
*Department of Medical 
Oncology, ‡Melanoma 
Program in Medical Oncology 
and §Center for Cancer 
Genome Discovery, Dana-
Farber Cancer Institute, 
Boston, Massachusetts 
02115, USA.
||Department of Medicine, 
Brigham and Women’s 
Hospital, Harvard Medical 
School, Boston, 
Massachusetts 02115, USA.
¶The Broad Institute of 
Harvard and MIT, Cambridge, 
Massachusetts 02141, USA.
#Novartis Institutes for 
Biomedical Research Inc., 
Cambridge, Massachusetts 
02139, USA.
Correspondence to L.A.G.
e-mail: levi_garraway@
dfci.harvard.edu
doi:10.1038/nrc1947

Lineage dependency and lineage-
survival oncogenes in human cancer
Levi A. Garraway*‡ § || ¶ and William R. Sellers* #

Abstract | Although cell-lineage and differentiation models dominate tumour classification 
and treatment, the recognition that cancer is also a genomic disease has prompted a 
reconfiguration of cancer taxonomies according to molecular criteria. Recent evidence 
indicates that a synthesis of lineage-based and genetic paradigms might offer new insights 
into crucial and therapeutically pliable tumour dependencies. For example, MITF 
(microphthalmia-associated transcription factor), which is a master regulator of the 
melanocyte lineage, might become a melanoma oncogene when deregulated in certain 
genetic contexts. MITF and other lineage-survival genes therefore implicate lineage 
dependency (or lineage addiction) as a newly recognized mechanism that is affected by 
tumour genetic alterations.

In recent years there has been tremendous progress 
towards a detailed characterization of genetic alterations 
that underlie many human tumour types. The effect of 
array-based technologies that profile global gene expres-
sion and chromosomal variations raises the possibility 
that a widespread reclassification of human cancers 
according to genetic criteria might emerge within the 
next few decades. If so, the main challenge will be to dis-
cern essential cellular dependencies that are perturbed 
by tumour genetic lesions, and to link these to rational 
therapeutic intervention1.

Progress might benefit from looking again at hallmark 
processes that operate in normal cellular counterparts 
during development and differentiation. The emer-
gence of tumour cells from non-transformed precursors 
is the output of a complex interplay between genetics, 
epigenetics and cell lineage. Towards this end, recent 
evidence indicates that overlaying lineage development 
and survival information with knowledge of cancer 
genetic perturbations might reveal new insights into 
tumour biology. In particular, cellular dependencies that 
are imprinted during lineage development might both 
shape the range of tumour genetic alterations and reveal 
a distinct class of linage-associated cancer genes.

Cell-lineage models for human carcinogenesis
Frameworks for cancer pathophysiology and treat-
ment incorporate multiple paradigms that are based 
on distinct types of scientific evidence. Accordingly, 
several overlapping but contrasting hypotheses that 
have been developed over the past few decades purport 

to explain the range of human carcinogenesis (TABLE 1). 
Implicit in each of these models is the notion that cancer 
biology is linked to and influenced by the lineage and 
differentiation states of tumour precursor (stem) cells 
(BOX 1). Although they overlap to a certain extent, each 
hypothesis that is shown in TABLE 1 highlights a distinct 
explanatory model of cancer biology with important 
treatment implications. For example, the efficacy of 
all-trans retinoic acid (ATRA) in acute promyelocytic 
leukaemia (APL) relates in part to the differentiation 
and maturation hypothesis that is commonly applied to 
haematological malignancies2. APL consists of neoplas-
tic cells that are aberrantly blocked in the promyelocytic 
stage of myeloid differentiation. Treatment with ATRA 
restores a normal myeloid differentiation programme by 
displacing the PML (promyelocytic leukaemia)–RARA 
(retinoic acid receptor α) fusion oncoprotein that drives 
APL carcinogenesis3.

Lineage models also constitute the de facto clinical 
approach to many solid tumours, in part because of the 
organ-specific developmental history that is associated 
with these cancer types. From a treatment standpoint, 
a lung adenocarcinoma represents an entirely separate 
disease entity from an adenocarcinoma of another 
tissue type, such as colon adenocarcinoma or breast 
adenocarcinoma. Lineage-specific endocrine depen-
dencies guide therapeutic approaches in breast cancer 
and prostate cancer, which frequently require hormonal 
blockade to effect tumour regression. Biological dif-
ferences that segregate with lineage might also define 
selective (though poorly understood) vulnerabilities to 
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conventional cytotoxic agents. Primitive neuroectoder-
mal tumours and germ-cell tumours exemplify this point; 
these cancers tend to be much more chemoresponsive 
than those of many other lineages, so chemotherapy 
figures prominently in the treatment approaches that 
are applied.

