involved in 
cancer development. A census of cancer genes1 listed 
291 human genes for which there is sufficient evidence 
to support a causal role in sporadic or familial cancer 
development when mutated. This was recently updated 
to 384 genes, therefore almost 2% of genes in the human 
genome are thought to be causally implicated in cancer 
development when appropriately mutated. The genes 
listed in this census can be altered by several types of 
genetic alterations, including point mutations, deletions 
and re-arrangements. However, in the original list only 
six were altered by amplification and consequent over-
expression (AKT2, ERBB2, MYC, MYCL1, MYCN and 
REL). The shortness of this list was not a result of gene 
amplification being an infrequent mechanism for con-
verting a gene into a cancer gene. On the contrary, ampli-
fied regions are common in human cancer genomes. The 
shortness of this list reflects the difficulty encountered in 
identifying the true cancer gene on amplicons that often 
include several candidate genes.

For the purposes of this article the term gene amplifi-
cation refers to the somatically acquired increase in copy 
number of a restricted region of the genome that is the 
underlying genomic mechanism that results in overex-
pression of a dominantly acting cancer gene. A more com-
plete definition of the term ‘amplification’ and the criteria 
for inclusion of amplified genetic regions in this article 
are given in Supplementary information S1(text). The 
mechanism of amplification can be complex, involving 
breakage-fusion-bridges cycles, formation and reinser-
tion of double minute chromosomes or the formation of  
clusters of small genomic fragments2–5. Amplification 

events often include multiple genes, so consideration of the  
pattern of genetic alteration alone is usually insufficient 
to identify the cancer gene that is being selected for in the 
amplicon and is contributing to oncogenesis. More infor-
mation is usually required, including physical mapping of 
the amplicon in multiple cancers, evidence that amplified 
genes are accompanied by overexpression in tumours that 
have the amplicon, correlation of amplification and/or 
overexpression with clinical outcome data, biological 
investigations of function and in some cases the efficacy 
of drugs targeted against the overexpressed proteins. For 
most putative amplified cancer genes, these datasets are 
incomplete and different combinations of data are avail-
able for different amplicons. The interpretation of these 
data might also be difficult if more than one gene can 
contribute to the biological effect of an amplicon or if the 
identity of the tumour promoting genes in a genetically 
defined amplicon are different in distinct cancer types. 
In this Analysis we use a classification scheme for ampli-
fied and overexpressed genes that takes into account the 
complex and sometimes distinct datasets that are available 
for different cancer amplicons.

Assessing amplified genes
The criteria used for assessing amplified genes are  
summarised in Box1. Using searches in the PubMed data-
base, we have reviewed all data relevant to gene amplifi-
cation that we could identify. However, references were 
only included when they contained information relevant 
to our new classification system (see Supplementary 
information S1 (text)). The cut off date for including 
all references was April 2009, although a few recent and 
relevant publications have been included. 
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Abstract | Integrated genome-wide screens of DNA copy number and gene expression in 
human cancers have accelerated the rate of discovery of amplified and overexpressed genes. 
However, the biological importance of most of the genes identified in such studies remains 
unclear. In this Analysis, we propose a weight-of-evidence based classification system for 
identifying individual genes in amplified regions that are selected for during tumour 
development. In a census of the published literature we have identified 77 genes for which 
there is good evidence of involvement in the development of human cancer. 
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Minimum region of amplification. For point mutations 
and translocations the pattern and position of the 
observed genetic alterations makes cancer gene 
assignment unambiguous. In isolated cases, genomic 
amplifications can encompass a single gene; for 
example calcium channel voltage dependent alpha-
1e subunit (CACNA1E) in wilm’s tumour6 and KIT 
in testicular germ cell tumours (TGCT)7. More often 
an amplicon consists of a large chromosomal region 
encompassing many genes. To identify the tumour 
promoting gene in an amplicon it is necessary to 
map the amplicon in many cancers to identify a com-
mon genomic region, known as the minimal region 
of amplification (MrA), that is amplified in all the 
cancers examined. For example, at the 2p24 ampli-
con found in neuroblastomas this approach identified 
MYCN as the single protein encoding gene contained 
in a common 600kb MrA8. However, even in this 
straight forward case the biological contribution of 
adjacent genes is not excluded and involvement of the 
frequently co-amplified gene, DDX1, has been pro-
posed8–11. large common regions of genetic gain can 
be identified that cannot be further defined by analy-
ses of additional cancers. This suggests the involve-
ment of multiple tumour promoting genes in the 
amplicon. For example, the 12p amplicon in TGCT 
is 5Mb in length and contains at least 22 genes12–14. 
Complex regions of genetic gain also exist. One exam-
ple is the 11q13 amplicon in breast cancer where sev-
eral separate but closely linked peaks of amplification 
have been reported — cyclin D1 (CCND1), EMSY and 
p21/CDC42/rAC1-activated kinase 1 (PAK1) are the 
candidate tumour promoting genes15,16 (TABLE 1; see 
Supplementary information S2 (table)). 