Lineage specification in development and cancer
The intimate association between cell lineage and 
tumorigenesis has guided cancer classification for 
well over a century. Histopathologists have long noted 
the phenotypic resemblance in growth and migratory 
properties between many tumour cells and embryonal 
cells; indeed, cancer classification schemas in current 
use derive heavily from this recognition4,5. Embedded 
in development-oriented cancer taxonomies is a 
molecular assumption that tumours must (aberrantly) 
elaborate various cellular mechanisms that function in 
their ancestral precursor cells. A related notion under-
lies the epithelial-to-mesenchymal transition (EMT), 
which invokes a commonality between migratory 
mechanisms that operate in development and those that 
operate in the tumour metastatic process6,7. According 
to the EMT model, tumours acquire metastatic poten-
tial in part through ectopic expression of mesenchymal 

components that function during embryogenesis. By 
extension, tumour cells might co-opt many further 
normal developmental pathways for functions that are 
linked to tumour progression8,9.

Even a cursory survey of embryological mechanisms 
reveals a rich potential for convergence between cell 
lineage and tumour survival. In particular, two deeply 
interwoven molecular phenomena guide vertebrate 
development: genome-wide chromatin remodelling10 
and temporal, coordinated actions of transcription 
factors that direct lineage-associated gene-expression 
programmes11–13 (FIG. 1). Regarding the former, histone 
modifications, DNA methylation and ATP-dependent 
nucleosomal repositioning constitute well-known epi-
genetic remodelling mechanisms14–18. Together, these 
processes conduct sequential gene activation patterns 
that are characteristic of axis formation, body seg-
mentation and subsequent lineage differentiation. The 
gene-expression reprogramming that is associated with 
chromatin remodelling is governed initially by factors 
such as Polycomb- or Trithorax-group proteins19 and 
Hox transcriptional regulators, which control pattern 
formation during development20. Subsequently, other 
transcription-factor subtypes predominate, depending 
on the progenitor cell types. On establishment of rele-
vant progenitor lineages, the ensuing processes of tissue 
formation and cell maturation require environmentally 
induced as well as cell-autonomous migration, prolifera-
tion and survival processes. Apoptosis has a key role in 
defining the morphology of tissues and in cell-lineage 
formation at various points in development.

The above observations indicate that a detailed 
examination of lineage-associated tumour-survival 
properties might reveal novel and clinically pertinent 
tumour mechanisms. Indeed, several lines of evidence 
support a lineage-dependency model for tumorigenesis. 
First, lineage-restricted genetic or epigenetic alterations 
in chromatin-remodelling proteins such as SNF5 (also 
known as integrase interactor 1 and SWI/SNF-related, 

At a glance

• The close association between cell lineage and cancer phenotype has long been recognized. This link raises the 
possibility that cellular mechanisms that govern lineage proliferation and survival during development might also 
underlie tumorigenic mechanisms.

• Many somatic genetic alterations show lineage-restricted patterns across human tumours, which indicates that genetic 
changes in cancer might be conditioned by the lineage programmes that are embedded in tumour precursor cells.

• A convergence of lineage-based and genetic observations gives rise to a lineage-dependency (or lineage-addiction) 
model of human cancer, wherein tumour cells depend crucially on survival mechanisms that are programmed into 
lineage precursor cells during development, which might be affected by acquired genetic alterations. Unlike oncogene 
addiction, which invokes a dependency on a tumour-specific gain-of-function event, lineage addiction involves the 
persistence and/or deregulation of crucial lineage-survival mechanisms during carcinogenesis or tumour progression.

• Presumably, lineage-dependency mechanisms that promote tumour progression involve master regulatory genes that 
also exert key developmental survival roles. Such genes can be termed lineage-survival oncogenes.

• MITF (microphthalmia-associated transcription factor) and the androgen receptor are prototype lineage-survival 
oncogenes in melanoma and prostate cancer, respectively. A review of the scientific literature readily identifies several 
more genes with presumptive or predicted lineage-survival functions in different cancers.

• Recognition of the lineage-dependency model might expand existing paradigms for tumour biology by emphasizing 
the importance of lineage in shaping key oncogenic mechanisms, thereby offering an explanatory framework for the 
distribution of genetic alterations in cancer. Targeting lineage dependencies as well as classical gain-of-function events 
might require combinatorial or synthetic-lethal therapeutic approaches to cancer.

Table 1 | Lineage-based models for human carcinogenesis

Model Definition Example

Differentiation 
hypothesis

Cancer as a maturation or 
differentiation abnormality

Acute leukaemias

Tissue-lineage 
hypothesis

Malignant transformation of 
characteristic cells from distinct 
tissue types

Lung versus breast 
adenocarcinoma

Embryological 
hypothesis

Malignant transformation of 
embryologically distinct cell types

Carcinoma versus sarcoma

Cell-lineage 
hypothesis

Malignant transformation of 
histologically distinct cell types

Squamous-cell carcinoma 
versus adenocarcinoma
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Tumour metastasis Tumour progression Tumour progenitor cell

Chromatin remodelling Transcriptional reprogramming

Embryogenesis Organogenesis Lineage differentiation

Somatic
genetic
changes

Perturbed mechanisms (cancer)

Normal mechanisms (development)

matrix-associated, actin-dependent regulator of chroma-
tin B1) and the BMI1 oncoprotein occur either causally 
or in strong association with tumour progression and 
metastasis21–26. Second, deregulated expression of many 
transcription factors that govern pattern formation and 
lineage development also occurs in association with 
tumorigenesis27,28. Moreover, a recent comparison of 
tumour-derived gene-expression patterns with those 
from corresponding normal developmental lineage 
precursors indicated that recapitulation of lineage devel-
opmental programmes might comprise a general molec-
ular property that is characteristic of many diverse solid 
tumour types29. Collectively, these observations imply 
that a defined molecular repertoire that is established 
through developmental programming might comprise 
the ‘universe’ of putative effectors that are available 
to a given tumour stem cell. If so, we might expect to 
observe a primarily lineage-restricted pattern of cancer 
mechanisms across human tumours. Moreover, lineage-
survival factors that operate in the normal setting might 

be exploited as key oncogenic dependencies during 
carcinogenesis and tumour progression.