Amplification causes overexpression. expression  
profiling allows the identification of a subset of candidate 
oncogenes in a MrA where DnA copy number gain is 
accompanied by overexpression. Although a good statisti-
cal correlation between amplification and overexpression 
is expected, there is not always an exact match between 
the level of DnA gain and gene expression. Genes that 
contribute to tumour development (driver genes) can be 
overexpressed by different mechanisms in the absence of 
DnA amplification, as observed for the MDM2 gene in 
the 12q13-15 amplicon in human sarcomas17. In addi-
tion, where there is more than one driver gene, absence 
of expression in a subset of tumours cannot be used to 
exclude involvement.

Knowledge of control pathways. Knowledge of other 
cancer genes and control pathways can help implicate 
amplified and overexpressed genes. This is exemplified 
by the KIT gene at 4q12 that can be either amplified or 
activated by point mutations in TGCT7. Crucially, muta-
tion and amplification are mutually exclusive, consistent 
with the view that they represent alternative mechanisms 
of gene activation. The established amplification and 
overexpression of other family members in the same 
cancer type can also support involvement. This is true 
for Myc family members in the development of lung can-
cer: amplification and overexpression of MYCN, MYCL1 
or MYC have all been reported in different individual 
cancers (TABLE 1; see Supplementary information S2 
(table)). Inherited mutations can predispose to the same 
cancer type as illustrated by cyclin dependent kinase 4 
(CDK4) amplification and overexpression in malignant 
melanoma (TABLE 1). rare melanoma prone families also 
have activating mutations in CDK4 (REf. 18). Knowledge 
of the pathways crucial for the development of the can-
cer under investigation can also be helpful. For example, 
mutation of the RB1 gene has been reported in bladder 
cancer and this information was used to implicate E2F3, 
which encodes a regulator of rB, as the driver gene in 
the MrA in the 6p22 amplicon19,20. 

Clinical correlations. Correlations between amplified 
genes and clinical parameters are often carried out. Such 
correlations can be used to implicate an amplification 
event in determining clinical outcome, but do not usu-
ally provide the detail required to determine the relative 
importance of individual genes. when array comparative 
genomic hybridization (aCGH) approaches are used in 
genome wide screens, correlations with clinical outcome 
can be useful in focusing attention on amplicons that are 
biologically most important. For example, a screen of 
wilm’s tumour samples identified an amplicon at 1q25.3 
as potentially clinically important6. Correlation of expres-
sion with clinical outcome can also provide supporting 
evidence in implicating a specific amplified gene (Box 1).

Biological activity. Short interfering rnA (sirnA) 
knockdown of amplified and overexpressed genes in 
cell lines, or ectopic expression of the gene in appro-
priate cell lines that lack the amplification, can support  
the involvement of individual genes in contributing to the 

 At a glance

• Integrated screens of DNA copy number and gene expression in human cancers using 
microarray platforms have accelerated the rate of discovery of amplified and 
overexpressed genes. However, the biological importance of most of the genes 
identified in such studies remains unclear.