Conditioning of somatic genetics by lineage
Lineage-oriented views of cancer biology stand in con-
trast to mechanistic models in current use4,30. Much 
evidence from the past three decades has firmly estab-
lished that tumour-cell evolution involves an accumula-
tion of genetic alterations that activate oncogenes and 
inactivate tumour-suppressor genes. Accordingly, recent 
genome-era advances have precipitated the widespread 
application of high-throughput methods to characterize 
human cancer on a global scale31,32. Therefore, the notion 
of cancer as a fundamentally genetic disease might 
eclipse the lineage paradigms articulated above.

At the same time, it has long been apparent that 
lineage exerts a substantial effect on the distribution of 
genetic alterations in tumours. A survey of several well-
known oncogenes illustrates this point, as shown in FIG. 2. 
Activating point mutations in Ras family, BRAF, EGFR 
(which encodes epidermal growth factor receptor 1) and 
PIK3CA (which encodes phosphatidylinositol 3-kinase 
catalytic subunit-α) oncogenes tend to occur at high fre-
quencies in a few discrete lineages, such that their overall 
prevalence is attributable to a relatively small number 
of tumour types. Even the location of the activating 
base mutations within a given oncogene might vary 
markedly according to tumour lineage, as exemplified 
by Ras family mutations33. Lineage-restricted somatic 
mutation patterns therefore constitute a prominent 
feature of genetic changes in cancer. By contrast, the 
tumour-suppressor genes CDKN2A (which encodes 
cyclin-dependent-kinase inhibitor 2A) and TP53 seem 
to exemplify lineage-independent mutation patterns, 
consistent with the universal cell-cycle gatekeeper func-
tions of the proteins that they encode (FIG. 2b). However, 
even in these cases, mechanisms of inactivation might 
vary by lineage. For example, loss-of-function mutations 
that directly affect TP53 occur infrequently in melano-
mas compared with other lineages; instead, deletion 
that involves the INK4a/ARF locus might serve the 
same purpose in these tumours34,35. These observations 
support the general premise that many essential tumour 
dependencies reflect an interplay between genetic altera-
tions and the lineage specification that is wired into the 
relevant progenitor cells (FIG. 1).

Like the point mutations in oncogenes that are 
described above, ‘macro-genomic’ alterations (such as 
large DNA amplifications, deletions or translocations) 
also might show lineage-restricted alterations in human 
cancer. Haematological malignancies contain the clearest 
examples of this phenomenon; balanced translocations 
that define distinct molecular subtypes of leukaemia and 
lymphoma segregate exquisitely according to tumour 
cell lineage. Amplifications in CCND1 (which encodes 
cyclin D1), ERBB2 (also known as HER2) and EGFR also 
show lineage-restricted alterations36–40 (FIG. 2). Our group 
has used high-density single-nucleotide polymorphism 
(SNP) arrays (BOX 2) to map genomic copy-number and 
loss of heterozygosity (LOH) changes at high resolution 
for a large collection of human tumours and cancer cell 

Box 1 | Tumour stem cells

Tumour stem cells are a proposed subpopulation of cells 
within a given tumour that have: an unlimited replicative 
potential; the capacity to regenerate the complete range 
of malignant cells that are present in an individual 
tumour when explanted; and a high degree of resistance 
to conventional chemotherapy87,100,101. Tumour stem cells 
could in principle be transformed adult stem cells (or 
related lineage precursor cells), as by definition these 
cells also possess self-renewal and differentiation 
abilities. On the other hand, immortalization and 
resistance to apoptosis might also occur de novo as a 
result of genetic and epigenetic alterations that direct 
carcinogenesis; therefore, many tumour precursor cells 
might be predicted to harbour a stem-cell phenotype 
regardless of the cell of origin.

Figure 1 | Aberrant lineage ontogeny and somatic genetics in human tumour 
formation. Cardinal developmental processes such as chromatin remodelling and 
specific transcriptional programmes embed lineage-restricted proliferation and survival 
mechanisms that direct tumour formation in the relevant precursor cells. Somatic 
genetic alterations that lead to cancer (indicated schematically by lightning) might 
therefore be influenced (or ‘conditioned’) by the cell or tissue lineage.
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lines41,42. When hierarchical clustering algorithms were 
applied to the chromosomal copy-number data that was 
generated by SNP array hybridization, many cancer cell 

lines and tumour samples clustered according to tissue 
of origin, which is consistent with lineage-driven genetic 
perturbations41,43. Collectively, these observations 
indicate that somatic cancer genetics is commonly ‘con-
ditioned’ by tumour lineage. Therefore, global surveys of 
chromosomal alterations that are present in both tumour 
samples and appropriate model systems (such as cell 
lines, short-term cultures and xenografts) might provide 
a means to characterize lineage-associated cancer genes 
that are affected by genetic lesions.

Lineage addiction as a tumour dependency
A synthesis of the lineage-dependency hypothesis 
and the genome-centred view of cancer suggests that 
lineage-survival pathways might operate aberrantly 
during carcinogenesis and tumour progression, often 
as a result of genomic alterations. In this view, many 
tumours might rely crucially on (or be addicted to) 
hallmark proliferation or survival programmes that 
are embedded through development within normal 
lineage precursor cells. The lineage-dependency 
model (FIG. 1) therefore offers a counterpoint to onco-
gene addiction44, in which cellular signals that are 
activated in tumour cells but absent in correspond-
ing normal tissue elicit aberrant proliferative and/or 
anti-apoptotic effects on which tumour cells become 
excessively dependent. The biological and therapeutic 
relevance of oncogene addiction has been shown in 
studies of the BCR–ABL fusion oncoprotein in chronic 
myelogenous leukaemia, activating mutations in the 
KIT oncogene in gastrointestinal stromal tumours, 
and EGFR mutations in non-small-cell lung cancer 
subsets45–48. By contrast, the lineage-addiction theory 
does not require the gain of a new and tumour-specific 
cellular function, but instead posits the persistence and 
deregulation of survival mechanisms that operate dur-
ing normal lineage development. Therefore, although 
both models invoke an unusual tumour reliance on 
key cellular dependencies, the origin of and basis for 
such dependencies differs significantly between the 
two models.

Contrasting the oncogene and lineage addiction 
models also allows predictions about the types of onco-
gene that are expected to provide the relevant cellular 
effects. Each of the best-known examples of oncogene 
addiction that are mentioned above involves so-called 
classical oncogenes — growth-promoting genes (often 
tyrosine kinases) that have undergone activating somatic 
mutations that confer a transformed phenotype in well-
established experimental assays (such as loss of contact 
inhibition, induction of anchorage independence in 
NIH 3T3 cells and tumour formation in nude mice). 
Where present, lineage addiction might instead involve 
deregulated expression of master genes that mediate 
normal (and essential) developmental lineage functions. 
Although such effectors might include some classical 
oncogenes, in most cases lineage addiction will prob-
ably use a distinct class of cancer genes that have the 
biological properties that are outlined in BOX 3. We call 
such genes lineage-survival oncogenes, and speculate 
that many transcription factors and signalling proteins 

Figure 2 | Lineage-restricted patterns of activating 
oncogene mutations in human solid tumours. 
a | An analysis of activating oncogene mutations across 
selected solid tumour lineages shows that the cell or tissue 
lineage has a dominant influence on mutation frequency 
(Y axis), even within a gene family (as shown for Ras genes). 
‘Amp’ denotes high-level gene amplification; all other 
mutations indicated are point mutations. b | By contrast, 
some gatekeeper tumour-suppressor genes tend mainly to 
have lineage-independent patterns of somatic 
inactivation, though the mechanism of inactivation varies 
according to lineage. Frequency estimates were derived 
from the literature and the COSMIC database. CCND1, the 
gene that encodes cyclin D1; CDKN2A, the gene that 
encodes cyclin-dependent-kinase inhibitor 2A; EGFR, the 
gene that encodes epidermal-growth-factor receptor; 
ERBB2, also known as HER2; PIK3CA, the gene that encodes 
phosphatidylinositol 3-kinase catalytic subunit-α; TP53, 
the gene that encodes tumour suppressor p53.
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p16–CDK4–RB pathway 
A vital cell-cycle checkpoint 
that operates in mammalian 
cells. The p16 protein 
(encoded by CDKN2A) is a 
well-characterized cell-cycle 
inhibitor, and the RB 
(Retinoblastoma) protein was 
one of the first tumour 
suppressors to be described.

that operate during development might underlie the 
associated cellular dependencies in tumours from a wide 
range of lineages.

MITF as a prototype lineage-survival oncogene
Further insights into lineage addiction and associated 
oncogenes might derive from a closer inspection of 
particular cell lineages. Maturation and survival of the 
melanocyte lineage is an informative process in this 
regard. Neural-crest cells, which are the archetypal 
melanocyte precursors, are controlled by coordinated 
transcription-factor programmes that involve SOX9 
(SRY-box 9), SOX10, FOXD3 (forkhead box D3), Id 
(inhibitor of DNA binding) proteins and SNAI2 (also 
known as SLUG), among others9,49. Crucially, the mas-
ter transcriptional regulator MITF (microphthalmia-
associated transcription factor) has a decisive role in 
both differentiation and survival of the melanocyte 
lineage50–52. Therefore, the success of this lineage 
depends crucially on proliferative and survival signals 
that converge on and are mediated by MITF function. 
Recently, integrated genetic studies revealed that MITF 
undergoes amplification in 15–20% of metastatic 
melanomas34. Functional assays demonstrated that 
MITF cooperates with activated BRAFV600E to trans-
form immortalized human melanocytes. Importantly, 
this transforming capacity of MITF was only manifest 
in the context of aberrant mitogen-activated protein 
kinase (MAPK) pathway activation (set up through 
BRAFV600E co-expression) and cell-cycle deregulation, 
which is mediated in part through p16–CDK4 (cyclin-
dependent kinase 4)–RB pathway inactivation. By direct-
ing melanocyte lineage survival during development 
and promoting tumorigenesis in a subset of melano-
mas as a result of genetic alterations, MITF therefore 
seems to function as a lineage-survival oncogene53.