• Amplification events often include multiple genes, so consideration of the pattern of 
genetic alteration alone is usually insufficient to identify which gene in an amplicon is 
being selected for owing to its contribution to oncogenesis. Supplementary datasets 
are usually required, including physical mapping, determination of overexpression, 
correlation with clinical outcome, biological investigations of function and, in some 
cases, efficacy of drugs targeted against the encoded overexpressed proteins.

• In this Analysis we propose a weight-of-evidence based classification system for 
identifying individual genes in amplified regions that are selected for in an amplicon 
and so contribute to cancer development. The proposed classification scheme takes 
into account the complex and sometimes distinct datasets that are available for 
different amplicons in cancer.

• Using this classification scheme in a census of the published literature, we have 
identified 77 genes for which there is evidence of involvement in human cancer 
development.

• The 77 genes were divided into three classes based on the weight of supporting 
evidence. We consider that for class II (12 genes), and class I (3 genes) the evidence is 
sufficiently strong for their inclusion in the census of human cancer genes.

• Linking newly generated integrated datasets to supporting evidence using the 
criteria outlined in this Analysis will aid in the future identification of amplified and 
overexpressed genes that contribute to cancer development.
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biological consequences of an amplicon. Such experiments 
need to be interpreted with care because they can detect 
genes important for the growth of cells in culture that 
have no special relevance to cancer development. The 
results from sirnA knockdown experiments can be 
especially valuable when the sirnA does not affect can-
cer cell lines of the same type that lack amplification and 
overexpression of the genes under investigation. we dis-
counted studies where this important control had not 
been included. sirnA studies can provide particularly 
interesting insights into the structure and biological 
contribution of genes in an amplicon. For example, it 
is well established that ERBB2 is the gene selected for in 
the amplification at 17q12 in breast cancer (TABLE 1; see 
Supplementary information S2 (table)). However, sirnA 
knockdown studies in cells lines with the 17q12 ampli-
con showed that ERBB2 and the adjacent co-amplified 
genes — growth factor receptor bound protein 7 (GRB7) 
and STAr-related lipid transfer domain containing pro-
tein 3 (STARD3) — contribute to the biological effect 
of this amplicon. Indeed, sirnA knockdown of these 
genes had no effect on breast cancer lines that lacked 
the 17q12 amplicon21. Analogous in vitro knockdown 
experiments can also be undertaken using drugs that 
target a gene or its encoded protein, as demonstrated 
by drugs that target MeT and only inhibit the growth 
of gastric cancer cell lines containing the 7q31 amplicon 
that includes MET22.

Evidence from animal experiments. well designed 
animal experiments can provide supporting evidence 
for the involvement of a gene in human cancer devel-
opment. This was shown by the work of Zender et al.23 

who infected hepatoblasts from Trp53–/– mice with 
retroviruses that express Myc and these were used to 
colonize the livers of host animals. An aCGH analysis 
of the liver cancers that arose from the seeded cells 
identified a recurrent amplicon at 9qA1. Importantly, 
an amplicon at the syntenic region, 11q22, was found 
in human hepatocellular carcinomas. YAP1 and bac-
ulovirus IAP repeat containing protein 2 (BIRC2) 
were amplified and overexpressed at this locus both 
in human and mouse cancers. experiments involving 
changes in the expression of Yap1 and Birc2 in this 
mouse model showed the biological importance of and 
cooperation between the two genes. These data sup-
port the involvement of these genes in the syntenic 
amplicon found in human liver cancer (TABLE 1; see 
Supplementary information S2 (table)).