Further elucidation of the MITF contribution to 
melanoma genesis might also show how a tumour 
lineage dependency might condition the range of associ-
ated genetic alterations, as described above. Towards this 
end, MITF is known to have two fundamental roles in 
melanocyte development: regulation of the melanocyte 
differentiation programme, which is associated with 
growth arrest; and melanocyte lineage survival, which 
might involve both proliferative (through CDK2)54 and 
anti-apoptotic (through BCL2 (B-cell lymphoma 2))55 
mechanisms. In the subset of melanomas in which 
MITF has an oncogenic lineage-survival function, its 
melanocyte differentiation function is presumably dis-
pensable and possibly even detrimental because of the 
growth arrest that follows. Therefore, it seems that 
MITF-dependent melanomas must undergo further 
genetic or epigenetic alterations to inactivate key 
growth-inhibitory mechanisms that function in fully 
differentiated melanocytes.

In this regard, MITF-induced growth arrest in mela-
nocytes seems to involve the p16 (encoded by CDKN2A) 
and/or RB (Retinoblastoma) proteins56,57, and melano-
cytes that escape this MITF-mediated arrest show loss 
of p16 expression56. Deletion or silencing of CDKN2A 
also occurs commonly in melanoma (FIG. 2b), leading 
to RB inactivation and therefore a substantial lesion 
to a crucial cell-cycle checkpoint58. MITF-dependent 
melanomas should also require constitutive MAPK 
pathway activation as an ERK (extracellular signal-
regulated kinase)-dependent phosphorylation event is 
necessary for MITF transactivation59. To this end, it is 
now well-recognized that most cutaneous melanomas 
contain activating somatic mutations in NRAS or BRAF, 
which encode two key MAPK signalling proteins32,60,61. 
Arguably, genetic alterations that lead to both p16 loss 
and constitutive MAPK activation provide a favourable 
context for an melanoma MITF dependency to emerge. 
The lineage-dependency model might therefore help 
to explain why these specific genetic alterations occur 
so much more frequently in melanoma than in other 
tumour types.

Lineage-survival oncogenes in other cancers
A review of the literature with the above principles in 
mind identifies several more genes that probably have 
oncogenic lineage-survival roles in human tumours. 
Selected examples of putative lineage-survival onco-
genes are listed in TABLE 2. The androgen receptor (AR) 
is an informative example: like MITF in the melanocyte 
lineage, this transcription factor is required for the devel-
opment and survival of the prostate epithelial lineage62. 
Prostate luminal differentiation requires AR and leads 
to cell growth arrest after a defined period of epithelial 
proliferation63. However, ectopic AR expression in pros-
tate epithelial cells that have been engineered to have 
inactivated RB and p53 cell-cycle checkpoints makes 
these cells able to form tumours following orthotopic 
injection and androgen stimulation in nude mice64. So, 
both MITF and AR function as master transcriptional 
regulators of development and/or survival in their 
respective lineages, but might also have oncogenic roles 

Box 2 | Single-nucleotide polymorphism (SNP) microarrays

SNP microarrays are oligonucleotide microarray tools for genome characterization. 
They contain DNA oligonucleotide probes that can determine the allele status (for 
example, homozygosity or heterozygosity) at hundreds of thousands of SNP loci in 
parallel, following hybridization of patient-derived genomic DNA. Although originally 
developed for large-scale genetic association studies, SNP arrays also provide a robust 
tool for cancer-genome mapping102,103. The high SNP marker density (combined with 
SNP-specific minor-allele frequencies) enables the inference of genomic regions that 
have undergone loss of heterozygosity even when data from matched normal samples 
are unavailable104. In addition, the signal intensities that result from tumour DNA 
hybridization provide a measurement of the chromosomal copy number at these same 
SNP loci when referenced to data from a collection of normal diploid controls105 (similar 
to array-based comparative genomic hybridization technologies). The current 
generation of Affymetrix SNP array sets can genotype >500,000 SNP alleles in parallel.

Box 3 | Predicted properties of lineage survival oncogenes

• Crucial role(s) in normal lineage proliferation and/or survival during development

• Persistent or deregulated expression in cancers of the associated lineage

• Affected by somatic genetic alterations in tumour subsets

• Required for tumour survival and/or progression

• Are more likely to be lineage-associated transcription factors than signalling proteins
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in certain genetic contexts. Moreover, both of these fac-
tors can be affected by genetic alterations in association 
with advancing malignancy, which supports the notion 
that certain tumours maintain their lineage dependence 
on these factors throughout disease progression.

Though not exhaustive, TABLE 2 also highlights sev-
eral more transcription factors and other effector pro-
teins that might function as lineage-survival oncogenes 

on the basis of the criteria that are outlined in BOX 3. 
The well-characterized cyclin D1 oncoprotein under-
goes frequent gene amplification in subsets of breast 
cancers. Cyclin D1 promotes the cell cycle, but also 
controls the final stages of mammary gland maturation 
that occur during pregnancy65–67, which indicates a con-
comitant mammary lineage dependency. The gene that 
encodes FLT3 (FMS-related tyrosine kinase 3) also has 
several properties of lineage-survival oncogenes; FLT3 
is a receptor tyrosine kinase that directs myeloid lineage 
maturation, and the gene also harbours somatic point 
mutations in a significant fraction of acute myeloid 
leukaemias47,68,69,106.

As large-scale efforts to characterize somatic genetic 
alterations in tumours continue, the list of lineage-
survival oncogenes should continue to expand. Already, 
there are several other genes, the functions of which 
indicate a lineage-survival mechanism that could also 
promote carcinogenesis, although they have not yet 
been shown to be affected by somatic genetic alterations 
(TABLE 2). The oestrogen receptor (ER), which is encoded 
by ESR1, provides a provocative example: this transcrip-
tion factor has key roles in breast development that are 
analogous to those of AR in prostate70,71; however, ESR1 
has not been shown convincingly to undergo somatic 
genetic alterations in breast cancer. This gender discrep-
ancy suggests that other cellular means might suffice to 
effect ER deregulation in the subset of breast tumours 
that have an oestrogen-sensitive dependency. In support 
of this, gene amplification of ER transcriptional cofactors 
has been observed in breast and ovarian cancer72,73.

The thyroid transcription factor 1 homeodomain 
protein (TITF1)74 (TABLE 2) is an appealing candidate 
lineage-survival oncogene in lung cancer. This DNA-
binding protein is required for both thyroid and lung 
development, and is highly expressed in small-cell lung 
cancers and lung adenocarcinomas75,76; indeed, TITF1 
is a useful histological marker in the differential diag-
nosis of primary pulmonary (versus non-pulmonary) 
neoplasms77. The caudal-type homeobox transcription 

Table 2 | Predicted lineage-survival oncogenes

Gene Lineage Function Genetic 
alterations?

Existing or possible 
therapeutics

MITF Melanocytic Transcription factor Yes Antisense BCL2

AR Prostate Transcription factor Yes Hormone therapy

CCND1 Mammary Cell-cycle regulator, 
transcription factor

Yes CDK inhibitors

FLT3 Myeloid Receptor tyrosine kinase Yes FLT3 inhibitors

ESR1 Mammary Transcription factor Yes, in co-
activators

Hormone therapy

TITF1 Lung Transcription factor No ?

CDX1 Intestine Transcription factor No ?

Ets oncogenes Prostate, 
mammary, other

Transcription factors Yes (prostate) ?

AR, the gene that encodes the androgen receptor; BCL2, B-cell lymphoma 2; CCND1, the gene that encodes cyclin D1; CDX1, the 
gene that encodes caudal-type homeobox transcription factor 1; ESR1, the gene that encodes oestrogen receptor 1; FLT3, the 
gene that encodes FMS-related tyrosine kinase 3; MITF, the gene that encodes microphthalmia-associated transcription factor; 
TITF1, the gene that encodes thyroid transcription factor 1 homeodomain protein.

Figure 3 | A lineage-dependency model for human 
cancer. During development, master regulatory genes can 
have crucial roles within the tissue or organ progenitor 
cells to mediate lineage survival and subsequent cell 
differentiation (left). Lineage-survival mechanisms that are 
elicited by these genes can influence (or ‘condition’) the 
range of tumour genetic alterations that are observed in 
particular tumour types while also exerting their own 
oncogenic functions in certain genetic contexts (right). 
During tumour progression, these lineage-survival 
oncogenes can become deregulated through genetic or 
epigenetic alterations.
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factor 1 (CDX1) is another intriguing candidate78; this 
protein controls intestinal development and differentia-
tion, in which it has also been purported to exert an onco-
genic effect79. Ongoing cancer-genome mapping should 
soon establish whether either TITF1 or CDX1 is affected 
by genetic alterations in lung or gastrointestinal cancer 
subsets, as predicted by the lineage-dependency model.

Although this discussion has focused on oncogenes, 
several tumour-suppressor genes also have lineage-
restricted tumour inactivation patterns. Prominent 
examples include APC (adenomatosis polyposis coli) 
in colon cancer80, RB in retinoblastoma81 and NF1 in 
neurofibromatosis82. In such cases, distinct cell lineages 
might either preferentially accumulate genetic hits to 
these loci or respond differently to loss of the remaining 
allele. In either scenario, the relevant tumour-suppressor 
gene might have a dominant inhibitory function within 
a key growth or survival pathway that is itself governed 
by the lineage-specific reprogramming mechanisms that 
are outlined above. Future studies that explore the link 
between cell lineage and tumour suppression might dem-
onstrate new dependencies that operate in tissue-specific 
tumorigenesis and maintenance.