Drug activity in patients. The ultimate test of whether 
an amplified gene makes a contribution to the growth 
of a cancer in vivo is whether a drug targeted against its 
encoded protein can be used to effectively treat primary 
cancers containing the amplicon. This has been shown for 
the erBB2 antibody trastuzumab, which improves sur-
vival in patients with breast cancers that have amplified 
and/or overexpressed ERBB2 (REfs 24,25).

classification
To facilitate the identification of key cancer genes we 
have developed a weight-of-evidence based classification 
system that takes into account the different sets of pub-
lished data that are available for each amplicon. Genes 
are categorised into four classes (I–Iv) based on the type 
of supporting data. To qualify as class Iv the gene must 
lie in the MrA and the amplified gene must be accompa-
nied by overexpression. each line of evidence discussed 
above is then assessed. All types of evidence, listed in 
Box 1, are scored with equal weighting (one point). 
Different views may be taken on the relative weights 
that should be assigned to different types of evidence. 
However, we believe that our system of equal weight-
ing, in which only one type of biological evidence can be 
scored (Box 1), provides an appropriate balance between 
genetic and biological information. A gene must score at 
least one point to be considered as a class III gene (signif-
icant evidence of involvement) and three or more points 
to be considered a class II gene (substantial evidence of 
involvement). reproducible demonstration (in multiple 
Phase II or Phase III trials) that therapeutic targeting 
of the gene or gene product improves clinical outcome 
in patients whose cancers contain the amplification is 
required for assignment as a class I gene.

In applying this system we considered each cancer 
type separately. This requirement arose because the 
same cytogenetically defined amplicon can have differ-
ent driver genes in different cancer types, or even sub-
types. For example, in breast, colon and lung cancers with 
an amplicon at 8q24 the proposed driver gene is MYC, 

 Box 1 | criteria for assigning amplified and overexpressed genes

To be considered in this analysis, genes must lie within a minimal region of amplification 
and overexpression of the normal gene must accompany the amplification. Genes that 
meet this criteria are classified as class IV genes. Genes were further classified 
according to their scores as determined by the evidence shown in the table. 

• Class III genes require 1 or 2 points indicating significant evidence of their involvement 
in cancer development. 

• Class II genes require 3 or more points and indicate substantial evidence for their 
involvement in cancer development. 

• Class I genes require that a drug that targets the encoded protein is used to treat 
patients for which efficacy must have been shown in clinical trials.

Supporting 
evidence

Criteria assigned 
score

Clinical correlation Expression correlated with clinical outcome 1 point

Knowledge of 
cancer genes and 
control pathways

Mutation and amplification mutually exclusive 1 point

sole identified gene in the amplicon 1 point

Inherited mutation predisposed to the same 
cancer type

1 point

Mutation or amplification and overexpression of 
other genes in the same pathway

1 point

Biological 
evidence

Overexpression causes biological effect 1 point*

siRNA knockdown or targeted drug causes 
biological effect in the cell containing the 
amplified and overexpressed gene, but not in cells 
lacking the amplified and overexpressed gene

1 point*

Animal studies substantial evidence from animal experiments 1 point

* Modulation of gene expression affecting biological properties can only be counted once.
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but in acute myeloid leukaemias with an 8q24 amplicon, 
TRIB1 is the driver gene implicated (TABLE 1). The fibrob-
last growth factor receptor 1 (FGFR1) gene had been 
excluded as a driver gene for the breast cancer 8p11–12 

amplicon where PPAPDC1B and WHSC1L1 are considered 
better candidates26,27. However, a recent study has pro-
vided evidence that FGFR1 is the driver gene for this 
amplicon specifically in lobular breast cancer28. In this 

Table 1 | Amplified and overexpressed genes in human cancer

Cancer type Class III Class II Class I

Acute myeloid leukaemia TRIB1

Bladder YWHAQ, E2F3, YWHAZ, ERRB2, AURKA

Breast SHC1, CKS1B, RUVBL1, C8orf4, LSM1, FGFR1, BAG4, MTDH, 
MYC, EMSY, PAK1, CDK4, MDM2, PLA2G10, STARD3, GRB7, 
RPS6KB1, PPM1D, CCNE1, YWHAB, ZNF217, AURKA, PTK6