Lineage-independent paths to malignancy
The foregoing argument implies that lineage depen-
dency provides a relatively common tumour-promoting 
mechanism. Theoretically, tumour precursor cells from 
any lineage, the development and survival of which use 
certain master regulatory genes, might deregulate such 
factors through genetic and epigenetic alterations along 
the path to cancer. At the same time, it is unlikely that 
lineage dependency provides a universal oncogenic pro-
cess. For example, although most melanomas maintain 
MITF expression throughout disease progression, many 
melanomas show MITF downregulation in association 
with advanced or aggressive disease83, which indicates 
that MITF function is dispensable in these cases. 
Similarly, about 1% of prostate cancers are negative for 
PSA (prostate-specific antigen)84. As PSA expression is 
androgen-regulated, this indicates that at least some of 
these variants might have AR-independent biology. In 
such cases, carcinogenesis or tumour progression (or 
both) might have happened in a lineage-independent 
fashion. Therefore, although the lineage-addiction 
model might be applicable to many tumour types, it will 
probably involve only a subset of tumours from each 
lineage.

It is also tempting to speculate that lineage-indepen-
dent mechanisms drive the genesis and maintenance of 
many so-called poorly differentiated cancers85. These 
aggressive malignancies frequently lack the gene-
expression programmes that are characteristic of their 
more differentiated malignant counterparts and of 
the fully differentiated cell lineages from which they 
originate86. So far, a systematic genomic study of poorly 
differentiated cancers has not been conducted; however, 
the lineage conditioning of genetic alterations that 
are observed in other tumour types might be mainly 
absent in these tumours if lineage-independent tumour-
survival mechanisms predominate. Such data might also 

help to resolve a longstanding question of the tumour 
stem-cell theory87: whether tumour precursor cells 
derive from transformed stem cells themselves or from 
more differentiated progeny that then attain stem-cell-
like properties during carcinogenesis (BOX 1). If poorly 
differentiated cancers from a given lineage show the 
same patterns of genetic alterations as their more dif-
ferentiated counterparts, this might support the notion 
that they arose from progenitor cells in which a degree 
of lineage maturation had already occurred.

On the other hand, even highly aggressive and poorly 
differentiated tumour cells might preserve a lineage 
memory that reflects their developmental history. This 
phenomenon was recently demonstrated in an elegant 
series of experiments in which well or poorly differenti-
ated melanoma cells were injected into chick embryos 
and observed for their patterns of migration during 
development88. Unlike their more differentiated counter-
parts, poorly differentiated melanoma cells tracked with 
neural-crest cells, indicating that these cells remained 
configured to respond to the inductive signals that 
directed their developmental ancestors. Moreover, recent 
evidence from microRNA-profiling studies indicates 
that the developmental lineages of poorly differentiated 
tumours are manifest from microRNA-expression profiles 
even though they are often invisible in mRNA-expression 
analyses89. Therefore, lineage-dependency mechanisms 
could still operate in some poorly differentiated cancers, 
though the specific effectors that are involved could 
reflect a shift ‘backwards’ in the developmental timeline 
of the tumour progenitor cells.

Biological and therapeutic implications 
Recognition of the lineage-dependency model gives 
an additional dimension to comparative studies of 
tumour cells and their non-malignant counterparts. 
Such investigations often proceed according to an 
implicit assumption that hallmark cancer mechanisms 
must show tumour-specificity — for example, through 
gain-of-function or loss-of-function alterations that gen-
erate new cancer-promoting signals exclusively in the 
tumour progenitor cells. The lineage-dependency model 
expands the prevailing notion — in which oncogenic 
factors are typically absent in normal cells and present in 
tumour cells — to a framework that includes those that 
are present in normal cells and deregulated in tumour 
cells. By accommodating expanding evidence that the 
normal lineage programme might profoundly influence 
many aspects of tumour progression and metastasis9, the 
lineage-dependency theory emphasizes the continuum 
between normal processes and malignant tumour-
survival processes and also provides a developmental 
context in which associated genetic and epigenetic 
changes can be considered.

In this regard, the lineage-dependency model might 
also deepen understanding of the patterns of somatic 
alterations that are observed across human cancers. 
Large-scale cancer-genome characterization efforts 
have already proved fruitful for cancer gene discovery; 
ultimately, these approaches should yield a comprehen-
sive catalogue that provides predictive power about the 
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frequencies of genetic alterations across different tumour 
types. In the future, knowledge of the underlying tumour 
lineage dependencies and how they might condition the 
genetics of individual tumours might also add explana-
tory power to the relationship between genetics and 
lineage in human cancer. Conversely, elucidating the 
cellular effects of tumour-promoting genetic alterations 
might clarify key mechanisms that operate in normal 
lineage counterparts during development.