CCND1, 
NCOA3

ERBB2

Colorectal MYC EGFR

Diffuse large B cell lymphoma REL

Endometrial ERBB2

Gastric RAB23, MET, MYC, ERBB2, CDC6

Glioma MDM4, EGFR, CDK4, MDM2, AKT3, CCND2, CDK6, MET

Head and neck DCUN1D1

Hepatocellular carcinoma CHD1L

Hodgkin’s lymphoma REL

laryngeal squamous cell 
carcinoma

FADD

liver YAP1, BIRC2

lung MYCN, EGFR, MET, WHSC1L1, YWHAZ, MYC, CCND1, MDM2, 
BCL2L2, PAX9, NKX2-1, KIAA0174, DCUN1D1, EEF1A2

MYCL1, SKP2, 
NKX2-8

Malignant melanoma MITF, CCND1, CDK4

Medulloblastoma MYC

Neuroblastoma MDM2 MYCN

Oesophageal PRKCI, ZNF639, SKP2, EGFR, SHH, DYRK2, ERBB2, CCNE1,  
AURKA

Oral squamous cell carcinoma CCND1

Osteosarcoma COPS3

Ovarian EIF5A2, EVI1, EMSY, ERBB2, RPS6KB1, AKT2 RAB25, PIK3CA

Pancreatic ARPC1A, SMURF1, MED29

Pancreatobillary GATA6

Prostate MYC AR

Retinoblastoma E2F3 MDM4

Rhabdomyosarcoma MYCN, FGFR1, GPC5

sarcoma JUN, MAP3K5, YEATS4, CDK4, DYRK2 MDM2

soft tissue sarcoma SKP2

Testicular germ cell tumour KIT, KRAS

Wilm’s tumour CACNA1E

AR, androgen receptor;  ARPC1A, actin-related protein complex 2/3 subunit A;  AURKA, Aurora kinase A; BAG4, BCl-2 associated 
anthogene 4; BCl2l2, BCl-2 like 2; BIRC2, Baculovirus IAP repeat containing protein 2;  CACNA1E, calcium channel voltage 
dependent alpha-1E subunit;  CCNE1, cyclin E1;  CDK4, cyclin dependent kinase 4; CHD1L, chromodomain helicase DNA binding 
domain 1-like; CKS1B, CDC28 protein kinase 1B; COPS3, COP9 subunit 3; DCUN1D1, DCN1 domain containing protein 1; DYRK2, 
dual specificity tyrosine phosphorylation  regulated kinase 2; EEF1A2, eukaryotic elongation transcription factor 1 alpha 2; EGFR, 
epidermal growth factor receptor; FADD, Fas-associated via death domain; FGFR1, fibroblast growth factor receptor 1, GATA6, 
GATA binding protein 6; GPC5, glypican 5;  GRB7, growth factor receptor bound protein 7;  MAP3K5, mitogen activated protein 
kinase kinase kinase 5; MED29, mediator complex subunit 5; MITF, microphthalmia associated transcription factor; MTDH, 
metadherin; NCOA3, nuclear receptor coactivator 3; NKX2-1, NK2 homeobox 1; PAK1, p21/CDC42/RAC1-activated kinase 1; 
PAX9, paired box gene 9; PIK3CA, phosphatidylinositol-3 kinase catalytic a; PLA2G10, phopholipase A2, group X; PPM1D, protein 
phosphatase magnesium-dependent 1D; PTK6, protein tyrosine kinase 6; PRKCI, protein kinase C iota; RPS6KB1, ribosomal protein 
s6 kinase 70kDa; SKP2, s-phase kinase associated protein; SMURF1, sMAD specific E3 ubiquitin protein ligase 1; SHH, sonic 
hedgehog homologue; STARD3, sTAR-related lipid transfer domain containing protein 3; YWHAQ, tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein, zeta isoform; ZNF217,  zinc finger protein 217.
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census the classification system is only applied where 
normal cellular genes are thought to contribute to can-
cer development by amplification and overexpression: 
mutated genes that are also amplified and conventional 
drug resistance genes are not considered. This distinction 
is important because activation of cancer genes by muta-
tion or translocation can also be associated with their 
amplification29–31. This analysis is also restricted to the 
examination of genes: evidence establishing the impor-
tance of micrornAs in amplified regions is starting to 
emerge but was considered too premature to include.

Many hundreds of class Iv genes have been iden-
tified in integrated genome-wide studies. These are 
not comprehensively listed. Class I–class III genes are 
listed in TABle 1. There are 62 class III genes, 12 class 
II genes and 3 class I genes (ERBB2, epidermal growth 

factor receptor (EGFR) and androgen receptor (AR)). 
Detailed justification for the classification of each gene 
is presented in Supplementary information S1 (text).  
A summary of the all of the genes and the cancers in 
which they have been implicated is shown in TABLE 1 and 
Supplementary information S2 (table). Their genomic 
positions are show in fIG. 1. we think that the evidence 
for class II and class I genes is sufficiently strong for their 
inclusion in the Cancer Gene Census. 

integrated genome analysis
Integrated genomic analyses involving parallel assessment 
of DnA copy number, expression and in some cases 
mutation have now been completed for many cancers, 
including breast and colon cancer and glioblastoma. 
Such analyses reveal complex patterns of genomic 

Figure 1 | Idiogram. This idiogram shows the genomic positions of amplified and overexpressed genes in cancer. Genes 
that reside at a similar genetic position are joined by a square bracket (]). The strength of evidence for involvement in 
human cancer, as defined by the criteria outlined in Box 1, is as follows: class I genes have the strongest evidence, followed 
by class II and then class III.
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changes. In a screen of 191 breast cancers, for example, 
nikolsky et al.32 identified 1,747 recurrently amplified 
genes organized into 30 amplicons, which equates to 
5.6% of the genome. To assess each dataset we cross-
referenced recurrent gene amplifications and over-
expression events with established cancer genes that 
are altered by other mechanisms (point mutation, 
translocation, etc) in the same cancer type using the 
Cancer Gene Census database. These studies identi-
fied an additional 9 genes (tyrosine 3-monoxygenase/
typtophan 5-monooxygenase activation protein β iso-
form (YWHAB), YWHAQ, CDC6, SHC1 phopholipase 
A2, group X (PLA2G10), CDK6, CCND2, AKT3 and 
RUVBL1) where there were genetic alterations in the 
same gene or in other genes in the same control path-
way, providing class III evidence (see Supplementary 
information S3 (text)). 

gene function
Of the 77 class I, class II and class III amplified and 
overexpressed genes identified, only 14 (phosphatidyl-
inositol-3 kinase catalytic α (PIK3CA), KIT, EGFR, 
MET, WHSC1L1, FGFR1, MYC, CCND1, KRAS, 
ERBB2, CDK4, AR, CDK6, CCND2) corresponded to 
cancer genes that are altered by other mechanisms1, 

such as translocation or mutation. However, most of 
the 77 genes are involved in pathways already known to 
be deregulated in cancer development (Supplementary 
information S2 (table)), including MAPK signal-
ling, erBB signalling, apoptosis and the p53 pathway, 
hedgehog signalling and the transforming growth 
factor β signalling pathway. notably, three of the new 
genes identified in our analyses of integrated datasets, 
YWHAB, YWHAQ and CDC6, together with the class 
III gene YWHAZ, are all thought to be components of 
the origin of replication complex that serves as a foun-
dation for DnA replication.

conclusions
This weight-of-evidence based analysis is complemen-
tary to the previously published census of oncogenes 
in human cancer1. In addition to the 6 amplified genes 
originally reported, we found significant or substan-
tial evidence for the importance of 71 amplified genes 
in cancer development. Technologies are now readily 
available for carrying out integrated genomic analysis of 
DnA copy number and expression. linking newly gen-
erated datasets to supporting evidence using the criteria 
outlined in this analysis will aid in identifying new genes 
that contribute to cancer development.
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