Furthermore, the lineage-addiction model sup-
ports an emerging paradigm for targeted thera-
pies that are directed against genetically defined 
tumours. An extreme interpretation of the oncogene-
addiction viewpoint could imply that cancer gen-
esis and maintenance mechanisms might depend on 
certain cardinal somatic genetic alterations regard-
less of the lineage in which they occur, as illustrated 
in FIG. 4. If so, the optimal targeted therapy should 
involve direct pharmacological inhibition of either 
the mutated oncoprotein itself or a drug-responsive 
component of its effector pathway. On the other 
hand, if a lineage dependency has conditioned the 
genetic alterations of the tumour, a combined thera-
peutic strategy might be needed to intercept both 
the lineage-survival mechanism and the effects of its 
associated genetic perturbations. Attempts to target 
lineage addiction must also account for the caveat that 
agents that target dependencies that are present in 
both tumours and normal cellular counterparts could 
have increased toxic side effects. In such cases, the 
optimal and tumour-specific targets might be outside 
the lineage-survival pathway itself (FIG. 4).

To this end, discovering robust drug targets in the 
setting of tumour lineage dependency might benefit sub-
stantially from the ‘synthetic dosage lethality’ concept90,91. 
Two cellular factors have a synthetic lethal relationship 
if alteration of either factor alone preserves cell viabil-
ity, whereas simultaneous perturbation of both factors 
results in cell death. In the lineage-dependency model, 
the combined effects of deregulated lineage survival and 
its enabling (or otherwise associated) tumour genetic 
events might create an altered cellular state A in which 
a distinct factor B now provides an essential buffering 
effect to accommodate these changes92. Systematic efforts 
to identify and inhibit crucial buffering factors that oper-
ate in lineage addiction might therefore be an elegant 
way to elucidate ‘context-driven’ therapeutic indices93 
for many tumour types. Unbiased chemical screens for 
novel therapeutics that show selective potency against 
tumour cells with lineage-dependent genetic alterations 
should prove fruitful in this regard.

Preliminary clinical evidence already supports the 
notion that unique vulnerabilities might ensue when 
the correct combination of genetic alterations occurs in 
cellular contexts that are specified by lineage and differ-
entiation. Anaplastic oligodendrogliomas that harbour 
hemizygous deletions on chromosome 1p provide an 
instructive example — the presence of this genetic aber-
ration predicts enhanced chemosensitivity in these adult 
brain tumours94; however, the same chemosensitivity 
might not correlate with 1p loss in tumours from other 
lineages. It is also intriguing to note that several pro-
teins that are encoded by the proposed lineage-survival 
oncogenes in TABLE 2 are targets of known drugs or novel 
therapeutics in clinical development. These include AR 
and ER, which are the focal points of hormonal thera-
pies that have been used in prostate and breast cancers 
for many years, as well as FLT3, which is the target 
of several emerging small-molecule tyrosine kinase 
inhibitors95. Although many transcription factors are 
difficult to intercept therapeutically, their target effector 
genes might prove vulnerable. For example, expression 
of BCL2 is regulated by MITF in the melanocytic lin-
eage55 and BCL2 is targeted by antisense therapeutics in 
development96–98. Although this strategy yielded disap-
pointing results in clinical trials of unselected patients 
with melanoma99, patient subgroups whose tumours 
have a MITF lineage dependency might benefit from 
such agents in combination with MAPK inhibitors and/
or CDK inhibitors53. These observations provide grounds 
for optimism that many cancers might harbour therapeu-
tically malleable vulnerabilities that are associated with 
the lineage–genetics interface.

Conclusions
Taken to its extreme, the recognition that cancer is a 
genomic disease might be expected to relegate many 
currently employed histological distinctions into mere 
footnotes that annotate the essential genetic perturba-
tions that drive human cancers. However, the lineage-
dependency model suggests an alternate outcome: 
aspects such as cell and tissue of origin and degree 
of differentiation will probably remain influential in 

Figure 4 | Therapeutic implications of tumour lineage dependency. Schematic 
relationship between tumour lineage and genetic alterations in which oncogene 
addiction (a) or lineage addiction with conditioned genetic alterations (b) predominates. 
Genetic lesions are depicted across tumour lineages (Xs), including those that confer 
crucial dependencies (red Xs). In one model, addictive gain-of-function oncogenic 
mutations might yield targetable tumour dependencies irrespective of lineage (a). Such 
dependencies might be targeted through direct inhibition of the mutated oncoprotein. 
Alternatively, tumour lineage dependencies might influence whether or not the 
associated genetic alterations will elicit addiction, and whether this addiction occurs in 
direct association with (red Xs) or orthogonally to (red asterisks) the relevant alterations 
(b). Targeting these dependencies might require a combined or ‘synthetic lethal’ 
therapeutic strategy.
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cancer diagnosis and treatment, and might gain addi-
tional importance when considered together with 
tumour genetic information. The oncogene-addiction 
theory has already affirmed the premise that excessive 
dependency of tumour cells on individual perturbed 
pathways can give rise to cellular vulnerabilities that 
manifest selectively in the dependent tumour types. 

Our recent observations involving MITF in melanoma, 
together with an informed retrospection, offer the pos-
sibility that certain lineage-survival mechanisms might 
become similarly usurped during tumour progression. 
Together with rigorous genetic analyses, an expanded 
understanding of lineage dependencies might inform a 
new era of targeted cancer therapeutic approaches.
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